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Abstract

Atrial fibrillation (AF) occurrence and maintenance is associated with progressive remodeling of
electrophysiological (repolarization and conduction) and 3D structural (fibrosis, fiber orientations,
and wall thickness) features of the human atria. Significant diversity in AF etiology leads to
heterogeneous arrhythmogenic electrophysiological and structural substrates within the 3D
structure of the human atria. Since current clinical methods have yet to fully resolve the patient-
specific arrhythmogenic substrates, mechanism-based AF treatments remain underdeveloped.
Here, we review current knowledge from in-vivo, ex-vivo, and in-vitro human heart studies, and
discuss how these studies may provide new insights on the synergy of atrial electrophysiological
and 3D structural features in AF maintenance. In-vitro studies on surgically acquired human atrial
samples provide a great opportunity to study a wide spectrum of AF pathology, including
functional changes in single-cell action potentials, ion channels, and gene/protein expression.
However, limited size of the samples prevents evaluation of heterogeneous AF substrates and
reentrant mechanisms. In contrast, coronary-perfused ex-vivo human hearts can be studied with
state-of-the-art functional and structural technologies, such as high-resolution near-infrared optical
mapping and contrast-enhanced MRI. These imaging modalities can resolve atrial arrhythmogenic
substrates and their role in reentrant mechanisms maintaining AF and validate clinical approaches.
Nonetheless, longitudinal studies are not feasible in explanted human hearts. As no approach is
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perfect, we suggest that combining the strengths of direct human atrial studies with the high
fidelity approaches available in the laboratory and in realistic patient-specific computer models
would elucidate deeper knowledge of AF mechanisms. We propose that a comprehensive
translational pipeline from ex-vivo human heart studies to longitudinal clinically relevant AF
animal studies and finally to clinical trials is necessary to identify patient-specific arrhythmogenic
substrates and develop novel AF treatments.

Graphical Abstract

[ Translational research pipeline to improve AF treatment ]

Computer Modeling
Machine Lea_ryizb Human Studies)« Animal Studies
Artificial Intelligence

L in-vivo
-vigo data : Organ donors ™ / i N
(electrograma _ lowe-res structuve’) AF patients Ghr?ani:: sl [ AF large animal models
[PYEEETYTS i : :
X = J & nativeT AF & bath AF and SR pt | R : .
<— om B oo s | —! ® IN-VIVO (mm-cm resalution)
resolution and ethics ©  Phmiled number & controllable
4 b & panoramic
o 2 Slow-res validated by high-res
g g limited to specific model
g H
FE - %3 gnot human-specific
EE| eX-Vivo *
&panoramic B p!‘\e:s-i‘::ircﬁ;y | & eX-ViVO (um-mr resolution)
& high resolution . —|
gacute experiment JAFmec«hanism; U issue from
all regions
in-vitro Qn-vitro (nem-pm resolution) /
__in-vitro data Sl 4| )
4 cefhlar APs ion channels cofons.. RERNSbNOn ST e el ... gene " tansgenic small animal models
R > semall imited AR tissue from mechanism 1 A nccesible, easdy manipulsisd |
k_ll a— T P tssuesampies all regions — @ Stersen size, ! roe)
> R S ) i
T hESC and iPSC cardiomyocyles,

\f__&?}; o cultured organolypic cardias shcesj;

i ion of different in one study -p validation of methodiphysiology —P= transiational research pipeling
Iowihigheres - lowihigh resolution; pts - patients

Keywords
atrial fibrillation; electrophysiology; fibrosis; near-infrared optical mapping; ex-vivo human heart

Introduction

Atrial fibrillation (AF) is a significant cause of age-related morbidity and mortality in the
United States [1, 2]. Concurrence of AF with structural heart diseases, such as heart failure
(HF), myocardial infarction (MI), and hypertension (HTN) is common; these interactions are
particularly concerning due to increased deleterious effects, rising prevalence, and resistance
to available treatments [3, 4]. Moreover, comorbidities can directly contribute to the
remodeling of atrial myocardium and development of arrhythmogenic electrophysiological
(EP) and structural substrates for AF occurrence and maintenance. Despite moderate success
of interventional and pharmacological therapies, efficacy of conventional AF treatments is
limited along with several side effects [5]. While pharmacological and mechanism-based
ablation treatments [6, 7] have been developed to treat AF, the road to complete freedom
from AF is still hampered with several limitations. The major limitations of AF treatments
may arise from a limited understanding of human AF mechanisms in part due to technically
insufficient mapping approaches to identify AF sources and/or patient-specific AF

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mikhailov et al.

Page 3

substrates. In addition, these deficits make it difficult to know whether efforts to maintain
sinus rhythm (SR) are an exercise in futility.

A general understanding of AF mechanisms is that AF initiation requires triggers such as
spontaneous extra beats that may lead to the formation of self-sustained reentry in the
presence of bi-atrial arrhythmogenic EP (i.e. heterogeneously shortened refractoriness and
slow conduction) and/or structural (i.e. enlarged atria, varied wall thickness, transmural
myofiber twists, and fibrosis) substrates [8, 9]. Extra-pulmonary veins (PV) arrhythmogenic
substrates can vary in a patient-specific manner depending on the nature and severity of the
disease as well as underlying comorbidities [10-12]. Most AF ablation treatment strategies
have focused on the elimination of AF triggers, which primarily originate from the PVs, and
they do not require extensive bi-atrial mapping procedures [13]. Conventional anatomical
based PV isolation (PV1) has shown to be more effective in treatment for paroxysmal AF
(pAF), which lasts from several minutes to days, but PVI demonstrates lower efficacy in
persistent AF (perAF) and is almost ineffective in long-standing perAF, which lasts for more
than one year [14-16]. The low success of PVI may stem from progressive bi-atrial
remodeling underlying AF maintenance. Indeed, during the last decade, different clinical
mapping approaches have shown that the limited number of localized substrate-associated
reentrant sources may maintain AF. The number of drivers may also progressively increase
from ~1-3 in pAF, ~2—4 in perAF and ~3-6 or more drivers in long-standing perAF patients
[6, 17, 18]. These studies also showed that the targeted ablation of the localized substrate-
associated drivers in addition to PVI may increase success and suggested the crucial
importance of localized drivers in maintaining all types of AF [19]. This review primarily
addresses the mechanisms underlying AF maintenance and will not discuss pathophysiology
of AF triggers, which has been reviewed previously in detail by several groups [20-22].

There is an urgent need for better identification and treatment approaches of extra-PV,
patient-specific EP-structural AF substrates. Animal models have been widely used to reveal
AF mechanisms at all three levels (in-vitro, ex-vivo, and in-vivo); however, animal AF
substrates are not always similar to those found in humans due to significant EP and
structural differences, which limit the applicability of findings from experimental animal
models to humans [23, 24]. The complex and heterogeneous makeup of patient-specific 3D
arrhythmogenic substrate and limitations of clinical methods for their identification may
explain the frequent contradictions in clinical research on AF mechanisms. However, many
of these limitations can be resolved by the ex-vivo coronary-perfused human heart approach,
which allows the integration of state-of-the-art high-resolution functional and 3D structural
imaging technologies with the submillimeter resolution required to resolve heart-specific
intramural EP-structural AF mechanisms (Figure 1). We suggest that determination of
patient-specific AF mechanisms requires a comprehensive multi-scale understanding of both
human heart electrophysiology and structure, from in-vivo and ex-vivo to in-vitro and in-
silico studies (Graphical Abstract).

Part 1: Approaches to study human atrial electrophysiology: Overview

Several methods have been employed in-vivo, in-vitro, and ex-vivo to study EP features
(activation, conduction, and repolarization) and their contribution to AF pathophysiology.
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Activation and repolarization can be recorded in-vitro and ex-vivo by intracellular
microelectrodes, which represent a gold standard in the field, and in-vivo by monophasic
action potentials (MAPs). In addition, single-cell studies utilize patch-clamp techniques for
studying action potentials and ion currents. Furthermore, electrical activation and conduction
can be evaluated by contact and non-contact cardiac electrograms (EGMs). Along with
EGMs, ex-vivo studies can also implement high-resolution optical mapping to
panoramically record activation, repolarization, and conduction [25, 26]. Below we will
discuss the applicability of these methods to different types of studies as well as their pros
and cons.

a. In-vivo clinical studies

In 1988, Boineau et al. [27] were among the first to perform in-vivo epicardial multi-
electrode mapping and demonstrate different patterns of impulse propagation during SR and
left atrial (LA) escape rhythm. In-vivo EGMs record local activation times from multiple
locations, which can be used to create activation maps. Activation maps help visualize
propagation patterns and the origin of normal or pathological activity as well as allow the
measurement of conduction velocity (CV). In addition, electrodes can be used for different
pacing maneuvers to evaluate rate-dependent changes in MAPs and CV, to measure effective
refractory periods (ERP), which correlate with action potential duration (APD) [28, 29], and
to induce or entrain atrial arrhythmias, including AF. EGM amplitude can also identify low-
voltage zones that may represent atrial fibrotic scars [30], whereas EGM multicomponent
fractionations may represent local conduction blocks, epi-endocardial dyssynchrony, or
reentrant activity [31-33].

In-vivo MAP recordings can be performed with a specific suction [34] or contact [35]
electrode. This type of signal has a similar shape and duration as transmembrane action
potentials (APs) recorded with intracellular electrodes [34-36] (Figure 2A). Although MAP
differs from AP and involves injury potential, this type of signal closely replicates
transmembrane AP and allows evaluating local repolarization and its changes during pacing
and pharmacological tests. Furthermore, MAP recordings more accurate represent AF rate
and local activation time compared to bipolar EGMs, which often overestimate fractionation
and dominant frequency due to noise and artifacts [33, 37].

Pros: Clinical studies have revealed AF-related EP changes, such as heterogeneous ERP,
APD shortening [38-40], and a rate-dependent decrease in APD and CV [41, 42]. Panoramic
activation and voltage mapping can also visualize focal and reentrant sources of AF [18] and
fibrotic scars, resulting in improvement of AF treatment [43]. In addition, various mapping
techniques can be combined with structural imaging methods such as contrast-enhanced
magnetic resonance imaging (CE-MRI) and computed tomography (CT). Unlike animal
studies, clinical research focuses on human AF substrates that evolve over many years and
are affected by multiple comorbidities.

Cons: At the same time, diversity in AF patients’ clinical histories may lead to a variety of
patient-specific substrates and AF mechanisms causing discrepancies in results and debates
in the field. Another limitation is low resolution of clinical visualization and mapping
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methods compared to experimental in-vivo and ex-vivo technologies. As EGM recordings
primarily represent surface-only activation, intramural conduction can be missed and
misinterpreted even during SR [8, 44]. EGM morphology and amplitude are influenced by
the direction of activation, catheter angle, wall thickness, and tissue contact [45, 46], which
may lead to improper evaluation of activation pattern during AF. Moreover, discrepancies
exist in clinical CV measurements. For example, mean CV across the LA can vary from 40
to 220 cm/s in different clinical studies [47-49]. MAP is a single-electrode technique, and its
signal quality is dependent on catheter angle and requires secure contact with tissue.

b. In-vitro tissue and cellular studies

Trautwein et al. [50] were the first to record atrial cellular AP parameters, including
excitability, resting membrane potential, and repolarization in superfused myocardial fibers
from human atrial tissue biopsies. Enzymatic cell isolation and single-cell ion current
recording (patch-clamp) techniques [51, 52] opened up new methods to study cell-specific
EP characteristics that are altered in AF, including key ion channel currents, ion channel
expression, and direct AP morphology, including AP upstroke and APD.

Pros: In atrial cells isolated from AF patients, major ion channels conducting sodium,
calcium, and potassium currents can be studied free from autonomic nervous system inputs
[53]. Atrial tissues also provide molecular profiles including RNA, microRNA, and protein
levels that can identify alterations in AF [53, 54]. Studies of isolated atrial myocytes allow
evaluation of alterations in intracellular calcium fluxes that can lead to ectopic sources/
triggers of AF including early afterdepolarizations and delayed afterdepolarizations [21].
They can also provide mechanistic insights on the heterogeneous shortening of atrial APD
and ERP seen in pAF and perAF patients and chamber-specific differences in sensitivities to
autonomic mediators and agonists (e.g. epinephrine, isoproterenol, and acetylcholine) and
endogenic metabolites (e.g. adenosine) [55-57]. In addition to ion-channel remodeling,
intracellular structural remodeling, including loss of T-tubules and cardiomyocyte
hypertrophy, is also associated with AF [58]. Furthermore, studies of single atrial myofibrils
reveal translational and post-translational changes of multiple myofilament proteins, which
contribute not only to AF perpetuation, but also to atrial dilatation and contractile
dysfunction [59]. Isolated cardiomyocytes offer in-vitro systems to address cell-specific
alterations. In addition to atrial cardiomyocytes, isolated and cultured atrial fibroblasts are
utilized to study cellular sources of atrial fibrosis [60]. Along with fibroblasts from AF
animal models, non-transformed human atrial fibroblast cell lines generated with genetic
transfer of proliferation genes are also available, which provide a cellular system with high
proliferative and migratory rates to study mechanisms of atrial arrhythmogenic fibrosis [61].
In addition to fibrosis mechanisms, isolated human atrial fibroblast models can be used to
test anti-fibrotic interventions as well as pharmacological screening for patient-specific drug
selection.

Cons: Inter-cellular mechanisms that mediate formation and propagation of ectopic
activation and reentry across the 3D myocardium, including myocardial fibrosis and
myofiber orientation, cannot be studied in single cells. A majority of the atrial samples are
from right atrial appendage (RAA) tissue, which is not a common location of AF triggers or
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drivers, and may not represent the heterogeneous remodeling across the whole atria. As with
clinical studies, diversity between study populations may cause discrepancies between EP
findings [62]. Moreover, the in-vitro approach lacks systemic neurohormonal interferences.
Some limitations of human single cell studies can be overcome by micro-engineered cellular
and tissue systems [63, 64] and ultrathin (100-400um) human myocardial slices, which offer
living multicellular systems of intermediate complexity to study CV, arrhythmogenicity,
contractility, and to perform molecular-biochemical analyses and drug testing [65-67],
thereby filling the gap between in-vivo and isolated cell studies. Human induced pluripotent
stem cells (hiPSCs) [68-70] have also been used as AF multicellular platforms since they
can be differentiated from individual AF patients [71]. Recent advances have developed
novel approaches to selectively stimulate the hiPSC differentiation towards an atrial lineage
[72]. Although these multicellular iPSC systems can be cultured and studied for longer
periods, accurate reproduction of the EP parameters of adult human atrial myocytes is still
an ongoing avenue of research (e.g. slower dV/dtmax of upstroke, slower CV (5 vs 60-100
cm/sec), depolarized resting potentials) [71].

c. Ex-vivo human heart studies

The isolated ex-vivo human heart approach represents a powerful platform, where multiple
clinical and experimental methods can be integrated to study human-specific mechanisms of
automaticity, conduction, and repolarization, and link them with the underlying structure and
a molecular profile to evaluate arrhythmia mechanisms (Figure 1). In fact, in 1970, before
detailed atrial activation patterns were mapped in patients with multielectrode mapping
(MEM) [27], Durrer et al. successfully recovered physiological function of several explanted
human hearts and provided the first EGM measurements of conduction patterns across both
atria during SR and pacing, which revealed preferential conduction across Bachmann’s
bundle [73]. With the development of explanted human heart programs at Washington
University St. Louis [74], and later at The Ohio State University [75], ex-vivo human hearts
were rigorously studied with high-resolution optical mapping methods with voltage-sensitive
dyes. These methods can provide detailed information on ex-vivo cardiac conduction and
repolarization at the tissue level with unprecedented submillimeter resolution [25]. For
instance, newly developed near-infrared optical mapping (NIOM) with non-toxic voltage-
sensitive dyes (e.g di-4-ANDBQBS) [76, 77], compared to conventional green-red dyes (e.g.
di-4-ANNEPSs or RH237), surpasses surface-only mapping as it can collect signals from
intramural layers of the human atrial tissue (~4mm). Explanted human hearts can be
acquired alive and cardioplegically arrested from cardiac transplantation patients with
advanced HF and from organ donor organizations. Ex-vivo human heart NIOM studies can
successfully replicate in-vivo-like atrial EP patterns [27], and rigorously validate several
clinically recorded parameters including heart rate during intrinsic SR (ranging from 56 to
116 beats per minute [74, 78-82]), sinoatrial conduction times (range 58 to 82ms), right
atrial conduction velocities (70 to 160 cm/s), and repolarization (200-300 ms).

Pros: Panoramic and transmural NIOM approaches can collect signals from subsurface
intramural layers, including the SAN [82] and atrioventricular node [76], and were able to
observe intramural reentry during AF [83]. Ex-vivo human hearts permit the combination of
clinical mapping techniques with gold standard ex-vivo optical mapping, 3D imaging
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including CE-MRI and micro-CT, and detailed histological and molecular mapping (Figure
1). Thus, integrated ex-vivo studies could provide the missing link that validates the
accuracy of current in-vivo techniques and clarifies the false positive and false negative
artifacts of limited electrode resolution and data processing [26]. Importantly, in the ex-vivo
human heart experiments, it is feasible to modulate the APD and conduction of the human
atria with clinically related pharmacological tools (e.g. adenosine, isoproterenol, etc.) in
order to reveal the mechanism of arrhythmias, such as AF [57]. Ex-vivo human hearts are
either from heart transplant patients with varying heart failure etiologies, or from organ
donors with and without cardiac comorbidities (e.g. Ml, obstructive sleep apnea (OSA) and
HTN) and risk factors (e.g. alcohol and drug abuse). Out of 197 hearts (19 — 74 y. 0.,
52+12.9 y.0., 39% female, 95 donors and 102 HF transplant hearts) acquired and studied by
our group in the last seven years. Importantly, at least 30% of the hearts had documented AF
history (55.7 £11.9 y.0, 24% female). Thus, the ex-vivo approach provides a unique
opportunity for testing the efficacy and safety of antiarrhythmic therapies, including targeted
ablation and novel antiarrhythmic drugs, directly on human hearts with AF history without
risk to patients [83].

Cons: Ex-vivo human hearts are limited in number. In addition, the ex-vivo mapping
procedure is extremely challenging, as it requires 24/7 coordination between surgical and
research teams to obtain cardioplegically arrested hearts from hospital surgery rooms.
Explanted hearts must then be studied at any time of the day or night. Furthermore,
researchers must follow very rigorous experimental protocols to maintain proper
physiological function of ex-vivo coronary-perfused human atria. Ex-vivo hearts do not
experience systemic neurohormonal interferences and are mechanically unloaded. The
duration of ex-vivo experiments is usually limited to a few hours (up to 12 hours) in order to
keep heart property integrity, which does not allow chronic experiments.

Part 2: Electrophysiological features of the atrial myocardium

Evaluation of atrial arrhythmogenic substrates requires an introduction to the concept of
wavelength for reentry [84]: the general criteria for estimating favorable conditions for
sustained reentry in the myocardium [85]. The wavelength of reentry provides an estimate of
the shortest possible length of the reentry path and is directly proportional to both ERP and
CV. Slowing of the CV and/or shortening of the ERP would reduce the wavelength of
reentry and increase the likelihood of self-sustaining reentry. Here we will review how
changes in CV and ERP contribute to human AF.

a. Conduction

Cardiac CV is dictated by myofiber orientation, wall thickness, and fibrotic tissue
architecture. Pioneering studies by Spach et al. [86, 87] of human atrial tissue revealed
direction-dependent anisotropy of CV: fast propagation of conduction along the long axis of
human atrial myocytes and slow conduction propagation across myobundles. At the cellular
level, atrial CV depends on the density of fast sodium channels and the electrical coupling
between atrial myocytes via the high conductance gap junction consisting of connexin
proteins (Cx43 and Cx40). Gap junctions in the atrial myocardium are located
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predominantly at the end of cardiomyocytes, which explains fast conduction along the long
axis of the cells [88].

As atrial conduction relies on inter-cellular electrical connectivity to ensure a rapid and
homogeneous spread of electrical activation across the atrial myocardium, any disturbances
in these components by structural or molecular remodeling can result in CV slowing, which
leads to a higher predisposition to AF. Indeed, although the absolute numbers from clinical
studies may vary from 40 to 220 cm/s [42, 48, 89, 90], there is a common trend of slower
CV in diseased atria of AF patients [42, 91], especially in those with risk factors, such as
aging [47], obesity [92], and alcohol consumption [49] (Figure 2B). Our recent ex-vivo
NIOM study [93] has shown that the averaged atrial CV in human hearts with history of AF
is slower (67+11 cm/s) than without AF (100£14 cm/s), which is comparable with clinical
data.

Inherited mutations and disease-induced molecular remodeling of sodium channels and
connexins are the main reasons for conduction impairments in AF. The SCN5A gene
encodes Nav1.5, which is the most abundant sodium channel type in the atrial myocardium.
SCNS5A mutations are associated with familial lone AF [94]. Some examples of SCN5A
mutations include Brugada [95] and long QT [96, 97] syndromes, which have a higher
prevalence of AF among young adults than in the general population. Moreover, acquired
cardiac sodium channel abnormalities have also been observed: AF patients show a reduced
peak sodium current (/) and lower expression of Nav1.5 compared to patients in SR [98].
Human data on AF-related connexin expression changes are controversial. While some
studies report that AF is associated with Cx40 upregulation [99-101], others show the
reverse trend. For example, atrial tissues from pAF patients showed reduced Cx40
expression and increased heterogeneity of Cx40 distribution, chronic AF (CAF) patients also
showed reduction of Cx40 expression [102]. In another study of cAF patients, AF
complexity calculated using the amount of separately propagating waves was found to be
inversely correlated with atrial Cx40 expression [103]. Lastly, patients with AF and mitral
valve disease showed downregulation and abnormal phosphorylation of Cx40 compared to
healthy controls [104].

Spatial heterogeneity and anisotropy of CV are present even in the healthy myocardium and
are both important for the effective synchronized contraction of heart chambers [105, 106].
However, pathological structural and molecular remodeling can significantly enhance this
heterogeneity and lead to arrhythmogenic conduction blocks, which act as an AF substrate
in the presence of triggers such as extra-systolic beats [107, 108]. Slow CV and anisotropic
conduction blocks in diseased human atria can be detected in ex-vivo human NIOM studies,
which can provide both high resolution and panoramic activation patterns exemplifying the
local CV heterogeneity seen clinically (Figure 2B) [57, 77]. Integration of NIOM with CE-
MRI shows that architectural discontinuities between small intramural myobundles underlie
enhanced CV anisotropy and conduction blocks. In isolated RA from 63 y.o. patient with
atrial septal defect, Spach et al. revealed CV anisotropy in fibrotically insulated myobundles
up to 10:1, which led to microreentry [107]. These findings are in agreement with clinical
studies, which show that fibrotic scars revealed by Late Gadolinium Enhanced (LGE)-MRI
[109] and voltage mapping [90, 110] underlie CV heterogeneity and AF propensity.

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mikhailov et al.

Page 9

Another important feature of CV is the rate-dependent slowing of CV (or CV restitution)
and pathologic adaption of CV during the fast rhythm of AF, which can further promote AF
(“AF begets AF”) [111]. In their study, Weber et al. [112] described that AF patients have a
pronounced rate-dependent decrease of mean LA CV. Another study [90] showed that rate-
dependent slowing of CV is more prominent in areas of low voltage signal; moreover, 72%
of confirmed AF drivers were located in the regions of steepest CV restitution. Narayan and
colleagues [41] demonstrated that during restitution (before AF onset) CV slows down in the
regions where reentrant AF drivers are identified and a flattened CV restitution curve
correlates with the inability to induce AF. Our ex-vivo NIOM studies observed a similar
trend in CV restitution curves in diseased human hearts [113] (Figure 2B).

Conduction dissociation between the epicardial and endocardial layers is another
arrhythmogenic substrate. As conduction propagates across the complex 3D atrial wall, it
leads to local epi-endocardial activation dyssynchrony. This can be observed clinically with
simultaneous epi-endocardial studies of the RA [32, 114, 115], even during SR, and is more
prevalent at faster activation rates during pacing or AF (Figure 2B). Of note, the distance
traveled by excitation waves measured on the atrial surface by clinical electrodes may not
accurately account for intramural conduction within the 3D atrial wall, and thus, CV can be
underestimated. One solution to this obstacle is simultaneous epi-endocardial optical
mapping. This intramural mapping technique reveals that epi-endocardial activation
dyssynchrony seen with electrodes, during pacing and AF, may not always represent
discontinuity but can be related with slower transmural conduction within the human atrial
wall [77]. NIOM also visualizes that local transmural conditions blocks seen during CV
restitution are one of the arrhythmogenic features with the propensity to develop reentrant
drivers [77].

b. Effective refractory period and repolarization

The other half of the equation for wavelength of reentry, local APD/ERP, has been
demonstrated to be an important determinant of perAF initiation and maintenance. In
general, clinical MAP90 (duration of MAP at 90% of repolarization) during 500-600ms
pacing is reported to be in the range of 215-315ms and 250-325ms for RA and LA,
respectively, in patients with and without AF history [39, 41, 116-119]. Ex-vivo human
atrial optical mapping [57] shows similar APD80 in RA (290+45ms) and LA (307£24ms)
(Figure 2A). Patients with atrial arrhythmias (chronic atrial flutter and AF) have shorter
APDs than control patients (245+39 versus 325+41ms), as demonstrated by Franz et al.
[117] (Figure 2C). ERP values correlate with APD and have been shown to be shorter in
perAF than in pAF patients (204+28 versus 242+34ms) [119].

The APD shortening in AF has been directly documented in isolated human atrial myocytes.
Dobrev et al. showed that APD90 in SR patients is 202+18ms vs 149+17ms in patients with
cAF [120] (Figure 2A). Van Wagoner et al. [121] showed that the delayed rectifier potassium
current density and the expression of Kv1.5 are decreased in cells isolated from the atrial
appendages of AF patients. Workman et al. [122] reported for the first time that ERP in
RAA isolated myocytes from cAF patients are shorter versus patients in SR (104+15 versus
203+£16ms). The APD/ERP-shortening in cells from cAF patients was associated with
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significantly reduced density of L-type Ca2* and transient outward K* (/) currents and
increased inward rectifier K* current (/x;). The ultra-rapid delayed rectifier potassium
current (/x,) was identified in human cardiomyocytes isolated from RAA, which is absent
in the ventricle [123]. /x,-was shown to play a role in the repolarization phase of human
atrial AP and has been suggested as a potential antiarrhythmic target to prolong APD in cAF
[124, 125]; however, the efficacy might depend on the extent of ion-channel remodeling in
AF hearts.

In addition to changes in CV, spatial heterogeneity in repolarization and refractoriness
within the atrial chambers are present in human hearts with and without AF [48]. Choi et al.
[126] reported that MAP90 values in the septum (246+21ms) are significantly higher than in
the RA lateral wall (224+33ms) and the RAA (223+24ms at 600ms pacing). The minimal
MAP90 or ERP was shorter and the dispersion of MAPD90 was higher in patients with
paroxysmal AF [39] and perAF versus non AF patients [38].

Our ex-vivo human heart study also revealed that AF induction by rapid atrial pacing
requires short APD values (206+44ms versus 245+34ms in non-inducible hearts) and high
APD dispersion in the RA [57]. During fast arrhythmias, such as AF, the AF cycle length
(AFCL) or dominant frequency (DF) can be used to approximate the local ERP of atrial
tissue [127]. Remarkably, the averaged DF (~7Hz) seen in ex-vivo human heart experiments
reproduces the averaged DF (6—-8Hz) reported in many clinical studies [93, 128, 129] (Figure
2D). While AFCL is variable between the right and left human atria [130, 131], the regions
with shortest AFCL may correlate with the AF drivers’ location. Indeed, ex-vivo NIOM
revealed the presence of reentrant drivers in regions with the shortest local APDs and with
the fastest DF (~7.6-13.8Hz) [75, 77, 93]. This finding is also supported by detailed clinical
catheter mapping studies showing the discrete RA locations with the fastest DF (13.7Hz and
13.25Hz) during permanent AF [129] (Figure 2).

Similar to CV, altered rate-dependent changes of APD/ERP have been observed in both pAF
and perAF patients. Franz et al. [132] first reported that APD varies with the preceding
stimulus interval in the human heart, which is reduced in premature beats and increases as
the stimulus interval is lengthened. Furthermore, Workman et al. [122] report that ERP and
repolarization rate-dependent shortening in isolated cardiomyocytes from patients with AF
is attenuated in comparison to patients in SR. Narayan et al. [119] demonstrate that the steep
slope (>1) of APD restitution contributes to the initiation of paroxysmal AF. Subsequent
studies by this group suggested that atrial APD alternans at both slower and faster rates may
represent a substrate in perAF and usually precede AF induction [118]. Kim et al. [40] found
that the spatial dispersion of APD restitution in patients with cAF was greater than in
paroxysmal AF and control subjects, indicating that the heterogeneity of APD restitution in
the atrium plays an important role in the persistence of AF. These data suggest that
inhomogeneous shortening of atrial refractoriness is one of the arrhythmogenic features that
contribute to AF development.

Both vagal stimulation and endogenous adenosine promote reentrant AF due to shortening
ERP/APD by activating an inward-rectifier K*-current (/x acr/aq0) Via muscarinic (M2R)
and adenosine Al receptors (A1R) [120]. In addition to M2R, Heijman et al. recently
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showed that /x ac, may also be regulated by the activation of M1Rs and upregulated in cAF
patients [133]. Importantly, /x acyin CAF patients was found to be constitutively active even
without presence of acetylcholine, which could lead to arrhythmogenic APD shortening
[120]. In ex-vivo human hearts, activation of /x 44, by adenosine perfusion induced
heterogeneous APD shortening with significantly greater effects in the RA than LA
(17.4£11.7% versus 6.3+5.5% at 10 pmol/L) [57]. Tebbenjohanns et al. [134] previously
reported that intravenous bolus of 6 mg and 12 mg of adenosine induced 19% and 27% APD
shortening respectively at 500 ms pacing in RA, which is similar to ex-vivo findings. A
recent clinical mapping study showed that adenosine bolus also shortens AFCL in perAF
patients up to 38% in RA and 10+11% in LA, which may assist in mapping AF drivers [93].
In the ex-vivo hearts with more pronounced and heterogeneous APD shortening induced by
adenosine perfusion, restitution pacing resulted in sustained AF maintained by localized
reentrant AF drivers [57]. Using isolated cardiomyocytes from human atrial appendages,
Voigt et al. showed that GIRK1 and GIRK4 proteins (which form /x acn/aq0 Channels)
expression is higher in RA versus LA, and /x 4¢cp is 70% larger in RA versus LA in SR
patients [135]. Ex-vivo, the heterogeneous distribution of AL1R across the entire atria [57]
could also explain the predominant shortening of APD caused by adenosine in RA versus
LA, which is seen in AF patients [134].

Part 3. Structural substrates as fingerprints of AF drivers

In addition to EP and molecular features, human atrial 3D myofiber anatomy governs the
conduction patterns during both sinus rhythm and AF [75], but its role in AF is often
underestimated [87, 128, 136, 137]. Structural features of the human atria, such as chamber
size, wall thickness gradient, atrial fibrosis, epi-endocardial transmural twists in myofiber
orientations, and the 3D architecture itself, represent structural substrates that contribute AF
(Figure 3B).

Atrial chambers dilation is one of the risk factors of AF incidence and reoccurrence after
cardiac ablation [138-140]. This occurs because large atria may support maintenance of
reentry and several localized reentries without pronounced wavelength shortening necessary
in smaller atria. Larger atria may also allow multiple reentrant wavelets, which supports the
critical mass theory of AF [141]. Further, clinical studies suggest that the majority of AF
patients [2] have subclinical or diagnosed cardiac diseases (e.g. HTN, MI, HF) with
structural remodeling, including increased fibrosis, atrial dilation, and heterogeneous
hypertrophy [142-146]. Structural cardiac diseases, such as HTN [147] and HF [148] have
been associated with an increased occurrence of AF compared to healthier hearts.

The natural 3D complexity of the diseased human atrial wall, consisting of a web of
fibrotically insulated myobundles [75, 77, 113, 142-144, 149], is predisposed to complex
intramural conduction, resulting in dissociation between epi- versus endocardial surface
activation. Histological cadaver studies [150], high-resolution (~100um) ex-vivo 3D CE-
MRI [77, 149, 151], and micro-CT [75] of human atria show significant variations in atrial
wall thickness, ranging from about 1 to 10mm.
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In addition to wall thickness, heterogeneous transmural fibrotic remodeling, which occurs in
a patient-specific manner due to aging and cardiac diseases, significantly increases the
natural complexity of the human atrial wall. Spach et al. [87] found that fibrotic strands
create a substrate for reentry within very small areas due to highly anisotropic conduction.
Studies from Kottkamp and colleagues [142] suggest that the phenomena of fibrotic atrial
cardiomyopathy may accompany or even precede AF, independent of other co-morbidities.
Platonov et al. [152], using histological analysis of autopsy specimens, showed that patients
with paroxysmal or permanent AF have 2-3 times (up to 50%) greater fibrosis than patients
without AF history (5-10%) (Figure 3A). Furthermore, LGE-MRI can be used as a non-
invasive, clinical quantitative technique to estimate the extent of atrial fibrotic tissue. The
DECAAF Trial [10], a multi-center prospective trial that employed LGE-MRI, shows that
the extent of atrial fibrosis is a significant predictor of ablation failure, suggesting there may
be a population with extensive fibrotic remodeling whose mechanism of AF maintenance is
resistant to current anatomy-based ablation strategies targeting known sites for triggers.
Recent studies also demonstrate that in addition to fibrosis, epicardial adipose tissue plays a
role in AF progression as it may lead to heterogeneous conduction slowing [153].

Another important component of AF structural substrate is 3D myofiber orientation [75, 77,
113, 154]. The almost perpendicular myofiber orientation of the sub-epicardium and sub-
endocardium [77, 150], in combination with their separation by intramural fibrosis, leads to
nearly two separate atrial layers that are connected by intramural bundles. The uncoupling of
atrial layers is exacerbated by AF progression, and cardiac comorbidities are observed to
cause significant differences between local epicardial versus endocardial electrode
recordings, especially during fast AF rhythm [114, 155, 156].

Thus, the complex 3D human atrial anatomy in diseased hearts has region-specific
transmural myofiber divergence [75, 77, 113, 157], wall thickness variation, and interstitial
3D fibrotic insulation that create a complicated web of fine muscular ridges. This complex
human atrial architecture has a significant effect on the local conduction direction and speed,
which provides a substrate of arrhythmogenic conduction blocks for AF maintenance.

Part 4. Features of AF pathophysiology and maintenance mechanisms

These unique EP as well as complex anatomical attributes of the human heart have greatly
impeded the identification and visualization of AF mechanisms. Several studies investigating
human AF mechanisms have reported drastic variations in EP and structural features across
patient cohorts, which could be another reason why after a century of research, the
mechanisms maintaining human AF are still highly debated [1, 52, 158]. Currently, the most
evidence-based theories for the mechanism of AF maintenance are localized AF drivers [77,
93] and self-replicating multi-wavelets [159]. However, the specific mechanism of AF
drivers/sources discussed in the current literature [6, 17, 18, 57, 75, 77, 136, 160-163]
remains ambiguous in humans [26].

The theory of perAF maintained by a limited number of stable reentrant drivers has recently
gained a lot of attention [9], although Thomas Lewis [164] proposed this AF mechanism
nearly 100 years ago. In 1991, Cox et al.[165] multi-electrode mapping study demonstrated
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for the first time that a single reentrant circuit in the RA can maintain pacing-induced AF in
patients undergoing open chest procedures (Figure 4A). In the past decade, several clinical
groups [17, 18, 166] identified localized drivers in paroxysmal, persistent, and long-standing
perAF patients using a diverse set of clinical mapping tools [6, 18, 167, 168]. These studies
also demonstrated an improvement in AF treatment by successful ablation of AF driver
regions. However, neither epicardial nor endocardial surface-only electrode mapping [115,
169] has the ability to visualize AF mechanisms below the surface of the highly complex 3D
atrial wall [26]. Recent ex-vivo human atria transmural optical mapping studies [57, 77]
support clinical findings by directly demonstrating that human AF may be driven by
microanatomic reentrant AF drivers within the atrial wall. Moreover, the integration of
NIOM and contact MEM show that intramural conduction may cause microanatomic
reentrant AF drivers to be visualized by MEM as complete or partial reentry and spatially
stable or unstable breakthroughs (Figure 4B). Thus, these findings reconcile with several
clinical electrode mapping studies [115, 155, 160, 170] that show stable or unstable
breakthroughs instead of reentrant AF drivers.

As stated before, fibrosis is one of the main components of AF structural substrates.
Although the pattern, content, and specific location of atrial fibrosis leading to stabilization
of reentrant AF drivers is still unclear [77, 142, 171, 172], most clinical studies have shown
that reentrant AF drivers tend to be co-localized within regions of increased fibrotic tissue
content [12, 77, 83] (Figure 3A). For example, a recent clinical study using body surface
electrocardiographic imaging (ECGI) [12] found that the extent of LGE-MRI atrial fibrosis
correlates with the number of reentrant regions (Figure 3A). Similarly, some in-vivo studies
have attempted to correlate arrhythmogenic substrate areas observed by LGE-MRI to the
functional mapping of AF drivers, but the results have been controversial [12, 171].
However, percent of regional fibrosis may not be sufficient for identifying fibrotic substrates
in the perAF remodeled atria to guide targeted ablation. Recent experimental [17, 173] and
computational studies [174, 175] suggest that fibrotic architecture in the border zones of
dense fibrosis may be more arrhythmogenic than the dense patch itself. However, the low
resolution of clinical LGE-MRI is currently unable to resolve 3D fibrosis architecture,
myofiber orientation, and wall thickness gradient. Thus, the specific role of these structural
features in AF maintenance [2, 142-144, 176-178] remains clinically unexplored.
Furthermore, regional atrial interstitial fibrosis detection by LGE-MRI requires patient-
specific histological validation [143, 179], which is limited to ex-vivo human studies [77,
180] (Figure 3C).

At the same time, ex-vivo transmural mapping integrated with high-resolution CE-MRI
(80pm3) allows for the direct study of region-specific structural arrhythmogenic substrates of
reentrant AF drivers [77]. Specifically, reentrant AF drivers in our recent study were
anchored to 3D fibrotically-insulated microanatomic tracks (~15x6mm surface projection
and ~3mm depth), which represent heart-specific fibrotic arrhythmogenic hubs.
Histologically-validated 3D CE-MRI of optically-mapped AF driver regions suggests that
the combination of intramural fibrotic strands, misaligned epi-endocardial myofibers
(myofiber discontinuity), and varying atrial wall thickness create patient-specific anisotropic
pathways. These pathways create microanatomic tracks of localized reentrant AF drivers of
varying number, size, and distribution in diseased human hearts (Figure 3B). Moreover, ex-
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vivo human atria studies [150, 173] suggest that intramural fibrosis affecting the path of
conduction could be more arrhythmogenic in contrast to fibrosis that naturally covers the
epicardial or endocardial surfaces.

Heterogeneous bi-atrial structural and EP remodeling together with patient-specific 3D atrial
architecture may provide region-specific substrates for spatially stable AF drivers [8, 113].
The number and temporal stability of these reentrant AF drivers may depend on the severity
of heterogeneous fibrotic and EP remodeling as well as temporal variations of EP properties
due to autonomic tone. A recent translational ex-vivo to in-vivo study by Hansen et al. [93]
suggested that persistent AF can be maintained by reentrant drivers within a fibrotic
arrhythmogenic hub composed of multiple reentry pathways, allowing beat-to-beat
variability to obscure activation mapping. The tracks may include a primary common path
for preferential conduction in addition to several possible return paths to complete the
reentry. The study also shows that these common paths, which may be hidden from surface
only MEM, can be revealed with pharmacological challenges, such as adenosine. Notably,
ablating these common reentrant paths terminated persistent AF, indicating that modulating
driver physiology is a feasible tool to help guiding catheter ablation.

Multiple epicardial and endocardial clinical MEM studies have also shown that patients may
have both LA drivers and RA drivers in the majority of perAF and long-standing perAF
cases [6, 7, 11, 160]. Miller et al. reported that 85% of patients with perAF have AF drivers
in the RA [7]. Importantly, clinical MRI [12, 181, 182] and postmortem histological [152]
studies indicate that fibrosis is upregulated in both LA and RA in AF patients. However, it is
currently unknown if RA drivers have similar or different structural substrates or
“fingerprints” as LA drivers [11]. Our ex-vivo studies suggest that RA drivers are mainly
located near connections between the crista terminalis and fibrotic insulated pectinate
bundles, where abrupt changes in wall thickness are observed [83, 93]. However, rigorous
studies directly comparing structural and EP substrates (ERP, CV) of LA versus RA drivers
are required to elucidate their differences and clinical relevance.

Furthermore, studies using 64-electode clinical FIRM (focal impulse and rotor mapping)
[17, 18] and body-surface ECVUE phase mapping [6] found the number of drivers was
higher in patients with perAF and long-standing perAF than pAF and that more advanced
forms of AF had greater numbers of RA drivers than less perAF (Figure 4C). In general,
both approaches revealed a limited number of spatially distinct, primarily reentrant, drivers
that become more prevalent with progression/duration of AF, thereby suggesting an
important role of patient-specific structural and EP remodeling in the development and
localization of AF drivers. These clinical findings are similar to those of recent high-
resolution panoramic optical mapping studies of intact explanted human atria, which
revealed two or more simultaneous, competing, localized reentrant drivers during sustained
AF [75, 93]. These studies also suggest that driver stability is mainly dictated by the
functional (ERP and CV) and structural composition of each driver’s arrhythmogenic hub.

The variety of human AF mechanisms suggests that treatment approaches also must be
different. Therefore, in order to successfully target these variations in patients with multiple
unstable drivers, approaches more extensive than targeted ablation may be required,
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including the surgical bi-atrial Maze procedure [183]. For example, several studies [184,
185] showed relatively poor outcomes of driver ablation, which can be explained not only by
insufficient mapping techniques, but also, by the fact that an evolved substrate is already
capable of maintaining multiple drivers. Furthermore, procedures targeting both atrial
chambers (e.g. gold-standard Cox-Maze 1V procedure) are more effective than those which
target the LA only [186].

Part 5. Integration and cross-validation of mapping modalities to fill the

gaps in human AF mechanistic understanding and patient treatment

a. Ex-vivo human heart models

The data discussed thus far directly support the critical need to resolve the discrepancies
regarding human AF mechanisms. The limitations of AF mapping in the clinical setting
provide at best a highly interpolated view of surface-only activation that is prone to multiple
interpretations [6, 18, 115, 160]. These varying interpretations of AF mechanisms stem from
a lack of commonly accepted standards in the AF driver definition, clinical mapping
techniques and signal processing methods. Similarly, atrial fibrosis detection by clinical
LGE-MRI has not been directly validated by histology [179]. Moreover, the low resolution
of clinical LGE-MRI cannot differentiate between various types of fibrosis (diffuse fibrosis,
interstitial fibrosis, patchy fibrosis). This can explain the conflicting results that have been
reported from clinical studies trying to correlate MRI-detected fibrosis with AF driver
locations. These limitations emphasize a critical need to develop approaches to cross-
validate findings between clinical and experimental methods in order to arrive at a consensus
regarding human AF mechanisms.

Our lab has recently utilized ex-vivo NIOM of intact atria to validate clinical MEM
approaches, including FIRMap 64-electode basket and modified basket catheters [83]. In
this combined mapping approach, the ability of FIRM to identify AF driver location and
activation pattern was validated by NIOM AF driver identification in the same heart
simultaneously. The study revealed that both reentrant and breakthrough/focal AF driver
patterns visualized by surface-only clinical MEM can represent projections of 3D intramural
microanatomic reentry paths. Importantly, integration of NIOM and MEM in the ex-vivo
setting can validate and help optimize novel catheter designs before they are used in patients
as we recently showed in our studies [83, 187, 188].

Another significant limitation of clinical MEM is the signal processing of phase-based
mapping, which often falsely identifies drivers at locations of passive rotation and wave
break [189]. This technical limitation could be overcome by integrating MEM with 3D
fibrotic structural data (e.g. intramural fibrosis), which may further enhance accuracy of true
AF driver detection by eliminating false positive drivers and improve the efficacy of driver
targeted ablation. However, as we already mentioned, assessing the 3D architecture of
intramural fibrosis in human atria may prove difficult for LGE-MRI [10] with a clinical
resolution of 1.25mm3. In contrast, a considerably higher resolution of ~0.1mm3 can be
achieved in the ex-vivo human atria.
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In summary, high-resolution ex-vivo human heart studies [83] have shown that reentrant AF
drivers have unique, identifiable structural substrates and activation patterns. While clinical
evidence suggests that this phenomenon may perpetuate AF in patients similarly to ex-vivo
human hearts, direct translation of ex-vivo findings is difficult unless the same heart can be
studied both ex-vivo and in-vivo. Since the logistics make in-vivo to ex-vivo study of the
human heart impossible, large animal models of perAF present an opportunity for direct
translation and validation of mapping techniques and testing novel treatment approaches.

b. Animal models: advantages, limitations, and comparison with human data

Large animal models of AF can be used to study the 3D structure and function of the same
heart in-vivo and ex-vivo. These models can provide an excellent platform for studying AF
mechanisms, validating clinical AF driver mapping, and testing novel drug treatments.
However, before interpreting data from large animal models, the limitations must be
understood. A recent review by Hucker and colleagues [24] provides a detailed overview of
the pros and cons of small and large animal models of AF. Multiple animal models [21, 52,
190-192] have been developed to unmask structural substrates of AF [142], including an
increase in fibrotic tissue content [2, 21, 193]. However, the extent of fibrotic remodeling
observed in animal models, even with AF sustained for several months is generally less (5-
10%) than that reported in perAF and long-standing perAF patients (up to 30-50%) (Figure
3A) [152]. Due to this observed difference, perAF animal models mainly rely on EP
remodeling (e.g. refractoriness shortening) associated with tachypacing and AF [116, 194—
207] rather than structural remodeling, which may not be a realistic representation of
complex human AF mechanisms. For example, atrial APD/ERP values are usually shorter in
large animal models (70-150ms) [24] compared to perAF patients (200-230ms) regardless
of their comparable atria size (except in the equine AF model: ERP ~ 225-275ms, but the
heart size is five times larger [208]). In short-term tachypaced animal models, a shorter ERP,
a smaller wavelength, and a lesser fibrotic tissue content may predispose to a type of AF,
which results from multiple unstable reentries/wavelets rather than the spatially stable
localized drivers seen in perAF patients.

Therefore, when choosing the optimal animal model of AF for clinical EP mapping and
LGE-MRI validation, it is important to consider the interspecies variations in atrial anatomy
and substrates. For example, the proportions of human atrial anatomical regions, such as a
smaller atrial appendage to free wall ratio in both atria, differ from that of commonly used
sheep models [75, 150, 154]. In contrast to sheep and pig atria, canine atria are more
comparable to that of a human [209] due to more similar overall shape, structure
proportions, and EP properties [24, 210, 211]. As such, a chronic canine AF model may be
more suitable for translational in-vivo MRI studies than other large animal models [212].
Recently, our group used a canine model to successfully conduct in-vivo high-resolution
NIOM, which was integrated with novel high-density MEM to visualize atrial conduction
during SR, atrial pacing, and during AF [187]. Importantly, subsequent ex-vivo mapping of
the same canine heart showed very similar activation, repolarization, and conduction
patterns as seen in-vivo. In this study, in-vivo to ex-vivo mapping of the same heart bridged
the theoretical divide that questioned the reproducibility of in-vivo phenomena in ex-vivo
settings. Furthermore, the study also showed that high-resolution ex-vivo CE-MRI,
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correlated with histological analysis, can validate fibrotic AF substrates on in-vivo LGE-
MRI of the same heart. Together, these findings suggest that if an AF mechanism is
visualized similarly both in-vivo and ex-vivo conditions in the same canine heart, it is likely
that the AF mechanisms seen in ex-vivo human hearts may faithfully reproduce AF
mechanisms in patients. This study also opens the door to the promising potential
application of in-vivo high-resolution NIOM to overcome the limitations of clinical surface
MEM and validate the current MEM and LGE-MRI methods to resolve patient-specific AF
mechanisms.

c. Patient-specific computer models

In addition to animal models, the unique abilities of computational simulations can be
leveraged in the study of human AF mechanisms and treatment [8]. Computational
simulations based on in-vivo or ex-vivo AF mapping of human hearts are able to reproduce
AF mechanisms [113, 213]. Importantly, critical aspects of AF mechanisms, including
conduction/repolarization, ion channels, calcium handling proteins/receptors, and structural
features [154, 214], can be altered in a systematic and controlled fashion that allows to
differentiate the relative contribution of each variable, which is not possible to do clinically
or experimentally. Additionally, 3D computer models can also allow for the development of
personalized treatments, such as targeted ablation planning or antiarrhythmic drug selection.
Various human atrial computer models have been developed from detailed single-cell
modeling [215] to patient-specific 3D models based on clinical imaging data [216].
However, computer models derived from low-resolution clinical LGE-MRI scans and
generic human or animal EP properties may not precisely reproduce human AF mechanisms
[217, 218]. Recently, to help overcome these limitations, models integrating structural and
EP data derived from the combination of submillimeter high-resolution ex-vivo imaging of
human atria [113] and in-vitro cellular/molecular data have been developed [219]. Such
models can improve identification of the most critical arrhythmogenic EP-structural
substrates for AF drivers, which can eventually guide targeted ablation.

d. Artificial intelligence on the hunt for AF drivers

One potential solution to improve AF treatment is related to the widespread adoption of
machine learning (ML) techniques. Multiple studies [220-222] have utilized ML and deep
learning approaches to identify atrial rhythm on electrocardiograms. Several groups have
utilized ML for identifying the location of simulated AF drivers [223], but the feasibility of
these algorithms remains limited due to simplicity and inaccuracy of cellular models. The
Narayan group has recently utilized an ML approach to classify intracardiac electrical
patterns during AF based on FIRM basket catheter phase maps [225]. The main limitation is
the imprecision of AF driver visualization by clinical methods such as MEM or ECGl,
which may impair the quality of ML training sets by both false positives and false negatives
[83, 224]. In contrast, the ex-vivo human atrial approach can provide precise data on driver
locations correctly identified by NIOM. In our recent study [188], we demonstrated that pre-
trained ML algorithms allow efficient classification of EGM recordings based on their
Fourier spectrum features into drivers versus non-driver and correctly identified 86% of AF
driver locations with clinical MEM. We propose that ML and deep learning approaches,
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validated by ex-vivo human heart data, can improve the detection accuracy of AF
arrhythmogenic substrates and reentrant drivers in clinical settings.

Part 6. Future Directions

Despite significant improvement in understanding AF pathophysiology and novel AF
treatment development, there remain many unresolved questions and gaps in knowledge
concerning these topics. We believe that new methods and approaches will be able to answer
some of these questions in the near future.

1.

New integrated in-vivo to ex-vivo studies should also define molecular profiles
of AF driver substrates in different regions of LA and RA to gain a more
complete understanding of chamber-specific arrhythmogenic substrates and
develop substrate-specific drug and gene therapies for treatment of AF.

Moreover, deeper understanding of the interplay between AF and high-risk
factors of AF (such as HTN, OSA, coronary artery disease, etc.), as well as
gender and race, may allow for the classification of AF “phenotypes” and
mechanisms. That can result in development of more patient-specific treatment
approaches and prevention of further disease progression.

A promising direction towards to patient-specific treatment is identifying reliable
biomarkers of AF occurrence, progression and post-ablation reoccurrence to
facilitate risk assessment, personalized treatment and longitudinal surveillance
[226-228].

Similarly, genetic studies like genome-wide association studies (GWAS) can
define groups of patients in whom genetic predisposition prevails over other
factors (such as comorbidities or risk factors). In addition, the results of GWAS
provide not only new genetic markers and insights into biological pathways
underlying AF, but also identify new targets for personalized AF prevention and
treatment [229].

As discussed previously, although spatially stable reentrant drivers were directly
shown to maintain AF in ex-vivo human hearts and by clinical MEM studies
[93], the success rates of extra-PV driver ablation AF treatment vary across
different centers [19]. With the contradicting results of extensive extra-PV
ablation studies, some attribute the lack of success as evidence against the
presence of spatially stable AF drivers. However, it may be explained by the fact
that clinical MEM did not identify all AF drivers and/or due to an inadequate
ablation of the driver’s substrate. In order to improve long-term AF driver
ablation outcomes there is an urgent need not only for novel clinical mapping
tools but also for driver-specific ablation approaches. Ideally, these approaches
should be able to resolve subsurface intramural atrial activation and to accurately
define AF drivers’ arrhythmogenic hubs and then create efficient and safe
transmural lesions. Irreversible electroporation ablation approach may hold great
promise in this regard [230].
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Conclusion

An integrated mapping approach, which incorporates in-vivo, ex-vivo, and in-vitro human
heart studies together with in-silico and large animal models, allows mutual validation of the
electrostructural features of the human atria to identify all possible AF mechanisms. Ex-vivo
human atrial integrated approach, where optical and clinical mapping techniques combined
with new artificial intelligence-based approaches can define EP and structural features of AF
drivers, may represent a robust and efficient translational platform to improve AF treatment.
This may lead to more accurate clinical identification of AF driver location, and thus,
provide more efficient targeted ablation. New ablation techniques, pharmacological
interventions, and gene therapy strategies may be tested in ex-vivo human heart experiments
and, subsequently, optimized through heart-specific computer simulations of AF without any
risks to patients.
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Atrial fibrillation (AF) occurrence and maintenance is associated with progressive
remodeling of electrophysiological (repolarization and conduction) and 53D structural
(fibrosis, fiber orientations, and wall thickness) features of the human atria. Significant
diversity in AF etiology leads to heterogeneous arrhythmogenic electrophysiological and
structural substrates within the 3D structure of the human atria. Since current clinical
methods have yet to fully resolve the patient-specific arrhythmogenic substrates,
mechanism-based AF treatments remain underdeveloped. Here, we review current
knowledge from in-vivo, ex-vivo, and in-vitro human heart studies, and discuss how these
studies may provide new insights on the synergy of atrial electrophysiological and 3D
structural features in AF maintenance. In-vitro studies on surgically acquired human
atrial samples provide a great opportunity to study a wide spectrum of AF pathology,
including functional changes in single-cell action potentials, ion channels, and gene/
protein expression. However, limited size of the samples prevents evaluation of
heterogeneous AF substrates and reentrant mechanisms. In contrast, coronary-perfused
ex-vivo human hearts can be studied with state-of-the-art functional and structural
technologies, such as high-resolution near-infrared optical mapping and contrast-
enhanced MRI. These imaging modalities can resolve atrial arrhythmogenic substrates
and their role in reentrant mechanisms maintaining AF and validate clinical approaches.
Nonetheless, longitudinal studies are not feasible in explanted human hearts. As no
approach is perfect, we suggest that combining the strengths of direct human atrial
studies with the high fidelity approaches available in the laboratory and in realistic
patient-specific computer models would elucidate deeper knowledge of AF mechanisms.
We propose that a comprehensive translational pipeline from ex-vivo human heart studies
to longitudinal clinically relevant AF animal studies and finally to clinical trials is
necessary to identify patient-specific arrhythmogenic substrates and develop novel AF
treatments.
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Highlights:

. Electrical and structural bi-atrial remodeling form patient-specific AF

substrates.
. AF can be maintained by reentrant drivers within a fibrotic arrhythmogenic

hub.
. Number of AF drivers increases with the progression of remodeling.
. AF treatment may depend on the AF progression and patient’s comorbidities.
. Ex-vivo human heart is an efficient platform to reveal human AF

mechanisms.
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Figure 1. Advantages of Integrated Explanted Human Heart Approach
Ex-vivo human heart provides multiple advantages over in-vitro single cell and in-vivo

studies of the human heart and allows for integration of molecular mapping, histology
validated high-resolution 3D structural imaging, standard clinical electrode mapping, and
near-infrared optical mapping with subsequent utilization of machine learning and computer
modeling. In addition, cellular studies, drug testing, and gene-based therapy, as well as
clinical ablation techniques can be utilized to define AF mechanisms and develop patient-
specific therapy.

Abbreviations are as follows: LAA/RAA — left and right atrial appendages,; IVC/SVC -
inferior and superior vena cava, Endo/Epi — endocardial, epicardial.
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Figure 2. Human atrial electrophysiological features evaluated in-vivo, in-vitro and ex-vivo by
different methods

A. Action potential recordings using in-vivo, in-vitro single cell, and ex-vivo human heart
methods. Adapted from Narayan et al. 2008 [119]; Dobrev et al. 2001 [120]; Zhao et al 2017
[113]. B. In-vivo and ex-vivo CV measurements during pacing. Right: Ex-vivo optical
mapping revealed endocardial (Endo) vs. epicardial (Epi) conduction blocks during fast
atrial pacing. Adapted from Vbskoboinik et al. 2019 [49]; Zhao et al 2017 [113]; Hansen et
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al. 2018 [77]. C. Left: In-vivo and ex-vivo APD restitution curves. Right: Panoramic ex-vivo
APD map of the intact atria. Adapted from Franz et al. 1997 [117]; Zhao et al 2017 [113].
D. In-vivo and ex-vivo dominant frequency (DF) mapping during AF. Left: In-vivo
endocardial and epicardial DF maps from electrode recordings in persistent AF patients.
Right: Ex-vivo DF map during sustained AF showing stable regions of reentry in areas with
high DF in human RA and LA. Adapted from Sanders et al. 2005 [129]; Schuessler et al.
2006 [128]; Zhao et al. 2015 [75]; Liet al., 2016 [57]. Abbreviations are as follows: AF —
atrial fibrillation; APD — action potential duration; CV — conduction velocity; DF —
dominant frequency; EG - electrogram, ECG — electrocardiogram, IAS — interatrial septum,
IVC/SVC — inferior and superior vena cava, LAIRA — left and right atria; LIPV/LSPV/
RIPV/RSPV — left, right, superior, inferior pulmonary veins, LRA — left right atria; MAP —
monophasic action potential; NIOM — near-infrared optical imaging; OAP — optical action
potential; PLA — posterior left atrium, SR — sinus rhythm.
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Figure 3. Structural substrates of human AF
A. Evaluation of atrial fibrosis by histology and LGE-MRI. Left to right: Fibrosis is

upregulated in association with AF in comparison to patients with no history of AF by
histology. In-vivo studies showed that the extent of atrial fibrosis was a significant predictor
of ablation failure, and likelihood of AF reentrant mechanism increases in areas of high
enhancement. Adapted from Platonov et al.2011 [152]; Marrouche et al. 2017 [10, 172];
Cochet et al. 2018 [12]. B. Arrhythmogenic 3D structural substrates in AF driver
maintenance. From left to right: Reentrant AF driver identified optically overlapped with 3D
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CE-MRI anatomy. Bi-atrial wall thickness variations, transmural 3D fibrosis distribution
(sub-epi (blue), mid-wall (green), and sub-endo (red)) as well as 3D myofiber tracts created
arrhythmogenic hubs for reentrant AF drivers. Adapted from Zhao et al 2017 [113]. C.
Histological validation improves ex-vivo and in-vivo fibrosis MRI analysis. Ex-vivo 3D CE-
MRI reconstruction shows fibrosis in red and myofibers in blue. In-vivo 3D CE-MRI shows
fibrosis islands in possible driver regions. Adapted from Hansen et al. 2015, 2017 [8, 77];
Csepe et al. 2017 [180]. Abbreviations AF — atrial fibrillation; L GE-MR/ — late gadolinium
enhanced magnetic resonance imaging, IVC/SV/C —inferior and superior vena cava, LA/RA
— left and right atria; LAA —left atrial appendage, LIPV/LSPV/RIPV/RSPV — left, right,
superior, inferior pulmonary veins; CE-MRI — contrast enhanced magnetic resonance
imaging,; PLA —posterior left atrium
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Figure 4. Human AF mapping and evolution of AF mechanisms

A. In-vivo epicardial and endocardial mapping visualized different mechanisms of AF
maintenance. Adapted from Cox et al., 1991 [165]; Alessie et al., 2014 [170]; Narayan et al.,
2013 [169]. B. Dual sided ex-vivo NIOM integrated with clinical multielectrode mapping
(MEM) to validate clinical mapping methods and reveal AF driver mechanism. NIOM
resolves intramural reentry, which is seen as multiple breakthroughs by clinical epicardial
MEM. AF driver denoted by white arrow on Endo view, while star denotes breakthrough
visualization on Epi view. Adapted from Hansen et al., 2015, 2018 [77, 83]; Li et al. 2016
[57]. C. Left, progressive electrophysiological and structural remodeling governs AF
mechanism. Right, graph showing that the number of AF drivers may depend on the severity
of fibrotic remodeling. Abbreviations: Epi — epicardial, Endo — endocardial; AF —atrial
fibrillation; FIRM — focal impulse and rotor mapping, MEM — multielectrode mapping, MV
— mitral valve; TV — tricuspid valve; LAA/RAA — left and right atrial appendages; NIOM —
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near-infrared optical mapping,; pAF/perAF/LS-perAF — paroxysmal/ persistent AF/long-
standing persistent AF, IVC/SV/C — inferior and superior vena cava.
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