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Category Parameter(s) Value
Geometry Average Number of |1638120.38

Vertices 1812802.61

Average Number  of 464.39

Elements

Average Edge Length (um)
Monodomain | Longitudinal (* L, non-fibrotic) | 0.1264
conductivity | Longitudinal {* L, fibrotic) 0.0546
(mS/mm) Transverse (* 1, nonfibrotic) | 0.0252

Transverse (* T, fibrotic) 0.0068

Normal (* N, non-fibrotic) 0.0252

Normal {* n, fibrotic) 0.0068
Computation Number of Intel X5660 24

CPUS at 2.8 GHz 47.33

Wall time to Simulate 1

Second (min)

FIG. 2
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FIG. 3
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FIG. 4
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Rapid pacing sites

FIG. 5
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FIG. 9
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SYSTEMS AND METHODS FOR ATRIAL
FIBRILLATION TREATMENT AND RISK
ASSESSMENT

[0001] This application claims priority to U.S. Provisional
Application No. 62/079,986 filed Nov. 14, 2014, the entire
content of which is hereby incorporated by reference.
[0002] This invention was made with Government support
under Grant No. DP1-HLL123271 from the Department of
Health and Human Services, The National Institutes of
Health (NTH), and under Grant No. CDI 1124804 from the
National Science Foundation. The U.S. Government has
certain rights in this invention.

BACKGROUND

1. Technical Field

[0003] The field of the currently claimed embodiments of
this invention relates to systems and methods for atrial
fibrillation treatment and/or related risk assessment, and
more particularly systems and methods for atrial fibrillation
treatment and/or related risk assessment using at least one
metric of complexity of spatial distribution of tissue char-
acterized as fibrotic tissue.

2. Discussion of Related Art

[0004] Catheter-based ablation to terminate atrial fibrilla-
tion (AF) is effective in some cases but outcomes are poor
in patients with persistent AF and structural remodeling of
the atria, including extensive fibrosis, which perpetuates AF.
Current ablation procedures relying on electro-anatomical
mapping to determine the ablation targets in patients with
persistent AF and fibrotic remodeling in the atria are inef-
fective, invasive, and time-consuming. The state-of-the-art
approach for identifying these targets is electro-anatomical
mapping at the time of treatment, which is an invasive,
tedious, and time-consuming procedure.

[0005] Inaddition, late gadolinium enhancement magnetic
resonance imaging (LGE-MRI) is currently used in some
clinical settings to quantify the amount of fibrosis in each
patient to determine whether he/she is an appropriate can-
didate for catheter ablation. Currently, only the observed
amount of fibrosis is used in attempts to make atrial fibrosis-
related risk assessments. There thus remains a need for
improved systems and methods for atrial fibrillation treat-
ment and/or related risk assessment.

SUMMARY

[0006] According to some embodiments of the invention,
a method for providing an atrial fibrillation (AF) ablation
treatment plan includes receiving imaging data for at least a
portion of an atrial region of a subject’s heart, and process-
ing the imaging data to characterize tissue as one of fibrotic
tissue or non-fibrotic tissue. The method further includes
calculating a metric of spatial distribution of at least a
portion of the tissue characterized as fibrotic tissue from the
processing the imaging data, identifying a cardiac tissue
ablation target based on the metric, and providing an AF
treatment plan that includes the cardiac tissue ablation target
as at least a portion of the AF treatment plan.

[0007] According to some embodiments of the invention,
receiving imaging data is receiving at least one of MRI, CT
or PET imaging data. According to some embodiments,
receiving imaging data is receiving late gadolinium
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enhancement magnetic resonance (LGE-MRI) data. Accord-
ing to some embodiments, the method further includes
identifying a plurality of cardiac tissue ablation targets based
on the metric, wherein the AF treatment plan further
includes the plurality of cardiac tissue ablation targets.
According to some embodiments, the method further
includes calculating a plurality of metrics of spatial distri-
bution of tissue characterized as fibrotic tissue from the
processing the imaging data. The metric of spatial distribu-
tion can be calculated for each of a plurality of subvolumes
of the atrial regions of the subject’s heart. According to some
embodiments, the plurality of subvolumes are between 0.5
mm and 10 mm in radius. According to some embodiments,
the plurality of subvolumes are between 0.5 mm and 3 mm
in radius. According to some embodiments, the plurality of
subvolumes are between 1.3 mm and 1.7 mm in radius.
[0008] According to some embodiments of the invention,
the plurality of metrics include at least density, clustering
and complexity metrics. According to some embodiments,
calculating a metric includes calculating the metric for a
portion of the tissue characterized as fibrotic tissue having a
degree of fibrosis that falls within a predetermined range.
[0009] According to some embodiments of the invention,
a method for providing a risk assessment for atrial fibrilla-
tion (AF) and related health risks, as well as recurrence of
atrial arrhythmia after ablation, includes receiving imaging
data for at least a portion of an atrial region of a subject’s
heart, and processing the imaging data to characterize tissue
as one of fibrotic tissue or non-fibrotic tissue. The method
further includes calculating a metric of spatial distribution of
at least a portion of the tissue characterized as fibrotic tissue
from the processing the imaging data for a plurality of
localized regions within the portion of the atrial region of the
subject’s heart. The method further includes identifying a
risk of at least one of developing atrial fibrillation, worsen-
ing atrial fibrillation, recurrence of atrial arrhythmias and
fibrillation after ablation treatment, heart failure, or stroke
based the metric of spatial distribution calculated for the
plurality of localized regions.

[0010] According to some embodiments of the invention,
a non-transitory computer-readable medium includes com-
puter-executable code for providing an atrial fibrillation
(AF) ablation treatment plan, the computer-executable code
including instructions that, when executed by the computer,
cause the computer to receive imaging data for at least a
portion of an atrial region of a subject’s heart, process the
imaging data to characterize tissue as one of fibrotic tissue
or non-fibrotic tissue, and calculate a metric of spatial
distribution of at least a portion of the tissue characterized as
fibrotic tissue from the processing the imaging data. The
instructions further cause the computer to identify a cardiac
tissue ablation target based on the metric, and provide an AF
treatment plan that includes the cardiac tissue ablation target
as at least a portion of the AF treatment plan.

[0011] According to some embodiments of the invention,
a non-transitory computer-readable medium including com-
puter-executable code for providing a risk assessment for
atrial fibrillation (AF) and related health risks, as well as
recurrence of atrial arrhythmia after ablation when executed
by the computer, causes the computer to receive imaging
data for at least a portion of an atrial region of a subject’s
heart, process the imaging data to characterize tissue as one
of fibrotic tissue or non-fibrotic tissue, and calculate a metric
of spatial distribution of at least a portion of the tissue
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characterized as fibrotic tissue from the processing the
imaging data for a plurality of localized regions within the
portion of the atrial region of the subject’s heart. The
computer-executable code further causes the computer to
identify a risk of at least one of developing atrial fibrillation,
worsening atrial fibrillation, recurrence of atrial arrhythmias
and fibrillation after ablation treatment, heart failure, or
stroke based the metric of spatial distribution calculated for
the plurality of localized regions.

[0012] According to some embodiments of the invention,
a medical imaging system includes a data processor config-
ured to receive imaging data for at least a portion of an atrial
region of a subject’s heart, process the imaging data to
characterize tissue as one of fibrotic tissue or non-fibrotic
tissue, and calculate a metric of spatial distribution of at least
a portion of the tissue characterized as fibrotic tissue from
the processing the imaging data for a plurality of localized
regions within the portion of the atrial region of the subject’s
heart. The data processor is further configured to provide at
least one of a map based on the metric, at least one ablation
target based on the metric, or a risk assessment for at least
one of developing atrial fibrillation, worsening atrial fibril-
lation, recurrent atrial fibrillation, heart failure, or stroke
based the metric.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] Further objectives and advantages will become
apparent from a consideration of the description, drawings,
and examples.

[0014] FIG. 1 is a schematic illustration of a model
generation pipeline used to construct image-based models of
the fibrotic human atria;

[0015] FIG. 2 shows a table listing mesh characteristics,
electrophysiological parameters, and simulation times;
[0016] FIG. 3 is a schematic of multi-scale framework for
atrial cardiac electrophysiology modeling;

[0017] FIG. 4 shows simulated atrial action potentials in
fibrotic (green) and non-fibrotic tissue (grey);

[0018] FIG. 5 illustrates locations of 30 sites where rapid
pacing was applied for patient model #3;

[0019] FIG. 6 shows the feature space of all fibrosis
density (FD) and fibrosis entropy (FE) values in the atria in
all Persistent Atrial Fibrillation (PsAF)-inducible models;
[0020] FIG. 7A shows a sensitivity analysis of the
machine learning algorithm effectiveness when the algo-
rithm was trained on different training sets (i.e., different
percentages of all Reentrant Driver-Associated Phase Sin-
gularity (RD-PS) and non-RD-PS regions), wherein algo-
rithm effectiveness was assessed by the area under the curve
in receiver operating characteristic;

[0021] FIG. 7B shows a sensitivity analysis of the
machine learning algorithm effectiveness when the algo-
rithm was trained on different training sets (i.e., different
percentages of all RD-PS and non-RD-PS regions), wherein
algorithm effectiveness was assessed by the area under the
curve in precision recall analyses;

[0022] FIG. 8 shows an activation map of induced AF
episode;
[0023] FIG. 9 shows a pseudo-electrogram recording of

the arrhythmia reconstructed by differencing extracellular
potential signals from points 4 cm away from the right and
left atrial appendages;

[0024] FIG. 10A shows a transmembrane potential (V)
map at a first time instant during the AF episode;
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[0025] FIG. 10B shows a transmembrane potential (V,,)
map at a second time instant during the AF episode;
[0026] FIG. 10C shows a transmembrane potential (V,,)
map at a third time instant during the AF episode;

[0027] FIG. 10D shows a transmembrane potential (V,,)
map at a fourth time instant during the AF episode;

[0028] FIG. 11A shows a V,, maps during AF for atrial
model #1 at a first time instant;

[0029] FIG. 11B shows a V,, maps during AF for atrial
model #1 at a second time instant;

[0030] FIG. 11C shows a V,, maps during AF for atrial
model #1 at a third time instant;

[0031] FIG. 11D shows the aggregate locations of RD-PSs
for all AF episodes observed in patient model #1, wherein
distinct colors reflect RD-PSs observed for distinct AF
morphologies;

[0032] FIG. 11E shows a V,, map during AF for atrial
model #16 at a first time instant;

[0033] FIG. 11F shows a V,, map during AF for atrial
model #16 at a second time instant;

[0034] FIG. 11G shows a V,, map during AF for atrial
model #16 at a third time instant;

[0035] FIG. 11H shows the aggregate locations of RD-PSs
for all AF episodes in patient model #16;

[0036] FIG. 12A shows the activation sequence of an AF
episode maintained by an RD near the inferior vena cava in
model #1;

[0037] FIG. 12B highlights a V,, map of the same RD and
its RD-PS locations at a first time instant, along with the
outlines of fibrotic tissue;

[0038] FIG. 12C highlights a V,, map of the same RD and
its RD-PS locations at a second time instant, along with the
outlines of fibrotic tissue;

[0039] FIG. 12D highlights a V,,, map of the same RD and
its RD-PS locations at a third time instant, along with the
outlines of fibrotic tissue;

[0040] FIG. 12E highlights a V,, map of the same RD and
its RD-PS locations at a fourth time instant, along with the
outlines of fibrotic tissue;

[0041] FIG. 12F shows the trajectory of RD-PS movement
over time superimposed on the activation map of the reentry
and the fibrosis spatial pattern (green regions);

[0042] FIG. 13 A shows the fibrotic tissue distribution near
the left pulmonary veins for patient model #6, where an RD
was observed;

[0043] FIG. 13B shows a map of FD in the area shown in
FIG. 13A, wherein fibrotic tissue boundaries are outlined in
black;

[0044] FIG. 13C shows a map of FE in the area shown in
FIG. 13A, wherein fibrotic tissue boundaries are outlined in
black;

[0045] FIG. 13D shows a time series plot of FD and FE at
RD-PS locations for the case shown in FIG. 13A;

[0046] FIG. 13E shows the fibrotic tissue distribution in
the posterior left atrium for patient model #8, where an RD
was observed in a AF episode;

[0047] FIG. 13F shows a map of FD, fibrotic tissue
boundaries, RD-PS locations, and regions of dense fibrotic
tissue as described in FIG. 13E;

[0048] FIG. 13G shows a map of FE, fibrotic tissue
boundaries, RD-PS locations, and regions of dense fibrotic
tissue as described in FIG. 13E;

[0049] FIG. 13H shows a time series plot of FD and FE at
RD-PS locations for the case shown in FIG. 13E;
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[0050] FIG. 14A shows a boxplot of FD at regions of atrial
tissue where RD-PSs persisted (RD-PS regions) and where
RD-PSs did not occur (non-RD-PS Regions) for all AF
episodes in all atrial models;

[0051] FIG. 14B shows a boxplot of FE at RD-PS regions
and non-RD-PS regions for all AF episodes in all atrial
models;

[0052] FIG. 14C shows a 2D histogram of the FE and FD
values at RD-PS regions for all AF episodes in all atrial
models;

[0053] FIG. 14D shows a 2D histogram of FE and FD
values at non-RD-PS regions for all AF episodes in all atrial
models;

[0054] FIG. 15A illustrates classification of RD-PS and
non-RD-PS regions;

[0055] FIG. 15B shows a receiver operating characteristic
analysis of the machine learning algorithm;

[0056] FIG. 15C shows a precision-recall analysis of the
machine learning algorithm;

[0057] FIG. 15D shows the location of RD-PSs in patient
model #8 overlaid on the regions of the atria with the
characteristic FD and FE values predicted to contain RD-
PSs (green);

[0058] FIG. 15E shows the location of RD-PSs in patient
model #16 overlaid on the regions of the atria with the
characteristic FD and FE values predicted to contain RD-
PSs (green);

[0059] FIG. 16A shows a first patient-specific atrial model
reconstructed from in vivo LGE-MRI data from a patient
with PsAF;

[0060] FIG. 16B shows a second patient-specific atrial
model reconstructed from in vivo LGE-MRI data from a
patient with PsAF;

[0061] FIG. 17 shows simulated ablation (purple) of the
confined region within which persistent phase singularities
(gold) meandered,;

[0062] FIG. 18A shows spatial metrics of fibrosis distri-
bution were higher within regions of persistent phase sin-
gularity dynamic locations than in the atria as a whole
(*=p<0.01);

[0063] FIG. 18B shows a map of regions where all metric
values were >0.6 (red), dynamic locations of persistent
phase singularities (gold), and fibrosis (black);

[0064] FIG. 19A shows distribution of fibrotic (green) and
non-fibrotic (grey) regions within one atrial model,

[0065] FIG. 19B shows a map of normalized local fibrosis
density (same as FD above);

[0066] FIG. 19C shows a map of normalized local fibrosis
clustering;
[0067] FIG. 19D shows a map of normalized local fibrosis

entropy (same as FE above);

[0068] FIG. 20A shows the 30 sites where rapid pacing
was applied to atrial models built from LGE-MRI scans;
[0069] FIG. 20B shows the local fibrosis density (LFD;
same as FD above) in the region indicated in FIG. 20A;
[0070] FIG. 20C shows fibrosis density for nine inducible
atrial models, organized in order of increasing inducibility to
AF;

[0071] FIG. 20D shows inducibility to AF versus total
atrial fibrosis burden; and

[0072] FIG. 20E shows inducibility to AF versus a linear
combination of median & upper quartile FD values, LFD50
& LFD75.

Nov. 9,2017

DETAILED DESCRIPTION

[0073] Some embodiments of the current invention are
discussed in detail below. In describing embodiments, spe-
cific terminology is employed for the sake of clarity. How-
ever, the invention is not intended to be limited to the
specific terminology so selected. A person skilled in the
relevant art will recognize that other equivalent components
can be employed and other methods developed without
departing from the broad concepts of the current invention.
All references cited anywhere in this specification, including
the Background and Detailed Description sections, are
incorporated by reference as if each had been individually
incorporated.

[0074] Some embodiments of the current invention are
directed to a novel technique to identify optimal ablation
targets in AF patients with fibrosis. The term “fibrosis” is
intended to have a broad meaning to include atrial tissue
regions that have become remodeled, unhealthy, fibrotic,
and/or scarred due to aging, genetic predisposition, or dis-
ease (e.g., atrial fibrosis, electrically-remodeled tissue, etc.)
The term “fibrosis” is intended to be synonymous with the
terms scarring or remodeled, for example. When the term
“fibrosis” or fibrotic tissue is used herein, it is considered
synonymous with the term unhealthy tissue. The term
“fibrotic tissue” can indicate tissue having varying degrees
of fibrosis. For example, fibrotic tissue can indicate any
tissue having some degree of fibrosis. This can include tissue
with a very small degree of fibrosis, as well as tissue with a
very large degree of fibrosis. The term fibrotic tissue can also
indicate tissue having at least a predetermined degree of
fibrosis, or a degree of fibrosis that falls within a predeter-
mined range. The degree of fibrosis may be determined
using a variety of methods. According to some embodi-
ments, LGE-MRI is used to distinguish fibrotic and non-
fibrotic tissue. LGE-MRI can also be used to determine a
degree of fibrosis of the fibrotic tissue. However, the
embodiments of the present invention are not limited to
LGR-MRL

[0075] The term “ablation” is intended to have a broad
definition that can include RF ablation, thermal ablation,
laser ablation, surgical ablation, cryoablation, and photody-
namic therapy, for example. Given unique 3D reconstruc-
tions of atrial fibrosis distributions for each patient (obtained
via clinical imaging), our approach according to some
embodiments is to apply a series of spatial analysis steps of
the patient-specific spatial distribution of fibrosis to produce
personalized maps of locations where remodeling promotes
AF perpetuation. This can also be termed as mapping
regions of healthy and unhealthy tissue. These locations
constitute optimal catheter ablation targets. (The term “opti-
mal does not mean that they must be the absolute best. There
is always a degree of tolerance for deviations from the exact
optimum.) In other embodiments, the number and/or cumu-
lative area of such locations can be used to provide risk
assessments for AF-related conditions. In some embodi-
ments, it can be useful to use thresholds to provide a binary
assessment of risk. Some of the risks that can be assessed
according to some embodiments of the current invention can
include, but are not limited to, one or more of a risk of
developing atrial fibrillation, a risk of existing atrial fibril-
lation becoming worse, a risk of atrial arrhythmias and
fibrillation recurrence following attempted treatment, a risk
of heart failure, and a risk of atrial fibrillation-associated
stroke.
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[0076] As mention above, late gadolinium enhancement
magnetic resonance imaging (LGE-MRI) is currently used
in some clinical settings to quantify the amount of fibrosis in
each patient to determine whether he/she is an appropriate
candidate for catheter ablation. LGE-MRI images can be
used to reconstruct 3D representations of patient-specific
atrial fibrosis patterns according to an embodiment of the
current invention. Some embodiments of the current inven-
tion leverage these representations to create a novel para-
digm for persistent AF ablation treatment planning. Accord-
ing to such embodiments, we analyze the specific spatial
characteristics of fibrotic tissue regions in each patient to
noninvasively pinpoint the personalized set of possible
ablation targets.

[0077] The state-of-the-art approach for identifying these
targets is electro-anatomical mapping at the time of treat-
ment, which is an invasive, tedious, and time-consuming
procedure. Some embodiments of the current invention can
guide electroanatomical mapping or eliminate it altogether
since our analysis of images acquired from each patient
reveals the specific locations where the distribution of
fibrosis creates most favorable conditions for AF perpetua-
tion. Furthermore, under the new paradigm enabled by
embodiments of the invention, the identification process of
possible targets can be conducted before the invasive part of
the procedure by analyzing patient-specific fibrosis patterns
acquired from noninvasive pre-procedure imaging (e.g.,
LGE-MRI). Should the invasive procedure fail, the above-
described approach can also be utilized to assess risk of
post-ablation recurrence of AF. Thus, in addition to improv-
ing treatment efficacy, our approach can lead to shorter,
simpler clinical procedures.

[0078] Some embodiments of the current invention pro-
vide a quick and simple method to identify a set of potential
AF ablation targets, in real time, by analyzing the person-
alized spatial distribution of atrial fibrosis to determine its
complexity. Further non-invasive narrowing down of the
ablation targets to an optimal set, if desired, could be done
by conducting an off-line set of computer simulations as
described in U.S. application Ser. No. 14/094,334 assigned
to the same Assignee as the current application, the entire
content of which is incorporated herein by reference.

[0079] A computing device may perform certain functions
in response to processor executing software instructions
contained in a computer-readable medium, such as a
memory. In alternative embodiments, hardwired circuitry
may be used in place of or in combination with software
instructions to implement features consistent with principles
of the disclosure. Thus, implementations consistent with
principles of the disclosure are not limited to any specific
combination of hardware circuitry and software.

[0080] Exemplary embodiments may be embodied in
many different ways as a software component. For example,
it may be a stand-alone software package, a combination of
software packages, or it may be a software package incor-
porated as a “tool” in a larger software product. It may be
downloadable from a network, for example, a website, as a
stand-alone product or as an add-in package for installation
in an existing software application. It may also be available
as a client-server software application, or as a web-enabled
software application. It may also be embodied as a software
package installed on a hardware device such as an MRI
scanner, for example.
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[0081] Numerous specific details have been set forth to
provide a thorough understanding of the embodiments. It
will be understood, however, that the embodiments may be
practiced without these specific details. In other instances,
well-known operations, components and circuits have not
been described in detail so as not to obscure the embodi-
ments. It can be appreciated that the specific structural and
functional details are representative and do not necessarily
limit the scope of the embodiments.

[0082] Although some embodiments may be illustrated
and described as comprising exemplary functional compo-
nents or modules performing various operations, it can be
appreciated that such components or modules may be imple-
mented by one or more hardware components, software
components, and/or combination thereof. The functional
components and/or modules may be implemented, for
example, by logic (e.g., instructions, data, and/or code) to be
executed by a logic device (e.g., processor). Such logic may
be stored internally or externally to a logic device on one or
more types of computer-readable storage media.

[0083] Some embodiments may comprise an article of
manufacture. An article of manufacture may comprise a
storage medium to store logic. Examples of a storage
medium may include one or more types of computer-
readable storage media capable of storing electronic data,
including volatile memory or non-volatile memory, remov-
able or non-removable memory, erasable or non-erasable
memory, writeable or re-writeable memory, and so forth.
Examples of storage media include hard drives, disk drives,
solid state drives, and any other tangible or non-transitory
storage media.

[0084] The following examples describe some embodi-
ments in more detail. The broad concepts of the current
invention are not intended to be limited to the particular
examples. Further, concepts from each example are not
limited to that example, but may be combined with other
embodiments of the system.

Examples

Example 1: Patient-Specific Models Link Reentrant
Driver Localization in Atrial Fibrillation to Fibrosis
Spatial Pattern

[0085] Atrial fibrillation (AF) is the most common cardiac
arrhythmia and a major contributor to mortality and mor-
bidity, affecting 1-2% of the worldwide population. [1] 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 success rate (~50%)
in patients with persistent AF (PsAF). [2] 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. [3]

[0086] Evidence from recent clinical and experimental
studies suggests that PsAF might be maintained by reentrant
drivers (RDs) (i.e., rotors), but the mechanisms linking RD
formation and PsAF perpetuation remain unknown. [4-6] A
large number of patients with PsSAF have extensive atrial
structural remodeling, especially fibrosis [7-9] which can
lead to slow propagation, reduced excitability, and unidirec-
tional block, [10, 11] and thus to the establishment of an
arrhythmogenic atrial substrate and increased likelihood of
RD formation. [12-15] Since the spatial patterns of atrial
fibrosis are complex and vary widely between individuals
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[8, 9] the precise mechanistic link between the substrate
fibrotic remodeling and RDs in patients with PsAF remains
elusive. Better understanding of this relationship will
increase the understanding of PsAF pathophysiology and
help pave the way towards personalized anti-arrhythmia
treatment planning.

[0087] A personalized computer simulation approach
based on atrial fibrosis characterization is used to show that
AF induced by programmed stimulation in the fibrotic
substrate is perpetuated by RDs persisting in regions with
specific fibrosis spatial patterns. We developed 20 patient-
specific three-dimensional (3D) atrial models that incorpo-
rated individualized representations of fibrosis derived from
late-gadolinium enhanced magnetic resonance (LGE-MRD
scans. Simulations of programmed electrical stimulation
were then used to determine how the locations where the
organizing centers of RDs (i.e., phase singularities; RD-PSs)
were induced and persisted relate quantitatively to the
fibrosis spatial patterns. We provide unique insight into the
potential role of the fibrotic substrate in PsAF dynamics.

[0088] Methods
[0089] Patient Population
[0090] From June 2013 to October 2014, 20 patients who

had PsAF (uninterrupted AF lasting longer than 7 days) were
enrolled in this study. Patients who had contra-indications to
MR, history of prior catheter ablation or atrial surgery, or
intra-cardiac thrombi observed during trans-esophageal
echocardiography were excluded. This study was approved
by the Institutional Ethics Committee at the University of
Bordeaux, and all patients gave informed consent. This
investigation conformed to the principles outlined in the
Declaration of Helsinki.

[0091] Reconstruction of 3D Patient-Specific Atrial Mod-
els from LGE-MRI

[0092] Cardiac magnetic resonance was performed on a
1.5 T scanner (Magnetom Avanto, Siemens Medical Sys-
tems, Erlangen, Germany) equipped with a 32 channel
cardiac coil. LGE-MRI was performed 15 min after the
administration of gadolinium chelates using a 3D, ECG-
gated, respiratory-navigated, and inversion recovery-pre-
pared Turbo Fast Low Angle Shot sequence with fat satu-
ration (voxel size: 1.25x1.25x2.5 mm?). [8] In the resulting
images, the biatrial wall was manually contoured and LGE
and non-LGE regions were segmented using an adaptive
histogram thresholding algorithm as described previously,
[8] implemented in MUSIC software (LIRYC Institute,
University of Bordeaux, Inria Sophia-Antipolis, France).
LGE segmentation was blinded to clinical characteristics
and results from computer simulations. The fibrosis burden
derived from LGE segmentation was expressed as a pet-
centage of the atrial wall. LA fibrosis burden was catego-
rized according to Utah staging, as described previously. [7]
Segmented images were up-sampled to an isotropic voxel
size of 400 um® using shape-based interpolation, [16] and
3D finite element meshes were generated from the resulting
high-resolution data sets using a previously-developed
approach. [17] In each patient-specific model, myocardial
fiber orientations were assigned using a rule-based method.
[18] A detailed description of the geometrical model con-
struction methodology can be found in prior publications.
[19-21]

[0093] Image processing and model generation are illus-
trated in FIG. 1. FIG. 1 shows the pipeline used to construct
image-based models of the fibrotic human atria. (): Repre-
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sentative LGE-MRI slice of the human atria. (ii): Segmen-
tation of atrial tissue into fibrotic (green) and non-fibrotic
(grey) regions based on voxel intensity, as described in
Methods. (iil): 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). Details on mesh characteristics, electrophysi-
ological parameters, and simulation times are provided in
the table in FIG. 2. FIG. 3 shows a schematic of multi-scale
framework for cardiac electrophysiology modeling. Electri-
cal coupling 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 propa-
gation.

[0094] Modeling of Atrial Electrophysiology in Fibrotic
and Non-Fibrotic Regions

[0095] Myocyte membrane kinetics in non-fibrotic regions
were represented with a human atrial action potential model
under chronic AF conditions [22] modified [23] to fit intrac-
ardiac electrophysiological data (FIG. 4, grey). At the tissue
level, conductivity values were assigned so that an effective
longitudinal conduction velocity of 43.39 cm/s was achieved
in the non-fibrotic myocardium, which was within the range
of values recorded in patients with AF. [24]

[0096] Fibrotic regions were represented with remodeled
electrophysiology, anisotropy, and conduction properties.
The chronic AF action potential model was modified as
follows to account for electrophysiological changes due to
fibrotic remodeling [25-27]: 50% reduction in inward rec-
tifier potassium current [I,]; 50% reduction in L-type
calcium current Wad; and 40% reduction in sodium current
[Ly,]- These ionic current modifications were consistent with
changes in atrial myocytes subjected to elevated transform-
ing growth factor p1, a key component of the fibrogenic
signaling pathway. [28, 29] The resulting changes to the
action potential (+15.4% AP duration; -7.18% resting trans-
membrane voltage [V, ]; -49.6% upstroke velocity) were
consistent with those documented in fibrotic myocardium in
vitro [30] (FIG. 4, green). Conductivity values in fibrotic
regions were reduced by 30% to represent decreased inter-
cellular coupling due to replacement fibrosis, collagen depo-
sition (interstitial fibrosis), and gap junction remodeling.
[12, 13] Since fibrosis results in greater conduction velocity
impairment in the direction transverse to cardiac fibers, the
conductivity values were further modified to achieve a
longitudinal-transverse anisotropy ratio of 8:1. [12, 13] All
relevant cell- and tissue-scale model parameters are pro-
vided in table in FIG. 2.

[0097] Simulation Protocol

[0098] Electrical wave propagation was governed by the
monodomain formulation, and finite-element simulations
were executed with the CARP software package (Johns
Hopkins University and University of Bordeaux); numerical
detail can be found in previous publications. [31, 32] In each
patient-specific model, 30 pacing sites were distributed
uniformly throughout the atria (FIG. 5). At each pacing site,
a clinically relevant programmed electrical stimulation pac-
ing sequence [33] of 14 stimulation pulses with cycle
lengths decreasing from 300 ms to 150 ms in 25 ms intervals
was applied in order to induce AF and assess the arrhyth-
mogenic propensity of the fibrotic substrate. For each of the
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20 patient-specific 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.
[0099] Analysis of Arrhythmia Dynamics and Identifica-
tion of Reentrant Drivers

[0100] Phase singularities were identified throughout the
patient atria via phase-space analysis during a one second
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 x2m. [34] An unsupervised density-based
spatial clustering algorithm [35] was then used to spatio-
temporally cluster all phase singularities. If a cluster per-
sisted throughout the entire analysis interval, the corre-
sponding phase singularities were defined to be associated
with an RD. Clusters of phase singularities that did not
persist throughout the entire analysis interval were catego-
rized 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. [5, 33] In addi-
tion, for each RD, the dynamic locations of its phase
singularity (RD-PS) were tracked to compute RD-PS tra-
jectory length. Pseudo-electrograms in AF were recon-
structed by differencing extracellular potential signals
recovered from points 4 cm away from the right and left
atrial appendages.

[0101] Quantitative Characterization of Fibrosis Spatial
Pattern
[0102] To quantitatively characterize the fibrosis spatial

pattern in each patient-specific atrial model, we constructed
3D maps of fibrosis density (FD) and fibrosis entropy (FE).
According to some embodiments of the invention, fibrosis
entropy synonymous with fibrosis complexity. FD and FE
values at each location in each atrial model were calculated
based on the corresponding characteristics of the local tissue
element as well as on those of the surrounding tissue
elements within a 2.5 mm-radius, which corresponds to the
maximum distance between two adjacent voxels in the
LGE-MRI scans. The local FD value was calculated as the
proportion of fibrotic elements among all elements within
the surrounding sub-volume. The local FE in the i” element
was calculated as the level of disorganization within the
surrounding sub-volume, quantified via Shannon entropy:

M

[0103] N was the number of elements within the sub-
volume surrounding the i” element. p, was the fraction of
elements neighboring the i” element that was a different
tissue type than the i” element. For example, in the case of
a non-fibrotic element with three out of four fibrotic neigh-
boring elements, the value of p, was 0.75.

[0104] Statistical Analysis

[0105] Continuous variables are expressed as mean=SD.
Categorical variables are expressed as percentages. Continu-
ous variables were compared using independent-sample
non-parametric tests (Wilcoxon Signed-Rank tests). Rela-
tionships between continuous variables were assessed using
Pearson’s correlation coeflicient. All statistical tests were
two-tailed. A p value <0.05 was considered to indicate
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statistical significance. Analyses were performed using
NCSS 8 (NCSS Statistical Software, Kaysville, Utah, USA).
A supervised machine learning algorithm was used to iden-
tify a polynomial equation that best classified RD and
Non-RD regions based on combined FD and FE values.
[0106] In order to perform supervised machine learning,
we used a support vector machine with a second-degree
polynomial kernel to classify RD-PS and non-RD-PS
regions based on FD and FE values. A second degree
polynomial kernel was chosen because the feature space of
all FD and FE values in all 13 PsAF-inducible atrial models
resembled a concave down parabola (FIG. 6) and there were
no distinct populations of FD and FE values that could be
directly separated (i.e., with a line). We trained the machine-
learning algorithm on 50% of all RD-PS and non-RD-PS
regions and tested the algorithm’s effectiveness on the
remaining data. To assess the sensitivity of the machine
learning algorithm, we changed the percentage of data on
which we trained (ranging from 10% to 90% of all RD-PS
and non-RD-PS regions) and reassessed the algorithm’s
effectiveness by analyzing the receiver operating character-
istic and precision recall for each training set selection.
Between different training sets, the algorithm’s effectiveness
was unchanged since the area under the curve for the
receiver operator characteristic (FIG. 7A) and the precision
recall analysis (FIG. 7B) remained 0.91 and 0.84, respec-
tively.

[0107] Results
[0108] Patient Characteristics
[0109] The population studied comprised 20 patients (age

52+12 years, 3 women). All patients presented with PsAF,
with a maximum uninterrupted duration of 9.3+6.7 months.
Five (25%) patients had longstanding PsAF (duration >12
months). LA volume assessed via LGE-MRI was 73122
ml/m2 (normalized to body surface area); biatrial and
LA-only fibrosis burdens were 19.7+5.7% and 22.8+6.1%,
respectively. LA fibrosis burden was categorized as Utah
stage [ in 0 (0%), stage I in 7 (35%), stage 11l in 9 (45%),
and stage IV in 4 (20%) patients. The biatrial fibrosis burden
was correlated to the uninterrupted AF duration (R=0.58,
P<0.001) in each patient, but not to the LA volume (R=0.38,
P=0.07) or age (R=0.34, P=0.10).

[0110] Patient-Specific Model Generation and in Silico AF
Induction
[0111] The generation of personalized 3D atrial models

was successful for all 20 patients; each model took ~20
hours to reconstruct, ~8 hours of which involved non-
automated work. The average computing time required to
simulate 1 second of activation was 47 min. The in silico
stimulation protocol induced AF in 13 out of 20 patient-
specific atrial models. Inducible models had significantly
larger fibrosis burdens than non-inducible models (16.1+4 .4
vs. 21.6+5.6, P=0.04). In the 13 inducible patient-specific
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 related to biatrial fibrosis burden (R=0.62,
P<0.001).

[0112] Characteristics of Simulated AF Episodes

[0113] In silico AF induction by programmed electrical
stimulation and the subsequent activation patterns are illus-
trated in FIGS. 5, 8, 9, and 10A-10D. FIG. 5 illustrates
locations of 30 sites where rapid pacing was applied for
patient model #3. F1G. 8 shows an activation map of induced
AF episode. The location of the RD is in the posterior right
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atrium (green arrow to the right). There were instances of
transient reentries near the superior and inferior vena cava
(red arrows in the middle) and conduction block in the
posterior left atrium (yellow arrows to the left). FIG. 9
shows a pseudo-electrogram recording of the arrhythmia
reconstructed by differencing extracellular potential signals
from points 4 c¢cm away from the right and left atrial
appendages. FIGS. 10A-10D show a sequence of transmem-
brane potential (V, ) maps at four different time instants
during the AF episode. The reference time (tref) of these V,,,
maps are indicated by blue dashed arrows in FIG. 9. The RD
in the posterior right atrium is indicated with white arrows.
[0114] 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 (FIG. 8, 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 dis-
organized and fibrillatory, with multiple instances of tran-
sient reentry (FIG. 8, red arrows) and areas of conduction
block (FIG. 8, yellow arrows). The complex activation
pattern observed during simulated AF was associated with
irregular pseudo-electrograms (FIG. 9). V,, maps in FIGS.
10A-10D detail an episode of AF maintained by an RD in
the posterior right atrium of patient model #3 (white arrows).
[0115] FIGS. 11A-11C and 11E-11G show V,, maps dur-
ing AF in models #1 and #16, respectively. The locations of
RD-PSs and direction of RD propagation are indicated with
purple circles and black arrows, 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 maxi-
mum RD-PS trajectory length was <10 mm (average:
7.57£2.33 mm). FIGS. 11D and 11H show RD-PS trajecto-
ries for all unique AF morphologies observed in models #1
and #16, respectively (red circles correspond to AF episodes
shown in FIGS. 11A-11C and 11E-11G.

[0116] Local Fibrosis Characteristics at Reentrant Driver
Sites
[0117] To better understand the dynamics of RDs induced

in each atrial model, we analyzed the relationship between
RD-PSs and the fibrosis spatial pattern. FIG. 12A shows the
activation sequence of an AF episode maintained by an RD
near the inferior vena cava in model #1, and FIGS. 12B-12E
highlight V,, maps of the same RD and its RD-PS locations
at four different time instants, along with the outlines of
fibrotic tissue. RD-PSs are marked with purple circles. The
fibrotic tissue region boundaries are indicated by black
outlines. At these time instants and throughout the reentry
(FIG. 12F), the RD-PS dynamic location was along a
trajectory that followed a boundary between fibrotic and
non-fibrotic tissue (FIG. 12F). Trajectory of RD-PS move-
ment over time superimposed on the activation map of the
reentry and the fibrosis spatial pattern (green regions). Each
discretely colored circle marks an RD-PS location at a
unique instant of time.

[0118] 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. FIGS. 13A-13C and 13E-13G show the distribu-
tion of fibrotic tissue in models #6 and #8. The inset panels
present zoomed-in views of FD and FE maps. 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

Nov. 9,2017

asterisks mark regions of dense fibrotic tissue with high FD,
but low FE—RD-PSs were not observed in these areas.
FIGS. 13D and 13H provide RD-PS trajectories and outlines
of fibrotic regions. As the figures demonstrate, RD-PSs were
located in atrial tissue with relatively high values of both FD
and FE (>0.45, corresponding to orange colored regions).
Regions with this characteristic corresponded to a subset of
fibrotic tissue boundaries with extensive intermingling
between fibrotic and non-fibrotic tissue. RD-PSs were not
observed in regions of dense fibrotic tissue (e.g., sites
marked by asterisks in FIGS. 13A-13C and 13E-13G).
FIGS. 13D and 13H show time series plots of FD and FE
values at RD-PS locations during one second of AF for the
episodes shown in FIGS. 13A-13C and 13E-13G, respec-
tively. FD and FE values range from 0.45 to 0.8.

[0119] FIGS. 14A-14D show a summary of FD and FE
characteristics at RD-PS locations for all AF episodes in all
atrial models. FIG. 14A shows a boxplot of FE at regions of
atrial tissue where RD-PSs persisted (RD-PS regions) and
where RD-PSs did not occur (non-RD-PS Regions) for all
AF episodes in all atrial models. FE in RD-PS regions is
significantly higher than FE in non-RD-PS regions (IQR:
0.42-0.60 vs 0.00-0.40, p<0.05). FIG. 14B shows a boxplot
of FD at RD-PS regions and non-RD-PS regions 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). FIG. 14C shows a 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 one standard deviation of the mean of
the FD and FE in RD-PS regions. FIG. 14D shows a 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 one standard deviation of the mean of
the FD and FE in non-RD-PS regions.

[0120] In the 13 AF-inducible atrial models, regions con-
taining the RD-PS trajectories (i.e., RD-PS regions) had
significantly higher FE (IQR: 0.42-0.60 vs 0.00-0.40, p<0.
05) (FIG. 14A) and FD (IQR: 0.59-0.769 vs 0.00-0.33,
p<0.05) (FIG. 14B) values compared to 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 (FIG.
14C). Non-RD-PS regions had an FD of 0.1320.19 and FE
of 0.18+0.22 (FIG. 14D).

[0121] A supervised machine-learning algorithm was used
to identify a polynomial equation that best classified RD-PS
and non-RD-PS regions based on FD and FE values. FIG.
15A illustrates classification of RD-PS and non-RD-PS
regions. The polynomial equation that separated RD-PS
(purple circles) and non-RD-PS regions (yellow circles) is
indicated with a black line. The FD and FE values that
characterized RD-PS regions and non-RD-PS regions are
indicated in green (Pro-RD) and blue (Not Pro-RD), respec-
tively. FIG. 15B shows a receiver operating characteristic
analysis of the machine learning algorithm. The area under
the curve (AUC) for this plot was 0.91. The receiver
operating characteristic analysis demonstrated that the
resulting classification had minimal false positive selection
of RD-PS regions (AUC=0.91). FIG. 15C shows a preci-
sion-recall analysis of the machine learning algorithm. The
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area under the curve (AUC) for this plot was 0.84. The
precision-recall analysis indicated that the approach had
minimal false negative selection of non-RD-PS regions
(AUC=0.84). Taken together, the latter two analyses dem-
onstrated that our approach to identifying RD-PS regions
was robust to over- and under-fitting. FIG. 15D shows the
location of RD-PSs in patient models #8 (top) and #16
(bottom) overlaid on the regions of the atria with the
characteristic FD and FE values predicted to contain RD-
PSs (green). 13.79+4.93% of all atrial tissue had this char-
acteristic fibrosis pattern; 83.50+2.35% of all RD-PSs were
in these regions. Atrial tissue with the specific FD and FE
characteristics identified by the machine-learning algorithm
(i.e., regions with an FD/FE properties in the green region of
FIG. 15A) corresponded to a subset of fibrotic region
boundary zones (FIG. 15D). Although only 13.79£4.93% of
all atrial tissue had this characteristic 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-specific atrial models.

DISCUSSION

[0122] To the best of our knowledge, this is the largest
computational modeling study ever undertaken on atrial
electrophysiology. In 20 patient-specific atrial models with
individualized 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, (ii) 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.

[0123] Generation of Patient-Specific Atrial Models and
AF Induced in the Fibrotic Substrate

[0124] 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. [8, 9, 36] The method used
to segment fibrosis from LGE-MRI data is based on prior
reports, [7, 36, 37] and the relationship between fibrosis
burden and PsAF duration is consistent with past studies. [8]
In the atrial models constructed from the patient LGE-MRI
scans, representation of atrial electrophysiology at the cell,
tissue, and organ level in fibrotic and non-fibrotic regions
were based on a large body of evidence from human, [22, 23,
38] animal, [25-27] and computational studies. [19-21]
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 seven non-inducible models.

[0125] Since our modeling study was designed to evaluate
the arrhythmogenic propensity of the fibrotic substrate, it did
not include a representation of intrinsic focal drivers. In
patients, PsAF is perpetuated by a complex interplay
between RDs and focal drivers. [4-6, 39] This offers a
potential explanation for why we could not induce arrhyth-
mia in seven atrial models: in these patients, triggered
activity may have been the predominant mechanism that
perpetuated PsAF. Another potential explanation for non-
inducibility in these models could be the inaccurate quan-
tification of fibrosis from LGE-MRI in the corresponding
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patients and the omission of diffuse fibrosis, which is
inaccessible from current imaging methods. [7]

[0126] Characteristics of Simulated AF Episodes Induced
by Programmed Flectrical Stimulation

[0127] The analysis of AF dynamics in inducible atrial
models showed a combination of sustained RDs, transient
reentries, wave collisions, and functional blocks all of which
have been described in mapping studies of PsAF in humans.
[40] These complex activation patterns were associated with
irregular pseudo-electrograms, which were qualitatively
similar to clinical electrograms of PsAF. [41] Our results
confirm that PSAF can be perpetuated by RDs that dynami-
cally emerge in a limited number of locations (1 to 5 unique
RD domains per patient; average: 2.69x1.54). In simula-
tions, RDs persisted for the duration of the entire simulation
period (2.5 s). Phase singularities associated with each RD
were not stationary but meandered within spatially restricted
regions (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. [5] used inverse
electrocardiography (ECGI) in pre-ablation PsAF patients
and identified between 2 and 6 distinct RD domains in each
individual. Furthermore, regions where RDs were observed
most frequently were found to be of limited extent, and
therefore amenable to catheter ablation. [5, 36] Likewise,
FIRM-guided ablation studies [6] in PsAF patients reported
a small number of drivers (total of 2.2+1.0 per patient,
although reentrant and focal sources were not separately
reported), with RDs that meandered within compact regions
(1-2 em?).

[0128] As mentioned above, the present study did not
include automatic focal activity. We anticipate that the
addition of paroxysmal triggered activations would not
affect our primary finding that RDs occur at a subset of
fibrosis boundary zones, but may affect the stability of
observed RDs, shortening their lifespan. For example, we
expect that a focal driver might dislodge an RD from one
fibrotic region, leading it to meander through the atria and/or
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, [5] where RDs occur
most frequently in spatially restricted regions but also move
between such regions, with shorter lifespans at each anchor-
ing site (typically <I s).

[0129] Characteristics of the Fibrosis Pattern in Regions
where RDs Persist

[0130] 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. [8, 9] In our
simulations of AF in the fibrotic substrates, RDs are only
observed in a limited number of atrial sites. Therefore, we
hypothesized that the fibrosis spatial pattern necessary to
anchor reentry was highly specific. For all induced AF
episodes in all atrial models, the confined regions within
which the RD-PSs meandered had a consistent 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
metrics 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 fibrosis (i.e., locations with
high FD and low FE, such as those marked by asterisks in
FIGS. 13A-13C and 13E-13G). This is a key observation
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because it expands upon the recent clinical finding that RDs
identified by ECGI are co-localised with fibrosis boundary
zones identified by LGE-MRI. [37] 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 localization.

[0131] Regions with both high FD and high FE are a
potent substrate for the initiation and perpetuation of RDs
because such locations are associated with steep spatial
gradients in excitability and refractoriness, rendering them
highly prone to conduction failure [10] due to the extensive
intermingling of fibrotic and non-fibrotic tissue. As part of
the border zones of fibrotic remodeling, these RD regions
are in contact with both non-fibrotic tissue, which allows
propagating wavefronts to rapidly pivot around zones of
functional block, [42] and with deeper fibrotic regions that
ensure sufficient conduction slowing [11-13] to sustain reen-
try. The average size of the RD-perpetuation regions in our
study (7.57+£2.33 mm) is consistent with findings from
previous simulation and experimental work demonstrating
that RDs are attracted to and/or anchored by inhomogeneties
of a similar spatial scale (4.5 to 10 mm) resulting from
gradients in ion channel expression [43, 44] or APD. [45]
[0132] Clinical Perspectives

[0133] Knowledge regarding the link between dynamic
RD localization and the spatial characteristics of the fibrotic
substrate, as acquired in this study, has important implica-
tions for clinical strategies to manage and treat PsAF in
patients. Multiple centres have reported that ablation of
RD-harboring sites can terminate PsAF or convert it to a
more clinically manageable tachycardia, [5, 6] but it remains
unclear why this type of targeting has therapeutic value. Our
results suggest that this success may be attributable to the
fact that such ablations “homogenize” the tissue in a RD-
anchoring region, rendering it more like a deeper fibrotic
region with less interdigitation of fibrotic and non-fibrotic
tissue. It is also conceivable that locations with FD/FE
favoring RD localization, as identified by processing the
LGE-MRI images, could be directly targeted for ablation,
consistent with current clinical concepts of substrate modi-
fication [46] for PsAF ablation. Of note, the total amount of
atrial tissue with such high FD/FE combination in each
patient was relatively 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 FIGS. 15D and 15E). It is
likely that other pacing sites, in addition to the 30 used in
each patient-specific model, will result in the formation of
persistent RDs in the reminder of high FD/FE tissue. We
further speculate that following ablation of a region sustain-
ing an RD, new emergent RDs will localize to sites with the
same (high FD/FE) fibrosis 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
substrate. Future work will be needed to determine whether
and how this tissue subset could be further narrowed
towards achieving truly optimal ablation lesion sets.
[0134] Study Factors

[0135] One factor of this study is related to the recon-
struction of personalized models from LGE-MRI data. The
ability to derive realistic representations of atrial fibrosis
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from LGE-MRI is highly dependent on scan quality and
operator experience. [7] Although the studied patient-spe-
cific models had a wide range of global fibrosis burdens
(ranging from 10.8 to 33.4% of the biatrial wall) and a
diversity of fibrosis spatial patterns, the localization of RDs
at sites with high FD and FE was remarkably consistent from
model to model. This suggests that the central finding of our
study is relatively insensitive to the inherent factors of
LGE-MRI—if models were reconstructed using a different
segmentation threshold, the absolute locations of RDs would
undoubtedly change but the underlying fibrosis spatial pat-
tern would be the same.

[0136] Another factor is the absence of correlation with
clinical characteristics, particularly mapping and outcome
data, which were unavailable. This prevented us from
assessing the predictive value of simulation results with
respect to clinical outcomes. Indeed, the in silico inducibility
and the number of RD sites might be interesting MRI-
derived prognostic markers as they include not only the
fibrosis burden, but also the impact of fibrosis architecture
on PsAF mechanisms. Finally, the recognition of specific
structural features derived from LGE-MRI (sites with high
FE and FD) might also be a prognostic marker for PsAF
outcomes.

CONCLUSION

[0137] We demonstrated that reconstruction of personal-
ized 3D atrial models with individualized fibrosis patterns
from LGE-MRI is feasible. Dynamic pacing from a number
of locations was able to induce AF in atrial models that
included sufficient amounts of fibrosis. Simulations demon-
strated 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 den-
sity and entropy. These results provide new insights into the
mechanisms of PsAF perpetuation and pave the way towards
an MRI-based approach for the personalization of clinical
management in patients with PsAF.
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Example 2: Prediction of Targets for Catheter
Ablation of Persistent Atrial Fibrillation Based on
Analysis of Patient-Specific Fibrosis Patterns

[0184] AF is widely recognized as an emerging global
health crisis. At present, 1-2% of individuals worldwide
suffer from AF [1] and its prevalence is expected to increase
2.5-fold over the next 40 years due to the aging population.
[2] Patients affected by AF have a higher mortality rate,
largely due to a dramatically increased risk of thromboem-
bolic stroke. [1] AF is also associated with severely impaired
quality of life, [3] increased rates of cognitive impairment,
[4] and high treatment costs. [5]

[0185] Ina subset of patients, AF symptoms can be safely,
reliably, and permanently eliminated by using catheter abla-
tion to achieve electrical isolation of arrhythmia triggers in
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the pulmonary veins (PVs), a procedure called PV isolation.
[6] However, outcomes of ablation procedures are low in
patients with the long-standing or persistent form of the
disease (PsAF), [7] which is defined by AF episodes that last
=7 days. [8] This is an issue of considerable concern because
the rate of progression in AF is rapid, with approximately
5% of patients transitioning to PsAF each year from the
more clinically manageable paroxysmal form of AF. [9] The
primary impediment to effective treatment of PsAF is that
such patients experience significant atrial structural remod-
eling, [10, 11] giving rise to an extensive fibrotic substrate
for arrhythmia perpetuation that cannot be eliminated by PV
isolation. [6] Efforts to improve the eflicacy of the clinical
procedure in PsAF patients have been stymied by the fact
that there is no concrete understanding of which sites should
be ablated to eliminate the fibrotic substrate’s arrhythmia-
sustaining properties. [6] Clearly, there is an urgent need for
new approaches for determining the optimal ablation targets
in PsAF patients with atrial fibrosis.

[0186] The Fibrotic Substrate for Arrhythmia Perpetuation
in PsAF Patients

[0187] Progression of AF to the persistent stage (PsAF) is
associated with extensive structural remodeling, including
increased atrial fibrosis. [12] The fibrogenesis signaling
pathway is initiated by multiple AF-associated factors,
including oxidative stress, mechanical stretch, and rapid
atrial activation. [10, 13] Once activated, this cascade causes
fibroblasts to proliferate and differentiate into myofibro-
blasts (i.e., activated fibroblasts), [11, 14] which synthesize
excessive amounts of collagenous extracellular matrix [15,
16] and release paracrine signaling factors, including trans-
forming growth factor (TGF)-f1. [17-19] Additionally,
structural remodeling alters gap junction function via down-
regulation, lateralization, and hypo-phosphorylation of con-
nexin proteins. [20,21]

[0188] Collagen deposition and gap junction remodeling
have significant effects on organ-scale electrophysiological
behavior, leading to slowed conduction (disproportionately
so in the direction transverse to cardiac fibers) and abnormal
excitation characteristics in fibrotic regions. [21-23] More-
over, increased TGF-f1 leads to dramatic reduction of the
fast sodium, L-type calcium, and inward rectifier potassium
currents (I, Iz, and Ix,), [24, 25] leading to increased
action potential duration (APD), depolarized resting trans-
membrane potential, and decreased upstroke velocity in
fibrotic myocardium. [24] All of the above electrophysi-
ological changes provide mechanisms for unidirectional
conduction block and slow propagation, [26] increasing the
likelihood of reentrant source formation. [27-29] It is also
known that spatial patterns of atrial fibrosis are complex and
vary widely from individual to individual, which increases
the variability and complexity of local activation patterns
and global dynamics of arrhythmia. [27]

[0189] Based on the evidence reviewed above, it is clear
that atrial fibrosis creates a substrate for perpetuation of
PsAF. However, there is a lack of mechanistic understanding
regarding how the specific distribution of fibrosis affects AF
dynamics. Patient-specific atrial models are used herein to
thoroughly explore the role of individual fibrotic distribu-
tions in AF dynamics. We also demonstrate that the dynamic
locations of the persistent organizing centers of reentry in
each patient are determined by the individual distribution of
atrial fibrosis.
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[0190] Catheter Ablation to Modify the Fibrotic Substrate
[0191] The success rate for PV isolation in patients with
extensive atrial fibrosis, such as those with PsAF, is very low
(=30%). [30-33] Because of this, efforts have been made to
extend ablation protocols to modify the fibrotic substrate so
that its propensity to perpetuate arrhythmia is eliminated.
One widely used strategy is to augment PV isolation by
adding linear ablations between anatomical landmarks, such
as the mitral isthmus and specific pulmonary veins, to
mitigate regions of conduction slowing and block due to
structural remodeling. [34-37] A second technique, still in
the initial stages of clinical use, is focal impulse and rotor
mapping (FIRM) ablation, [38-40] in which intra-cardiac
electro-anatomic mapping is used to locate sites where
signal patterns are indicative of local reentrant sources or
triggered activity during PsAF; the sites are then ablated. In
addition, attempts have been made to execute ablations at
the locations of complex fractionated atrial electrograms
(CFAEs); [41-43] however, recent studies have shown that
mechanisms unrelated to arrhythmia give rise to electrogram
fractionation [6] and that CFAE sites are usually remote
from organizing centers of PsAF. [39] Although some of the
techniques discussed above lead to better ablation outcomes
than PV isolation alone in PsAF patients, success rates
reported by clinical trials remain low (<75%) [38-43] and
inter-center reproducibility is poor. [44] There are two
reasons for this low efficacy: (1) a lack of understanding of
exactly how structural remodeling influences PsAF dynam-
ics, and (2) the fact that low-resolution point-wise mapping
cannot fully capture the complexity of arrhythmia dynamics
caused by the unique fibrosis distribution in each patient. [1,
6] Importantly, all approaches involve identification of abla-
tion sites by catheter-based mapping of patient atria, which
is invasive, tedious, and time-consuming. [45] This leads to
a high rate of complications and extended procedure dura-
tions. [44]

[0192] From the brief review above, it is clear that ablation
procedures designed to modify the fibrotic substrate remain
ineffective in achieving freedom from AF in PsAF patients.
They also universally require the use of invasive electro-
anatomic mapping procedures for the identification of abla-
tion sites. We describe herein a novel approach to non-
invasively predict the optimal ablation targets for PsAF
using simulations with personalized atrial models that incor-
porate patient-specific atrial geometry and fibrosis patterns
obtained from pre-procedure LGE-MRI scans. A retrospec-
tive human study is used to validate this new strategy,
paving the way towards a safer, more accurate approach to
custom tailor PsAF ablation procedures.

[0193] Results

[0194] In previous work, one of the inventors carried out
pilot studies to demonstrate the feasibility of developing
patient-specific atrial models and conducting realistic simu-
lations of PsAF to obtain predictions of optimal ablation
targets. Those results include the construction of four atrial
models (two are shown in FIGS. 16A and 16B) from
pre-ablation in vivo LGE-MRI scans of PsAF patient hearts
provided by Dr. Hubert Cochet from the University of
Bordeaux. LGE-MRI has been shown to differentiate
fibrotic from non-fibrotic myocardium. [30] To create these
models, we used a preliminary version of the high-through-
put atrial model construction pipeline. This involved adap-
tation and extension of tools previously developed in Pro-
fessor Trayanova’s lab for ventricular model assembly. [46]

Nov. 9,2017

These models incorporate realistic atrial fiber orientations to
ensure accurate representation of anisotropic wavefront
propagation. Inter-regional heterogeneities in cell- and tis-
sue-level electrophysiological properties within fibrotic and
non-fibrotic regions are also included. Notably, these are the
first detailed reconstructions of bi-atrial geometry with real-
istic representation of patient-specific fibrosis spatial pat-
terns.

[0195] FIGS. 16A and 16B show patient-specific atrial
models reconstructed from in vivo LGE-MRI data from
patients with PsAF. Gray and green represent non-fibrotic
and fibrotic myocardium, respectively; lighter and darker
colors represent left and right atria (LA and RA), respec-
tively. Zoomed-in panels show activation patterns (arrows)
maintained by persistent reentrant sources near fibrosis
clusters during simulated PsAF; gold spheres show the
dynamic (i.e., varying over time) locations of the persistent
phase singularities.

[0196] Stimulation with a clinically relevant rapid pacing
protocol [38] resulted in PsAF induction in all four models,
consistent with the clinical records for these patients. Orga-
nizing centers were identified via phase-space analysis; [47]
reentrant sources (i.e., phase singularities) lasting =2 sec-
onds were classified as persistent (see inset panels of FIGS.
16A and 16B). During simulated PsAF in each model, the
dynamic (i.e., varying over time) locations of the persistent
phase singularities were confined to contiguous regions.
Among all cases, the maximum extent of such regions of
persistent phase singularity meander was =2 cm. The con-
fined regions of persistent phase singularity meander encom-
passed patchy intermingling of non-fibrotic (gray) and
fibrotic tissue (green). We also conducted ablation simula-
tions in all four patient-specific models. In each case, the
persistent phase singularity meander region was deemed to
be the ablation lesion and was modeled as inexcitable. This
process rendered PsAF non-inducible in all four models,
including the example shown in FIG. 17. FIG. 17 shows
simulated ablation (purple) of the confined region within
which persistent phase singularities (gold) meandered. As
shown in the inset, PsAF could no longer be induced by the
pacing protocol applied in FIG. 16A. These findings show
that the dynamic locations of persistent phase singularities
are the optimal PsAF ablation targets.

[0197] To demonstrate that it is the patient-specific distri-
bution of fibrosis that determines the locations of the per-
sistent reentrant sources (and thus the optimal targets of
ablation), each simulation was repeated with +10% I, (to
test the effect of APD variation) and +10% electrical cou-
pling (to test the effect of conduction velocity variation).
These changes led to slight variation in PsAF dynamics, but
the persistent organizing centers of reentrant activity mean-
dered in nearly identical regions. This suggests that for the
purposes of the proposed simulation-based predictions of
optimal ablation targets, average parameter values based on
typical human characteristics are appropriate for represent-
ing cell- and tissue-level electrophysiology in patient-spe-
cific models, since the dynamic locations of the PsAF-
perpetuating persistent phase singularities are determined by
the fibrosis pattern only. Further preliminary results were
obtained to quantitatively characterize the fibrosis distribu-
tion in each model, determining the (1) density, (2) aggre-
gation (clustering), [48] and (3) disorganization (entropy) of
individual fibrosis spatial patterns. [49] FIG. 18A shows
spatial metrics of fibrosis distribution were higher within
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regions of persistent phase singularity dynamic locations
than in the atria as a whole (*=p<0.01). FIG. 18B shows a
map of regions where all metric values were >0.6 (red),
dynamic locations of persistent phase singularities (gold),
and fibrosis (black). Within regions of persistent phase
singularity meander, fibrosis metrics were significantly dif-
ferent from those in the rest of the atria (red vs. gray boxes,
FIG. 18A). Regions where phase singularities persisted had
values >0.6 for all three fibrosis metrics. In all four models,
the amount of tissue in the entire atria with this particular
property (red areas in FIG. 18B) was small compared to the
amount of fibrosis by volume (5.23% and 25.5%, respec-
tively, for the case shown here); this suggests that in
individual hearts, only a small sub-volume of all fibrotic
tissue has the specific spatial pattern that favors PsAF
reentrant source perpetuation.

[0198] The above findings indicate that (1) phase singu-
larities located in these regions underlie PsAF-perpetuating
reentrant activity; (2) ablation of these regions renders PsAF
non-inducible; (3) these locations are predominantly deter-
mined by the individual fibrosis distribution and are insen-
sitive to changes in the electrophysiological properties of
atrial tissue within the range of physiological values; and,
(4) within these regions, there is a distinct and quantifiable
fibrosis spatial pattern that promotes the localization of
persistent phase singularities.

[0199] Research Methodology—Quantitative Character-
ization of Fibrosis Spatial Patterns

[0200] The properties of the individual fibrosis distribu-
tion in each of the 28 patient-specific atrial models is
characterized by calculating a set of spatial metrics. At every
atrial point, breadth-first search technique is used to build a
list of connected tissue elements in the volume within a 2.5
mm radius. Then, metric values local to each point for the
surrounding tissue region are computed as follows: fibrosis
density, via the proportion of fibrotic elements by volume;
fibrosis clustering, via normalized Moran’s 1, [48] a measure
of spatial autocorrelation, which ranges from most diffuse
(0) to most aggregated (1); and fibrosis entropy, via normal-
ized Shannon entropy, [49] which ranges from least (0) to
most (1) disorganized. For one patient-specific model, FIG.
19 shows a preliminary result: the comparison of these three
metrics with the underlying fibrosis spatial pattern. The
same methodology was used to generate preliminary find-
ings presented in FIGS. 18A and 18B.
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Example 3: Prevalence of Regions with Highly
Intermingled Fibrotic and Non-Fibrotic Tissue is a
Better Predictor of Arrhythmia Inducibility than
Total Fibrosis Burden: Analysis of Patient-Specific
Models of Persistent Atrial Fibrillation

[0250] Atrial fibrosis burden (FB) is linked to higher risk
of persistent atrial fibrillation (PsAF). We have shown that
PsAF reentrant sources are harbored near edges of fibrotic
regions, where there is extensive intermingling with non-
fibrotic tissue. However, it has heretofore been unknown if
the prevalence of such regions is correlated with PsAF
inducibility and, if so, whether it better predicts inducibility
compared to FB. We used patient-specific atrial models to
address this question.
[0251] Atrial models were built from LGE-MRI scans of
18 PsAF patients. Rapid pacing was applied at the 30 sites
indicated in FIG. 20A. The inducibility rate was the pro-
portion of sites that induced PsAF. Fibrosis was quantified
via the proportion of LGE tissue by volume, either in the
whole atria (FB) or in the volume within 1.5 mm of each
point (termed local fibrosis density, LFD; FIG. 20B). Aggre-
gate LFD properties (median & upper quartile values,
LFD50 & LFD75) estimated the prevalence of regions with
highly intermingled fibrotic and non-fibrotic tissue.
[0252] Non-inducible models had low FB (=11%) and
LFD75 (<0.1). In remaining models, higher inducibility was
associated with increased FB (13-30%) and LFD (LFD75=0.
14-0.67; FIG. 20C). Inducibility was correlated both with
FB (r2=0.748; FIG. 20D) and with LFDm, a linear combi-
nation of LFD50 and LFD75 (r2=0.876; FIG. 20E). Akaike
information criterion (AICc) analysis showed that LFDm
had more predictive power than FB (likelihood of FB
producing better predictions than LFD,, was ~3%).
[0253] In conclusion, personalized simulations show that
PsAF inducibility is better predicted by LFDm than by FB.
Fibrosis spatial pattern analysis could be a novel avenue for
PsAF risk stratification.
[0254] The embodiments illustrated and discussed in this
specification are intended only to teach those skilled in the
art how to make and use the invention. In describing
embodiments of the invention, specific terminology is
employed for the sake of clarity. However, the invention is
not intended to be limited to the specific terminology so
selected. The above-described embodiments of the invention
may be modified or varied, without departing from the
invention, as appreciated by those skilled in the art in light
of the above teachings. It is therefore to be understood that,
within the scope of the claims and their equivalents, the
invention may be practiced otherwise than as specifically
described.

We claim:

1. A method for providing an atrial fibrillation (AF)
ablation treatment plan, comprising:

receiving imaging data for at least a portion of an atrial

region of a subject’s heart;
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processing said imaging data to characterize tissue as one

of fibrotic tissue or non-fibrotic tissue;

calculating a metric of spatial distribution of at least a

portion of said tissue characterized as fibrotic tissue
from said processing said imaging data;

identifying a cardiac tissue ablation target based on said

metric; and

providing an AF treatment plan that includes said cardiac

tissue ablation target as at least a portion of said AF
treatment plan.

2. The method of claim 1, wherein said receiving imaging
data is receiving at least one of MRI, CT or PET imaging
data.

3. The method of claim 1, wherein said receiving imaging
data is receiving late gadolinium enhancement magnetic
resonance (LGE-MRI) data.

4. The method of claim 1, further comprising identifying
a plurality of cardiac tissue ablation targets based on said
metric,

wherein said AF treatment plan further includes said

plurality of cardiac tissue ablation targets.

5. The method of claim 1, further comprising calculating
a plurality of metrics of spatial distribution of tissue char-
acterized as fibrotic tissue from said processing said imaging
data.

6. The method of claim 1, wherein said metric of spatial
distribution is calculated for each of a plurality of subvol-
umes of said atrial regions of said subject’s heart.

7. The method of claim 6, wherein said plurality of
subvolumes are between 0.5 mm and 10 mm in radius.

8. The method of claim 6, wherein said plurality of
subvolumes are between 0.5 mm and 3 mm in radius.

9. The method of claim 6, wherein said plurality of
subvolumes are between 1.3 mm and 1.7 mm in radius.

10. The method of claim 5, wherein said plurality of
metrics include at least density, clustering and complexity
metrics.

11. The method of claim 1, wherein said calculating a
metric comprises calculating said metric for a portion of said
tissue characterized as fibrotic tissue having a degree of
fibrosis that falls within a predetermined range.

12. A method for providing a risk assessment for atrial
fibrillation (AF) and related health risks, as well as recur-
rence of atrial arrhythmia after ablation, comprising:

receiving imaging data for at least a portion of an atrial

region of a subject’s heart;

processing said imaging data to characterize tissue as one

of fibrotic tissue or non-fibrotic tissue;

calculating a metric of spatial distribution of at least a

portion of said tissue characterized as fibrotic tissue
from said processing said imaging data for a plurality
of localized regions within said portion of said atrial
region of said subject’s heart;

identifying a risk of at least one of developing atrial

fibrillation, worsening atrial fibrillation, recurrence of
atrial arrhythmias and fibrillation after ablation treat-
ment, heart failure, or stroke based said metric of
spatial distribution calculated for said plurality of local-
ized regions.

13. The method of claim 12, wherein said receiving
imaging data is receiving at least one of MRI, CT or PET
imaging data.
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14. The method of claim 12, wherein said receiving
imaging data is receiving late gadolinium enhancement
magnetic resonance (LGE-MRI) data.

15. A non-transitory computer-readable medium compris-
ing computer-executable code for providing an atrial fibril-
lation (AF) ablation treatment plan, said computer-execut-
able code comprising instructions that, when executed by
the computer, causes the computer to:

receive imaging data for at least a portion of an atrial

region of a subject’s heart;

process said imaging data to characterize tissue as one
of fibrotic tissue or non-fibrotic tissue;

calculate a metric of spatial distribution of at least a
portion of said tissue characterized as fibrotic tissue
from said processing said imaging data;

identify a cardiac tissue ablation target based on said
metric; and

provide an AF treatment plan that includes said cardiac
tissue ablation target as at least a portion of said AF
treatment plan.

16. A non-transitory computer-readable medium compris-
ing computer-executable code for providing a risk assess-
ment for atrial fibrillation (AF) and related health risks, as
well as recurrence of atrial arrhythmia after ablation when
executed by the computer, causes the computer to:

receive imaging data for at least a portion of an atrial

region of a subject’s heart;

process said imaging data to characterize tissue as one
of fibrotic tissue or non-fibrotic tissue;

calculate a metric of spatial distribution of at least a
portion of said tissue characterized as fibrotic tissue
from said processing said imaging data for a plurality
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of localized regions within said portion of said atrial
region of said subject’s heart;

identify a risk of at least one of developing atrial
fibrillation, worsening atrial fibrillation, recurrence
of atrial arrhythmias and fibrillation after ablation
treatment, heart failure, or stroke based said metric
of spatial distribution calculated for said plurality of
localized regions.

17. A medical imaging system comprising a data proces-
sor configured to:

receive imaging data for at least a portion of an atrial
region of a subject’s heart;

process said imaging data to characterize tissue as one of
fibrotic tissue or non-fibrotic tissue;

calculate a metric of spatial distribution of at least a
portion of said tissue characterized as fibrotic tissue
from said processing said imaging data for a plurality
of localized regions within said portion of said atrial
region of said subject’s heart; and

provide at least one of a map based on said metric, at least
one ablation target based on said metric, or a risk
assessment for at least one of developing atrial fibril-
lation, worsening atrial fibrillation, recurrent atrial
fibrillation, heart failure, or stroke based said metric.

18. An electro-anatomical mapping and/or ablation sys-
tem configured to receive data from the medical imaging
system of claim 17 to provide guidance to a user for
electro-anatomical mapping and/or ablation.
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