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Aims The mechanisms underlying persistent atrial fibrillation (AF) in patients with atrial fibrosis are poorly understood. The
goal of this study was to use patient-derived atrial models to test the hypothesis that AF re-entrant drivers (RDs) persist
only in regions with specific fibrosis patterns.

Methods Twenty patients with persistent AF (PsAF) underwent late gadolinium-enhanced MRI to detect the presence of atrial

and results fibrosis. Segmented images were used to construct personalized 3D models of the fibrotic atria with biophysically real-
istic atrial electrophysiology. In each model, rapid pacing was applied to induce AF. AF dynamics were analysed and RDs
were identified using phase mapping. Fibrosis patterns in RD regions were characterized by computing maps of fibrosis
density (FD) and entropy (FE). AF was inducible in 13/20 models and perpetuated by few RDs (2.7 £+ 1.5) that were
spatially confined (trajectory of phase singularities: 7.6 + 2.3 mm). Compared with the remaining atrial tissue, regions
where RDs persisted had higher FE (IQR: 0.42—-0.60 vs. 0.00—0.40, P < 0.05) and FD (IQR: 0.59-0.77 vs. 0.00—0.33,
P < 0.05). Machine learning classified RD and non-RD regions based on FD and FE and identified a subset of fibrotic

boundary zones present in 13.8 + 4.9% of atrial tissue where 83.5 + 2.4% of all RD phase singularities were located.

Conclusion Patient-derived models demonstrate that AF in fibrotic substrates is perpetuated by RDs persisting in fibrosis boundary
zones characterized by specific regional fibrosis metrics (high FE and FD). These results provide new insights into the
mechanisms that sustain PsAF and could pave the way for personalized, MRI-based management of PsAF.
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fibrillation

1. Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia and a
major contributor to mortality and morbidity, affecting 1-2% of the
worldwide population.’ Over the past decade, catheter ablation has
emerged as a potential approach to treat AF; however, the efficacy
of this procedure remains limited, with a particularly low suc-
cess rate (~50%) in patients with persistent AF (PsAF).> Treatment
of this disease is further encumbered by its progressive nature—

each year, at least 5% of patients with less severe forms of AF develop
PSAF.

Evidence from recent clinical and experimental studies suggests that
PsAF might be maintained by re-entrant drivers (RDs) (i.e. rotors), but
the mechanisms linking RD formation and PsAF perpetuation remain
unknown.*~® A large number of patients with PsAF have extensive at-
rial structural remodelling, especially fibrosis,”~® which can lead to slow
k' and thus

to the establishment of an arrhythmogenic atrial substrate and

propagation, reduced excitability and unidirectional bloc
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increased likelihood of RD formation.">~ " Since spatial patterns of at-
rial fibrosis are complex and vary widely between individuals,®” the
precise mechanistic link between fibrotic remodelling and RDs in
patients with PsAF remains elusive. Better understanding of this rela-
tionship will increase the understanding of PsAF pathophysiology and
help pave the way towards personalized anti-arrhythmia treatment
planning.

This study used a personalized computer simulation approach based
on atrial fibrosis characterization to test the hypothesis that AF induced
by programmed electrical stimulation in the fibrotic substrate is perpe-
tuated by RDs persisting in regions with specific fibrosis spatial pattern.
To achieve this goal, we developed 20 patient-derived three-
dimensional (3D) atrial models that incorporated individualized repre-
sentations of fibrosis derived from late gadolinium-enhanced MRI
(LGE-MRI) scans. Simulations of programmed electrical stimulation
were then used to determine how the locations where the organizing
centres of RDs (i.e. phase singularities; RD-PSs) persist relate quantita-
tively to the fibrosis spatial patterns. The study thus provides a unique
insight into the potential role of the fibrotic substrate in PsSAF dynamics.

2. Methods

2.1 Patient population

From June 2013 to October 2014, 20 patients who had PsAF (uninterrupt-
ed AF lasting longer than 7 days) were enrolled in this study. Patients who
had contraindications to MRI, history of prior catheter ablation or atrial sur-
gery, or intra-cardiac thrombi observed during transoesophageal echocar-
diography were excluded. This study was approved by the Institutional
Ethics Committee at the University of Bordeaux, and all patients gave in-
formed consent. This investigation conformed to the principles outlined
in the Declaration of Helsinki.

2.2 Reconstruction of 3D patient-derived atrial
models from LGE-MRI

Cardiac magnetic resonance was performed on a 1.5T scanner (Magnetom
Avanto, Siemens Medical Systems, Erlangen, Germany) equipped with a 32
channel cardiac coil. LGE-MRI was performed 15 min after the administra-
tion of gadolinium chelates using a 3D, ECG-gated, respiratory-navigated
and inversion recovery-prepared Turbo Fast Low Angle Shot sequence
with fat saturation (voxel size: 1.25 x 1.25 x 2.5 mm?).% In the resulting
images, the biatrial wall was manually contoured, and LGE and non-LGE re-
gions were segmented using an adaptive histogram thresholding algorithm
as described previously,'® implemented in MUSIC software (LIRYC Insti-
tute, University of Bordeaux, Inria Sophia-Antipolis, France). Details of
LGE Segmentation are provided in Supplementary material online. LGE
segmentation was blinded to clinical characteristics and results from com-
puter simulations. The fibrosis burden derived from LGE segmentation was
expressed as a percentage of the atrial wall. Left atrial (LA) fibrosis burden
was categorized according to Utah staging, as described previously.” Seg-
mented images were up-sampled to an isotropic voxel size of 400 pm?
using shape-based interpolation,'” and 3D finite element meshes were gen-
erated from the resulting high-resolution datasets using a previously devel-
oped approach.'® In each patient-derived model, myocardial fibre
orientations were assigned using a rule-based method."® A detailed descrip-
tion of the geometrical model construction methodology can be found in
prior publications.’°~*? Image processing and model generation are illu-
strated in Figure 1. Details on mesh characteristics are provided in Supple-
mentary material online, Table S7. The patient-derived atrial models are a
powerful tool to not only dissect the underlying dynamics of AF, but could
also be used to explore sinus rhythm activation in these patients, which
might be difficult to accomplish in the clinic if a patient is permanently in AF.

2.3 Modelling of atrial electrophysiology in
fibrotic and non-fibrotic regions

Myocyte membrane kinetics in non-fibrotic regions were represented with
a human atrial action potential model under chronic AF conditions* modi-
fied®* to fit clinical monophasic action potential recordings in patients with
AF (Figure 1C, grey), resulting in action potential duration (APD) shorter
than that of normal atrial myocytes (Figure 1C, dashed); further model detail
is provided in Supplementary material online. At the tissue level, conduct-
ivity values were assigned so that an effective longitudinal conduction vel-
ocity of 43.39 cm/s was achieved in the non-fibrotic myocardium, which
was within the range of values recorded in patients with AF.%®

Fibrotic regions were represented with remodelled electrophysiology,
anisotropy, and conduction properties. The non-fibrotic chronic AF action
potential model described above was further modified as follows to re-
present the regional electrophysiological changes due to fibrotic remodel-
ling®~28: 50% reduction in inward rectifier potassium current [Ix;]; 50%
reduction in L-type calcium current [Ic, ]; and 40% reduction in sodium
current [Ina]- These ionic current modifications were consistent with
changes in atrial myocytes subjected to elevated TGF-31, a key component
of the fibrogenic signalling pathway.??° The resulting changes to the action
potential (+15.4% APD; —7.18% resting transmembrane voltage [V,,];
—49.6% upstroke velocity) were consistent with those documented in
fibrotic myocardium in vitro®" (Figure 1C, green). Conductivity values in
fibrotic regions were reduced by 30% to represent decreased intercellular
coupling due to replacement fibrosis, collagen deposition (interstitial fibro-
sis), and gap junction remodelling.">"® Since fibrosis results in greater con-
duction velocity impairment in the direction transverse to cardiac fibres,
the conductivity values were further modified to achieve a longitudinal
transverse anisotropy ratio of 8:1."*"3 All relevant cell- and tissue-scale
model parameters are provided in Supplementary material online, Table S1.

2.4 Simulation protocol

Electrical wave propagation was governed by the monodomain formulation,
and finite-element simulations were executed with the CARP software pack-
age (Johns Hopkins University and University of Bordeaux); numerical detail
can be found in previous publications.***3 In each patient-derived model, 30
pacing sites were distributed uniformly throughout the atria (Figure 2A). At
each pacing site, a clinically relevant programmed electrical stimulation pacing
sequence®® of 14 stimulation pulses with cycle lengths decreasing from 300
to 150 msin 25 ms intervals was applied to induce AF and assess the arrhyth-
mogenic propensity of the fibrotic substrate. For each of the 20 patient-
derived models, we simulated 30 AF induction protocols (1 for each pacing
site). A patient model was categorized as inducible for AF if at least 2.5 s of
self-sustained AF was observed after the last pacing stimulus.

2.5 Analysis of arrhythmia dynamics and
identification of re-entrant drivers in
simulations

Phase singularities were identified throughout the patient atrial models via
phase-space analysis during a 1 s interval of AF; this involved converting
transmembrane potential (V,,) maps into action potential phase maps
and identifying points around which the line integral of the phase was equal
to +2m.3° An unsupervised density-based spatial clustering algorithm>®
was then used to spatiotemporally cluster all phase singularities. If a cluster
persisted throughout the entire analysis interval, the corresponding phase
singularities were defined to be associated with an RD. Clusters of phase
singularities that did not persist throughout the entire analysis interval
were categorized as transient. In all cases, RDs had at least two rotations
and lasted at least 200 ms, which is consistent with the definition of RDs
in previous publications.>>* In addition, for each RD, the dynamic locations
of its phase singularities (RD-PS) were tracked to compute RD-PS trajec-
tory length. Pseudo-electrograms in AF were reconstructed by subtracting
extracellular potential signals recovered from points 4 cm in the
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Figure 1 Model generation. (A) Pipeline used to construct image-based models of the fibrotic human atria. (i) Representative LGE-MRI slice of the
human atria. (ii) Segmentation of atrial tissue into fibrotic (green) and non-fibrotic (grey) regions based on voxel intensity, as described in Methods. (i)
3D reconstruction of atrial geometry with anatomical features labelled (RIPV/RSPV/LIPV/LSPV, right/left inferior/superior pulmonary veins; LAA, left
atrial appendage; IVC/SVC, inferior/superior vena cava). (B) Schematic of multi-scale framework for cardiac electrophysiology modelling. Electrical coup-
ling of atrial cells at the tissue scale mediates propagation of bioelectric impulses, which originate at membrane level (action potentials in the cellular ionic
model). Atrial fibre orientations, shown in the top right image, govern the preferential direction of electrical propagation. (C) Atrial action potentials
obtained at a basic cycle length of 500 ms in fibrotic (green), non-fibrotic tissue (grey), and healthy tissue (dashed).

inferolateral direction from the right and left atrial appendages®’ (additional
details in Supplementary material online).

2.6 Quantitative characterization of fibrosis
spatial pattern

To quantitatively characterize the fibrosis spatial pattern in each patient-
derived atrial model, we constructed 3D maps of fibrosis density (FD) and fi-
brosis entropy (FE). FD and FE values at each location in each atrial model were
calculated based on the corresponding characteristics of the local tissue elem-
ent as well as on those of the surrounding tissue elements within a 2.5 mm ra-
dius, which corresponds to the maximum distance between two adjacent
voxels in the LGE-MRI scans. The local FD value was calculated as the propor-
tion of fibrotic elements among all elements within the surrounding sub-
volume. The local FE in the ith element was calculated as the level of disorgan-
ization within the surrounding sub-volume, quantified via Shannon entropy:

N . .
FE — Z —pi In( Pr)
i=1 N

N was the number of elements within the sub-volume surrounding the ith elem-
ent. P was fraction of elements neighbouring the ith element that was a different
tissue type than the ith element. For example, in the case of a non-fibrotic elem-
entwith three out of four fibrotic neighbouring elements, the value of p;was 0.75.

2.7 Statistical analysis

Continuous variables are expressed as mean + SD. Categorical variables
are expressed as percentages. Continuous variables were compared using
independent-sample non-parametric tests (Wilcoxon Signed-Rank tests).
Relationships between continuous variables were assessed using Pearson’s
correlation coefficient. All statistical tests were two-tailed. A P-value of
<0.05 was considered to indicate statistical significance. Analyses were
performed using NCSS 8 (NCSS Statistical Software, Kaysville, UT, USA).
A supervised machine learning algorithm was used to identify a polynomial
equation that best classified RD and non-RD regions based on combined
FD and FE values; this method is detailed in the machine learning protocol
subsection in Supplementary material online.

2.8 Comparison of simulation results with
clinical data

Simulation results regarding the relationship between RD localization and
fibrosis pattern distribution in atrial models were compared with clinical
mapping data obtained via electrocardiographic imaging (ECGI) in the
same PsAF patients. ECGI mapping was performed using a commercially
available system (Cardiolnsight Technologies, Inc., Cleveland, OH) and re-
corded 10—15 s of AF activity in each patient. Unipolar electrograms were
reconstructed from body surface potentials, as previously described.*®
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Figure 2 Induction of AF. (A) Locations of 30 sites where rapid pacing was applied for patient model no. 3. (B) Activation map of induced AF episode.
The location of the RD is in the posterior right atrium (green arrow). There were instances of transient re-entries near the superior and inferior vena cava
(red arrows) and conduction block in the posterior left atrium (yellow arrows). (C) Pseudo-electrogram recording of the arrhythmia reconstructed by
differencing extracellular potential signals from points 4 cm away from the right and left atrial appendages. (D) Sequence of transmembrane potential (V,,)
maps at four different time instants during the AF episode. The reference time (t..f) of these V,,, maps are indicated by blue dashed arrows in (C). The RD

in the posterior right atrium is indicated with white arrows.

From unipolar electrograms, local phase was computed to visualize elec-
trical activity during AF, and RD-associated phase singularities were de-
tected using a validated algorithm.>* More information about the
methods underlying ECGI acquisition is available in prior publications.>>#3?

3. Results

3.1 Patient characteristics

The population studied comprise 20 patients (age 52 + 12 years, 3 wo-
men). All patients presented with PsAF, with a maximum uninterrupted
duration of 9.3 4+ 6.7 months. Five (25%) patients had longstanding
PsAF (duration >12 months). LA volume assessed via LGE-MRI was

73 + 22 mL/m? (normalized to body surface area); biatrial and LA-only
fibrosis burdens were 19.7 + 5.7 and 22.8 + 6.1%, respectively. LA fi-
brosis burden was categorized as Utah Stage | in 0 (0%), Stage Il in 7
(35%), Stage lll in 9 (45%), and Stage IV in 4 (20%) patients. The biatrial
fibrosis burden was not correlated to the LA volume (R=0.38, P =
0.07) or age (R = 0.34, P = 0.10). A summary of patient characteristics
is presented in Supplementary material online, Table S2.

3.2 Patient-derived model generation and in
silico AF induction

The generation of personalized 3D atrial models was successful for all
20 patients. The in silico stimulation protocol induced AF in 13 out of 20
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patient-derived atrial models. AF-inducible models had significantly lar-
ger fibrosis burdens than non-inducible models (16.1 + 4.4 vs. 21.6 +
5.6, P = 0.04). In the 13 inducible patient-derived models, the number
of pacing sites from which AF could be induced was highly variable
(mean 5/30 sites, ranging from 1 to 20) and correlated to biatrial fibro-
sis burden (R = 0.62, P < 0.001). Patient-derived models in which AF
was induced had significantly larger APD gradients (see Supplementary
material online, Figure ST) (54.0 + 5.5 vs. 42.0 + 7.0 ms, P < 0.05) and
total atrial activation times (381.8 + 45.3 vs. 338.6 + 41.9ms, P <
0.05) in sinus rhythm than those that were not inducible for arrhythmia.
Supplementary material online, Table S3 details the differences in
patient-derived model characteristics and electrophysiological vari-
ables from simulations in models inducible and non-inducible for AF.

3.3 Characteristics of simulated AF
episodes

In silico AF induction by programmed electrical stimulation and the sub-
sequent activation patterns are illustrated in Figure 2. In all 13
AF-inducible models, and for all AF morphologies, AF was driven by
persistent RDs that formed in only a few atrial regions (Figure 2B, green
arrow); there were 1 to 5 such RDs in each model (average 2.7 + 1.5).
The activation pattern distal from each persistent RD was disorganized
and fibrillatory, with multiple instances of transient re-entry (Figure 2B,
red arrows) and areas of conduction block (Figure 2B, yellow arrows).
The complex activation pattern observed during simulated AF was as-
sociated with irregular pseudo-electrograms (Figure 2C). V,,, maps in
Figure 2D detail an episode of AF maintained by an RD in the posterior
right atrium of patient model no. 3 (white arrows). When myocyte
membrane kinetics in fibrotic regions were represented with the
same atrial action potential model used in non-fibrotic regions in all
13 AF-inducible models, reapplication of programmed electrical stimu-
lation at the 30 distinct sites did not induce arrhythmia in any of the
models (see Supplementary material online, Figure S2).

Figure 3A and C show V,,, maps during AF in models no. 1 and no. 16,
respectively. The dynamic locations of RD-PSs over time for these AF
episodes show that RDs persisted in spatially confined regions. For all
unique AF morphologies observed in all models, the maximum RD-PS
trajectory length was <10 mm (average: 7.57 + 2.33 mm). Figure 3B
and D show RD-PS trajectories for all unique AF morphologies ob-
served in models no. 1 and no. 16, respectively (red circles correspond
to AF episodes shown in Figure 3A and C).

3.4 Local fibrosis characteristics at
re-entrant driver sites

To better understand the dynamics of RDs induced in each atrial mod-
el, we analysed the relationship between RD-PSs and the fibrosis spatial
pattern. Figure 4A shows the activation sequence (left) of an AF episode
maintained by an RD near the inferior vena cava in model no. 1, with
inset panels (right) highlighting V., maps of the same RD and its
RD-PS locations at four different time instants, along with the outlines
of fibrotic tissue. At these time instants and throughout the re-entry
(Figure 4B), the RD-PS dynamic location was along a trajectory that fol-
lowed a boundary between fibrotic and non-fibrotic tissue (Figure 4B).

Maps of the distributions of fibrosis metrics FD and FE in each atrial
model were used to quantify the spatial characteristics of the regional
fibrosis pattern where RDs persisted. Figure 5A and C show the distri-
bution of fibrotic tissue in models no. 6 and no. 8 (left); inset panels pre-
sent zoomed-in views of FD and FE maps together with RD-PS

trajectories and outlines of fibrotic regions (right). As the figure de-
monstrates, RD-PSs were located in atrial tissue with relatively high va-
lues of both FD and FE (>0.45, corresponding to orange coloured
regions). Regions with this characteristic corresponded to a subset of
fibrotic tissue boundaries with extensive intermingling between fibrotic
and non-fibrotic tissues. RD-PSs were not observed in regions of dense
fibrotic tissue (e.g. sites marked by asterisks in Figure 5A and C).
Figure 5B and D show time series plots of FD and FE values at RD-PS
locations during one second of AF for the episodes shown in
Figure 5A and C, respectively.

In the 13 AF-inducible atrial models, regions containing the RD-PS
trajectories (i.e. RD-PS regions) had significantly higher FD (inter-
quartile range [IQR]: 0.59—-0.769 vs. 0.00—0.33, P < 0.05) (Figure 6A)
and FE (IQR: 0.42-0.60 vs. 0.00—-0.40, P < 0.05) (Figure 6B) values
compared with regions where RD-PSs did not occur (i.e. non-RD-PS
regions). RD-PS regions had an FD of 0.63 + 0.17 and FE of 0.51 +
0.14 (Figure 6C). Non-RD-PS regions had an FD of 0.13 + 0.19 and
FE of 0.18 + 0.22 (Figure 6D).

To examine the sensitivity of RD localization to the signal intensity
threshold value used to discriminate fibrotic from non-fibrotic tissue
in the LGE-MRI scans, we repeated the simulations with the models
that were originally non-inducible for AF using a different signal inten-
sity threshold. Specifically, we decreased the signal intensity threshold
on average by 5.4%, which increased the biatrial fibrosis burden from
16.1 + 4.4 to 21.5 + 4.2%. After application of programmed electrical
stimulation, AF was induced in five of the seven models. The RDs that
perpetuated AF still persisted in spatially confined regions, character-
ized with significantly higher fibrosis density (IQR: 0.70—0.92 vs.
0.00-0.33, P < 0.05) and entropy (IQR: 0.25-0.51 vs. 0.00—-0.40,
P < 0.05) than non-RD-PS regions (see Supplementary material online,
Figure S3). Furthermore, activation times and APD gradients in sinus
rhythm in these five AF-inducible models with the new fibrosis distri-
butions increased to 397.3 + 70.9 and 54.0 4+ 3.0 ms, respectively, be-
coming similar to those in the original 13 AF-inducible models
(381.8 + 45.3 and 54.0 + 5.5 ms, respectively, P = 0.67); see also Sup-
plementary material online, Figure S1C. These results demonstrate that
increasing the spatial extent of the fibrotic regions resulted in increases
in activation times, APD gradients, and AF inducibility.

A supervised machine learning algorithm was used to identify a poly-
nomial equation that best classified RD-PS and non-RD-PS regions based
on FD and FE values (Figure 7A; algorithm details in Supplementary ma-
terial online). Receiver operating characteristic analysis demonstrated
that the resulting classification had minimal false-positive selection of
RD-PS regions [area under the curve (AUC) = 0.91] (Figure 7B);
precision-recall analysis indicated that the approach had minimal false-
negative selection of non-RD-PS regions (AUC = 0.84) (Figure 7C). Ta-
ken together, the latter two analyses demonstrated that our approach to
identifying RD-PS regions was robust to over- and under-fitting. To test
the sensitivity of the machine learning classification to the kernel size ra-
dius used to calculate FD and FE, we increased the kernel size radius by
50% and repeated the classification algorithm. Machine learning classifi-
cation remained robust, as assessed by the receiver operating character-
istic (AUC = 0.91) and precision-recall curves (AUC = 0.86) (see
Supplementary material online, Figure S4). Atrial tissue with the specific
FD and FE characteristics identified by the machine learning algorithm
(i.e. Pro-RD regions with FD/FE properties in the green region of
Figure 7A) corresponded to a subset of fibrotic region boundary zones
(Figure 7D). These Pro-RD regions (i.e. regions with high FD and FE va-
lues) had significantly larger APD variance than other regions of the atria
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Figure 3 Locations of RD-PSs. (A) Sequence of V,, maps during AF for atrial model no. 1. The locations of RD-PSs and direction of RD propagation are
indicated with purple circles and black arrows, respectively. (B) The aggregate locations of RD-PSs for all AF episodes observed in patient model no. 1
(distinct colours reflect distinct AF morphologies). Red circles correspond to RD-PSs in the AF episode in (A). (C) Sequence of V., maps during AF for
patient model no. 16. (D) The aggregate locations of RD-PSs for all AF episodes in patient model no. 16. Red circles correspond to the RD-PSs in the AF

episode in (C).

(101.1 vs. 90.2 ms; Levene statistic = 308 586, P < 0.05). This suggests
that APD gradients are larger in regions characterized by high FD and
FE values. Although only 13.79 + 4.93% of all atrial tissue had this char-
acteristic fibrosis spatial pattern, such tissue was present in 83.50 +
2.35% of all locations where RD-PSs occurred dynamically in the 13
AF-inducible patient-derived atrial models.

Finally, the predicted Pro-RD regions, as identified from the above
simulation results by the machine learning algorithm, were compared

with clinically observed regions of most frequent RD-PS occurrence.
Figure 7E presents example ECGI maps from two patients from the
cohort used in this study. When regions with the Pro-RD fibrosis spatial
pattern, as identified by machine learning trained on simulation results,
were mapped from the patient-derived atrial geometry onto the cor-
responding ECGI atrial geometry (Figure 7E), we observed significant
co-localization of those regions (marked by black cross-hatching) with re-
gions where RD-PSs were observed most frequently during clinical
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Figure 4 Dynamic (i.e. time-varying) locations of RD-PS during an AF episode. (A) Activation map showing an RD in patient model no. 1 near the
inferior vena cava. Inset panels show a zoomed-in view of V,,, maps in the vicinity of the RD location at four time instants (as labelled). RD-PSs are marked
with purple circles. The fibrotic tissue region boundaries are indicated by black outlines. (B) Trajectory of RD-PS movement over time superimposed on
the activation map of the re-entry and the fibrosis spatial pattern (green regions). Each discretely coloured circle marks an RD-PS location at a unique

instant of time.
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Figure 5 FD and FE characteristics at RD-PS locations. (A) Left panel shows the fibrotic tissue distribution near the left pulmonary veins for patient
model no. 6, where an RD was observed. Inset panels show maps of FD (left) and FE (right) in this area; fibrotic tissue boundaries are outlined in black.
The locations of RD-PSs at each time instant are indicated with purple circles. RD-PSs were dynamically located in regions with high FD and FE values
(orange areas). Black and white asterisks mark regions of dense fibrotic tissue with high FD, but low FE—RD-PSs were not observed in these areas. (B)
Time series plot of FD and FE at RD-PS locations for the case shown in (A); FD and FE values range from 0.45 to 0.8. (C) Left panel shows the fibrotic
tissue distribution in the posterior left atrium for patient model no. 8, where an RD was observed in an AF episode. Inset panels show maps of FD and FE,
fibrotic tissue boundaries, RD-PS locations, and regions of dense fibrotic tissue as described in (A). (D) Time series plot of FD and FE at RD-PS locations

for the case shown in (C); FD and FE values range from 0.45 to 0.8.

mapping (red areas). Two additional examples are presented in Supple-
mentary material online, Figure S5. Overall, 56.7 + 9.1% of all areas where
RD-PD were observed in ECGI maps were located in Pro-RD areas.

4. Discussion

To the best of our knowledge, this is the largest 3D, biophysically de-
tailed computational modelling study ever undertaken on atrial

electrophysiology. In 20 patient-derived atrial models with individua-
lized fibrosis distributions derived from LGE-MRI, we showed that (i)
AF is inducible by programmed electrical stimulation in models that
have a sufficient amount of fibrosis, (i) the induced AF is perpetuated
by RDs that persist in spatially confined regions, and (iii) the latter
regions constitute boundary zones between fibrotic and non-fibrotic
tissue that are characterized with high fibrosis density and entropy
values.
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Figure 6 Summary of FD and FE characteristics at RD-PS locations for all AF episodes in all atrial models. (A) Boxplot of FD values in regions of atrial
tissue where RD-PSs persisted (RD-PS regions, n = 20 767) and where RD-PSs did not occur (non-RD-PS regions, n = 1 657 133) for all AF episodes in
all atrial models. FD in RD-PS regions is significantly higher than FD in non-RD-PS regions (IQR: 0.59—-0.769 vs. 0.00—0.33, P < 0.05). (B) Boxplot of FE at
RD-PS regions and non-RD-PS regions for all AF episodes in all atrial models. FE values in RD-PS regions (n = 20 767) are significantly higher than those
in non-RD-PS regions (n = 1 657 133, IQR: 0.42—-0.60 vs. 0.00—0.40, P < 0.05). (C) 2D Histogram of the FE and FD values at RD-PS regions for all AF
episodes in all atrial models. Right and top panels show the respective 1D histogram of just FE (right) and FD (top). Boxed region encloses FE and FD
values (0.37 < FE < 0.65; 0.46 < FD < 0.80) within 1 S.D. of the mean of the FD and FE in RD-PS regions. (D) 2D Histogram of FE and FD values at
non-RD-PS regions for all AF episodes in all atrial models. Right and top panels show the respective 1D histogram of just FE (right) and FD (top). Boxed
region encloses FE and FD values (0 < FE < 0.40; 0 < FD < 0.32) within 1 S.D. of the mean of the FD and FE in non-RD-PS regions.

4.1 Generation of patient-derived atrial
models and AF induced in the fibrotic
substrate

The characteristics of the studied population were similar to those of
the usual population presenting with PsAF in terms of age, gender, and
PsAF duration, as well as atrial volume and fibrosis burden.®?4° The
method used to segment fibrosis from LGE-MRI data is based on prior

reports,7’1 6:40

and the relationship between fibrosis burden and PsAF
duration is consistent with past studies.? In the atrial models con-
structed from the patient LGE-MRI scans, representation of atrial elec-
trophysiology at the cell, tissue, and organ level in fibrotic and
non-fibrotic regions were based on a large body of evidence from hu-
man,** animal, %% and computational studies.”>~>* Arrhythmogenic
properties of the fibrotic substrate were evaluated by programmed
electrical stimulations using a dynamic pacing train delivered from a
large number of locations throughout the atria. Using this protocol,
AF was induced in 13/20 models, which contained a greater amount

of fibrosis than the 7 non-inducible models. No arrhythmia was induced

in any model when the fibrotic regions were represented with tissue-
level remodelling only, via reduction in intercellular coupling and in-
crease in longitudinal transverse anisotropy. Thus, cell-level changes
in fibrotic regions, such as those in excitability and refractoriness,
need to be incorporated to properly recapitulate the arrhythmogenic
propensity of the fibrotic substrate in patient-derived atrial models.
After pacing tissue at normal sinus rhythm rates at the sinoatrial
node, patient-derived models inducible for AF had APD gradients
and total atrial activation times that were significantly larger than those
in non-inducible models. Thus, assessing APD gradients and total atrial
activation times may be beneficial in probing the arrhythmogenic pro-
pensity of the fibrotic substrate in a clinical setting without inducing AF.
AF was not inducible in 7 of the 20 patient-derived models. The fi-
brosis burden in the 7 non-inducible models was significantly smaller
than that in the 13 AF-inducible models. However, the signal intensity
threshold used here to discriminate fibrotic from non-fibrotic tissue
has a level of uncertainty associated with it; it is dependent on scan
quality and operator experience.” This could potentially decrease the
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etry and onto the ECGI atrial geometry of the same patient for comparison.
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extent of the fibrotic regions in these models and make them less sus-
ceptible to arrhythmia. To test this hypothesis, we decreased the signal
intensity threshold discriminating fibrotic tissue on average by 5.4% in
these seven models. Following programmed electrical stimulation in
these originally non-inducible models, AF was induced in five of seven
cases. In addition, activation times and APD gradients in the 5 newly
AF-inducible models with re-calculated fibrosis distribution increased
and became similar to those in the original 13 AF-inducible models.
These results demonstrate that increasing the fibrosis burden is the pri-
mary cause of increased AF inducibility in this study. The remaining two
non-inducible models had a small amount of fibrotic remodelling even
after changing the signal intensity threshold, indicating that mechanisms
other than arrhythmogenesis arising from fibrosis were most likely re-
sponsible for perpetuating AF in these patients.

The RDs induced in the five newly AF-inducible models still persisted
in spatially confined regions characterized with high FD and FE values,
which echoes findings in optical mapping'® and ECGI studies.*' This
suggests that the central finding of our study is relatively insensitive
to the inherent limitations of LGE-MRI—if models were reconstructed
using a different segmentation threshold, the absolute locations of RDs
would potentially change, but their relation to the underlying fibrosis
spatial pattern would be the same.

4.2 Characteristics of simulated AF
episodes induced by programmed electrical
stimulation

The analysis of AF dynamics in inducible atrial models showed a com-
bination of sustained RDs, transient re-entries, wave collisions, and
functional blocks all of which have been described in mapping studies
of PsAF in humans.** These complex activation patterns were asso-
ciated with irregular pseudo-electrograms, which were qualitatively
similar to clinical electrograms of PsAF.*> Our results confirm that
PsAF can be perpetuated by RDs that dynamically emerge in a limited
number of locations (1-5 unique RD domains per patient; average:
2.69 + 1.54). In simulations, RDs persisted for the duration of the en-
tire simulation period (2.5 s). Phase singularities associated with each
RD were not stationary but meandered within spatially restricted re-
gions (average extent: 7.57 + 2.33 mm). These findings are consistent
with observations of RD dynamics in PsAF from recent clinical studies
in terms of the number, size, and stability of RD domains. Haissaguerre
et al.® used inverse electrocardiography (ECGI) in pre-ablation PsAF
patients and identified between two and six distinct RD domains in
each individual. Furthermore, regions where RDs were observed
most frequently were found to be small and therefore amenable to
catheter ablation.>*! Likewise, FIRM-guided ablation studies® in PsAF
patients reported a small number of drivers (total of 2.2 + 1.0 per pa-
tient, although re-entrant and focal sources were not separately re-
ported), with RDs that meandered within compact regions (1-2 cm?).

Consistent with the goals of the research, the present study did not
include, by design, automatic focal activity, so that the contribution of
the fibrotic substrate to AF can be assessed in the absence of all other
confounding factors. We used programmed electrical stimulation and
explored the relationship between fibrosis distribution and the locations
of the RD(s) induced from each pacing site in each patient-derived mod-
el. Although in patients with AF there would also be contributions to
overall activity from paroxysmal triggered activations and simultaneously
occurring RDs,> we expect nonetheless that our primary finding that
RDs persist in spatially confined regions characterized with high FD

and FE values would remain valid. We expect, however, that in PsAF pa-
tients RD-RD interactions and RD interactions with focal sources would
have de-stabilizing influence, shortening RD residence at a particular spa-
tial location. Specifically, we expect that a focal driver or impinging activ-
ity from another RD might dislodge an RD from one fibrotic region,
leading it to re-anchor to a different location with the same characteris-
tics of the fibrosis pattern. Such dynamics of PsAF would be consistent
with findings from ECGI,®> where RDs occur most frequently in spatially
restricted regions but also move between such regions, with shorter life-
spans at each anchoring site (typically <1 s).

4.3 Characteristics of the fibrosis pattern in
regions where RDs persist

Fibrosis architecture is highly variable from patient to patient in the
PsAF population, as well as from region to region within the atria of
a given patient.®” In our simulations of AF in the fibrotic atria, RDs
were only observed in a limited number of atrial sites. Therefore, we
hypothesized that the fibrosis spatial pattern necessary to anchor re-
entry was highly specific. For all induced AF episodes in all atrial models,
the confined regions within which the RD-PSs meandered had a con-
sistent fibrosis spatial pattern, characterized by high values of both FD
and FE (0.37 < FE < 0.65;0.46 < FD < 0.80). This combination of me-
trics corresponds to atrial locations with a high degree of intermingling
between fibrotic and non-fibrotic tissue. RD-PSs were conspicuously
absent from both completely non-fibrotic sites and regions of deep fi-
brosis (i.e. locations with high FD and low FE, such as those marked by
asterisks in Figure 5). This is a key observation, because it expands upon
the recent clinical finding that RDs identified by ECGlI are co-localized
with fibrosis boundary zones identified by LGE-MRL'® Our results
demonstrate that only a limited subset of fibrosis border zones has
the characteristics (i.e. high FD and high FE) needed to sustain RDs.
The use of sophisticated machine learning tools enabled us to devise
a sensitive and specific classification scheme capable of pinpointing
the combination of FD and FE metric values associated with RD local-
ization. Overlaying machine learning-predicted Pro-RD areas on clinical
ECGI maps displaying areas where RD-PSs were observed most fre-
quently in each patient’s atria showed very good co-localization. This
supports the predictions of the simulations regarding the relationship
between fibrosis spatial pattern and the locations of re-entrant drivers
of AF. Indeed, given that nearly 60% of re-entrant drivers identified clin-
ically fell in machine learning-predicted regions covering on average
only ~13% of the atrial volume, the correspondence between simula-
tion results and clinical data can be considered very good. Over all of
the models, this co-localization is not, however, excellent because
ECGI maps also reflect, in the dynamics of the RD-PSs, the influence
of the presence of focal sources and other simultaneously occurring re-
entrant drivers, as discussed above.

Regions with both high FD and high FE are a potent substrate for the
initiation and perpetuation of RDs, because such locations are asso-
ciated with steep spatial gradients in excitability, refractoriness, and
APD, rendering them highly prone to conduction failure'® due to the
extensive intermingling of fibrotic and non-fibrotic tissue. As part of
the border zones of fibrotic remodelling, these RD regions are in con-
tact with both non-fibrotic tissue, which allows propagating wavefronts
to rapidly pivot around zones of functional block,* and with more fi-

11-1 .
3 to sustain

brotic regions that ensure sufficient conduction slowing
re-entry. The average size of the RD perpetuation regions in our study

(7.57 + 2.33 mm) is consistent with findings from previous simulation



Re-entrant drivers and fibrosis in AF models

453

and experimental work, demonstrating that RDs are attracted to and/
or anchored by inhomogeneties of a similar spatial scale (4.5—10 mm)
resulting from gradients in ion channel expression,* APD,* or
microfibrosis.'

4.4 Clinical perspectives

Knowledge regarding the link between dynamic RD localization and the
spatial characteristics of the fibrotic substrate, as acquired in this study,
has important implications for clinical strategies to manage and treat
PsAF in patients. Multiple centres have reported that ablation of
RD-harbouring sites can terminate PsAF or convert it to a more clinically
manageable tachycardia,”® but it remains unclear why this type of target-
ing has therapeutic value. Our results suggest that this success may be
attributable to the fact that such ablations homogenize the tissue in an
RD-anchoring region, rendering it more like a deeper fibrotic region
with less interdigitation of fibrotic and non-fibrotic tissue (i.e. lower va-
lues of FD/FE). It is also conceivable that locations with FD/FE favouring
RD localization, as identified by processing the LGE-MRI images, could
be directly targeted for ablation, consistent with current clinical concepts
of substrate modification*’” for PsAF ablation. Of note, the total amount
of atrial tissue with such high FD/FE combination in each patient was rela-
tively small (13.8 + 4.9% of the atria). RDs in our study were found to
persist in not all, but a portion of the regions with high FD/FE (see
Figure 7D); the simulation results were supported by the comparison
with the clinical ECGI maps. It is likely that pacing from other sites, in add-
ition to the 30 used in each patient-derived model, will result in the for-
mation of persistent RDs in the reminder of high FD/FE tissue. We
further speculate that following ablation of a region sustaining an RD,
new emergent RDs will localize to sites with the same (high FD/FE) fibro-
sis spatial characteristics. As such, the percentage cited above should be
interpreted as the theoretical maximum amount of tissue that must be
ablated to eliminate the RD-perpetuating properties of the fibrotic sub-
strate. Future work will be needed to determine whether and how this
tissue subset could be further narrowed towards achieving truly optimal
ablation lesion sets.

4.5 Study limitations

One limitation of this study is related to the reconstruction of perso-
nalized models from LGE-MRI data, in which LGE-MRI abnormalities
are taken as surrogates for fibrosis. Despite histological validation in
a small number of patients,48 it remains debated whether LGE-MRI ab-
normalities truly represent fibrosis. Another inherent limitation of
LGE-MRI is the inability to detect diffuse, homogeneously distributed
fibrosis or microﬁbrosis,49 which have been shown to anchor
micro-re-entries.’ Although these limitations require a careful evalu-
ation when considering the potential use of personalized MRI-tailored
ablation therapy, we believe they do not impact the main finding of our
study that RDs persist in regions with greater levels of FD and FE.

In addition to correctly representing the arrhythmogenic propensity
of the fibrotic substrate, modelling AF dynamics in patients may need
to incorporate other aspects of electrophysiological remodelling. Specif-
ically, inflammation®® and heart failure'? have been shown to induce
changes in ionic current expression and modify myocyte APDs, >0
Furthermore, Haissaguerre et al® and Narayan et al.® have shown that
focal impulses alone can sustain AF in patients with persistent forms
with this disease. Inclusion of these components may be necessary to
match AF dynamics in patient-derived models to clinical characteristics,
especially in cases where patients do not have LGE-MRI abnormalities or
low-voltage regions in the atria.

In this study, fibrotic tissue is represented with remodelled electro-
physiology, anisotropy, and conduction properties based on evidence
from experimental studies. Previous studies have represented fibrotic re-
modelling with discontinuous finite elements,>” single elements mod-
elled as passive resistors,” or the effect of myofibroblasts.”’ We
believe that our representation of fibrotic remodelling is the most appro-
priate for use in patient-derived models that are based on and have the
resolution of clinical imaging data since it incorporates experimentally
derived parameter values and ensures computational tractability.

5. Conclusion

We demonstrated that reconstruction of personalized 3D atrial mod-
els with individualized fibrosis patterns from LGE-MRI is feasible. Dy-
namic pacing from a number of locations was able to induce AF in
atrial models that included sufficient amounts of fibrosis. Simulations
demonstrated that AF in the fibrotic substrate is perpetuated by RDs
localized in boundary zones between fibrotic and non-fibrotic tissue
that are characterized with high fibrosis density and entropy. These re-
sults provide new insights into the mechanisms of PsAF perpetuation
and pave the way towards an MRI-based approach for the personaliza-
tion of clinical management in patients with PsAF.
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