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Editorial on the Research Topic

Electrical and Structural Remodelling in Atrial Fibrillation: Phenotyping for

Personalized Therapy

Atrial fibrillation (AF) is the most prevalent arrhythmia worldwide, afflicting millions of patients
(Chugh et al., 2014). Unfortunately, the success of AF therapy remains modest, in part due to the
challenges of translating advances in basic science to the bedside. Atrial remodelling is a widely
acknowledged process that accelerates the susceptibility to and progression of AF, and comprises
electrical and structural components (Nattel et al., 2008). An increasingly recognized structural
component is fibrotic atrial myopathy (FAM), which describes interstitial and replacement
fibrosis. However, it is unclear which clinical tools best define remodelling, and whether electrical
and structural components progress independently or in concert. Delineation of electrical and
structural remodelling of the atria may be central to breakthroughs in therapy and the foundation
to tailor therapy for personalized medicine.

This Research Topic focuses on original research and reviews on the clinical implications
of electrical and structural remodelling in AF. The 10 contributions cover cutting edge and
emerging content areas. This includes electrical remodelling, delineated by clinical AF mapping or
translational models. Structurally, this includes characterization of abnormalities including FAM.
These contributions provide a foundation for personalized therapy of AF. In this editorial, each
contribution is summarized along with its physiologic and clinical implications.

The importance of local atrial electrogram features to delineate FAM and its effect on pulmonary
vein isolation (PVI) was investigated by Garg et al. In 20 patients with paroxysmal AF undergoing
PVI, left atrial bipolar voltage mapping during sinus rhythm revealed lower global voltage and
lower local voltage in those who failed to achieve first pass PVI. Their findings suggest that
more global and segmental fibrosis may reduce the success of PVI with radiofrequency energy.
Nairn et al. also performed high-resolution left atrial voltage mapping in 28 patients before
AF catheter ablation. Bipolar and unipolar voltages were compared and were found to highly
correlate both in sinus rhythm and AF. A unipolar voltage threshold was computed based on
a linear transformation of bipolar voltage that provided high spatial concordance. The authors
report that reduced bipolar inter-electrode distance from 6 to 2mm did not significantly increase
the correlation between mapped areas of low voltage compared to unipolar recordings, and
suggested that spatial resolution may not be a clinically significant confounder of mapping
low voltage aspects of FAM when using contemporary tools. In eight patients with persistent
AF, Ali et al. evaluated left atrial FAM using late gadolinium enhanced magnetic resonance
imaging (LGE MRI) and local conduction velocities as defined by bipolar activation mapping in
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sinus rhythm. They found that LGE MRI signal intensity
correlated with colocalized conduction velocity, but only at
spatial scaling of a mapping catheter electrode. This finding
extends work by Caixal et al. (2021) who recently showed that
LGE MRI signal intensity correlated with atrial conduction
velocity in sinus rhythm unless the atrium was markedly
dilated. These studies suggest that LGE MRI may provide
functional assessment of FAM in terms of conduction slowing
and predisposition to reentry. Roney et al. constructed 50 AF
patient-specific left atrial bi-layer models incorporating FAM
based on their LGE MRIs and simulated AF in order to
determine the location of electrical drivers. Several different
ablation approaches were tested, including PVI, linear ablations,
FAM ablation, driver ablation, or a combination thereof to
determine the optimal approach to terminate AF or convert
AF to an atrial tachycardia. The study demonstrated the need
for a patient-specific ablation strategy based on their FAM and
driver distribution.

The mechanisms of conditional AF structural modelling were
further explored in two mechanistic studies. In a mouse model of
exercise-induced AF, Oh et al. used transcriptomic bioinformatic
analysis of atria to investigate novel collagen pathways that
increase AF vulnerability. During 6 weeks of exercise, there was
differential regulation of atrial genes linked to mechanosensing,
extracellular matrix and tumor necrosis factor pathways, which
was 2-fold higher than in the ventricles. Transcriptomics were
temporally dynamic and related to increased preload and atrial
stretch seen with exercise. Tang et al. also studied molecular
modulation of structural remodelling, in particular the regulation
of angiotensin 2-induced atrial fibrosis. In rats treated for 2-
weeks with apelin, an inhibitor of fibrosis, there was a decrease
in angiotensin 2-induced atrial fibrosis and AF inducibility with
programmed stimulation. The protective effects of apelin were
mediated by suppression of Smad2-dependent fibrosis, which
may provide an effective up-stream therapy for atrial fibrosis
and AF.

With respect to characterizing electrical modelling, Rodrigo
et al. evaluated regional differences in activation rates during
AF using non-invasive electrocardiographic imaging (ECGI)
and contact mapping. ECGI provided a moderate estimation
of intracardiac recording-based activation rates in AF after
filtering by high spectral organization. The ECGI-derived
highest dominant frequency predicted acute AF ablation success

suggesting that this approach may provide an effective tool to

identify patient responders for personalized ablation therapy. The
importance of discerning repetitive AF propagation as putative
targets for catheter ablation was also studied by Zeemering
et al. These AF patterns were automatically identified from
high-density-electrode array recordings in goat model of AF
using a novel computational tool based on recurrence plots.
Activation breakthrough and reentry were seen as repetitive
conduction patterns which became shorter with more prolonged
AF duration. Using this methodology with high-resolution
clinical mapping catheters may delineate putative targets for AF
catheter ablation.

The final two contributions by Ho et al. and Ng et al. provide
a comprehensive review of electrophenotyping to improve
our understanding of patient-specific AF mechanisms than
may guide personalized therapy. This is necessary because AF
mechanisms and propagation is dependent on the extent of
structural and electrical remodelling, which can vary even among
patients with comparable AF risk factors, AF duration, and
cardiovascular disease.

In summary, improved therapy for AF is likely to require
better delineation of FAM in individual patients, both in its
structural and electrical components. Structural FAM is now
widely appreciated, yet it is undefined whether to identify this by
non-invasive imaging, by voltage mapping or via its functional
effects such as conduction slowing. It is equally undefined how
to treat structural FAM. Electrically, it is critical to delineate
how FAM leads to functional arrhythmias. Identification of
patient-specific AF triggers or AF sustaining substrates, such
as localized drivers, is limited by the spatial resolution of
clinical tools and lack of accepted gold standards for validation.
Electrophenotyping of patients with AFmay enable us to identify
those in whom therapy should target FAM, and those in whom
FAM and AF may progress and who may instead benefit from
more general strategies. The 10 articles in this Research Topic
add to our understanding of FAM, and provide exciting areas for
further investigation. We congratulate the authors.
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Toward Mechanism-Directed
Electrophenotype-Based Treatments
for Atrial Fibrillation
Fu Siong Ng* , Balvinder S. Handa, Xinyang Li and Nicholas S. Peters

National Heart & Lung Institute, Imperial College London, London, United Kingdom

Current treatment approaches for persistent atrial fibrillation (AF) have a ceiling of
success of around 50%. This is despite 15 years of developing adjunctive ablation
strategies in addition to pulmonary vein isolation to target the underlying arrhythmogenic
substrate in AF. A major shortcoming of our current approach to AF treatment is its
predominantly empirical nature. This has in part been due to a lack of consensus on the
mechanisms that sustain human AF. In this article, we review evidence suggesting that
the previous debates on AF being either an organized arrhythmia with a focal driver or a
disorganized rhythm sustained by multiple wavelets, may prove to be a false dichotomy.
Instead, a range of fibrillation electrophenotypes exists along a continuous spectrum,
and the predominant mechanism in an individual case is determined by the nature
and extent of remodeling of the underlying substrate. We propose moving beyond
the current empirical approach to AF treatment, highlight the need to prescribe AF
treatments based on the underlying AF electrophenotype, and review several possible
novel mapping algorithms that may be useful in discerning the AF electrophenotype to
guide tailored treatments, including Granger Causality mapping.

Keywords: atrial fibrilation (AF), fibrillation, ablation, mapping, Granger analyses

INTRODUCTION

Atrial fibrillation (AF) is the commonest arrhythmia, for which the direct costs alone are estimated
to be up to 2.4% of the United Kingdom healthcare budget, with more than 5 million people in
the United States and >8 million people in the European Union estimated to have AF in 2010
(Colilla et al., 2013; Krijthe et al., 2013). Catheter ablation currently forms the mainstay of treatment
for patients with AF. Initial catheter ablation strategies were directed toward electrical isolation of
the pulmonary veins, which were shown to harbor the triggers for AF (Haissaguerre et al., 1998).
Pulmonary vein isolation (PVI) has therefore become a cornerstone of AF ablation, and in patients
with paroxysmal AF, this has success rates of ∼70% with multiple procedures (Phlips et al., 2018;
Knight et al., 2019).

The picture is more complex in persistent AF, where there are greater degrees of structural and
electrophysiological remodeling (Heijman et al., 2014). AF is generally viewed as a progressive
disease with “AF begetting AF” (Wijffels et al., 1995). There is evidence for significant remodeling of
ionic currents, calcium handling and connexins, and structural remodeling in the form of increased
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fibrosis, which combine to create a pro-arrhythmic substrate in
persistent AF (Nattel et al., 2008). The accepted paradigm is that,
whilst triggers are relatively more important in paroxysmal AF,
the substrate becomes increasingly more important in relation to
the triggers with the progression to persistent AF (Heijman et al.,
2014). As a result, ablation targeting only the pulmonary veins has
been associated with relatively poor success rates in persistent AF
(Schreiber et al., 2015).

ADJUNCTIVE CATHETER ABLATION
FOR PERSISTENT AF

In order to address and modify the pro-arrhythmic substrate
in AF, several catheter ablation strategies have been tested
over the past 15 years. Linear ablations were performed to
compartmentalize the atria (Jaïs et al., 2004; Hocini et al.,
2005), to mirror the surgical Maze procedure (Cox et al., 2000),
with the rationale that a reduction of tissue mass may increase
the likelihood of AF termination, based on the critical mass
hypothesis for fibrillation (Lee et al., 2013). There was also
significant interest in ablating sites with complex fractionated
atrial electrograms (CFAE), with the assumption that these
sites represent areas of interest that are critical to driving or
sustaining AF (Nademanee et al., 2004). However, there is not a
clear and direct relationship between electrogram fractionation
and driver sites, with fractionation also seen at sites of passive
wavefront collision and “zig-zag” activation through fibrotic
regions (de Bakker and Wittkampf, 2010). Despite initial interest
in these adjunctive ablation approaches, the STAR-AF 2 study
showed that such empirical ablation did not improve ablation
efficacy, and the success rates for linear lesions or CFAE
ablation in addition to PVI were similar to that of PVI alone
(Verma et al., 2015).

More recently, there have been efforts to directly map and
ablate the drivers of AF. These include the use of bi-atrial
basket catheters to perform endocardial mapping (Narayan
et al., 2012; Baykaner et al., 2018) and the use of non-invasive
electrocardiographic imaging (ECGI) to perform epicardial
mapping (Haissaguerre et al., 2014; Knecht et al., 2017). Although
these approaches initially held great promise, subsequent follow-
up studies have not been able to reproduce the high success
rates first reported for rotor ablation (Buch et al., 2016). Another
adjunctive ablation strategy is to target areas of atrial scar, on
the premise that these areas are key components of the atrial
arrhythmic substrate. Efforts have been directed toward either
ablating the areas of scar (Jadidi et al., 2016) or electrically
isolating these regions of scar (Kottkamp et al., 2016). Such
ablation approaches have yet to be proven to be effective, and
have several issues, including the problem that electrogram
voltage, used as a surrogate for regions of scar, often correlates
poorly with scar identified using late-enhancement MRI imaging
(Qureshi et al., 2019).

None of the adjunctive ablation strategies above have
reproducibly improved success rates of catheter ablation of
persistent AF. Several investigators have thus focused on
improving ablation lesion creation as means to improving success

rates, on the basis that some of the failures can be attributed
to inadequate and incomplete lesion creation. This includes
developing specific indices to guide ablation, for example
Ablation Index, incorporating the effects of force, time and power
of ablation (Phlips et al., 2018), or new approaches to ablation,
such as the “high-power, short-duration” approach to ablation
(Winkle et al., 2019).

However, despite these efforts, there remains a ceiling to AF
ablation success rates for persistent ablation, at around 50%
(Scherr et al., 2015). A significant limitation is that current
ablation strategies for persistent AF are predominantly empirical
in nature, and the lack of patient-specific tailored treatments,
directed toward the specific AF mechanism, places a ceiling on
success rates of current treatments.

CONFLICTING EVIDENCE ON THE
MECHANISMS SUSTAINING AF

The electrophysiological mechanisms that sustain AF have long
been disputed, with a consensus still lacking. The anarchical
model of AF, held widely since Moe proposed the multiple-
wavelet hypothesis in the 1960s (Moe et al., 1964), states that
AF is sustained by multiple self-perpetuating activation wavelets
propagating randomly through atrial tissue. Central to this
model, supported by work from Allessie et al. (2010) and Eckstein
et al. (2013), is an absence of localized sources, and would support
an ablative strategy of creating globally distributed boundary
lines confining and extinguishing wavelets (Jaïs et al., 2004;
Hocini et al., 2005).

The apparently contrary hierarchical model of AF, states that
AF is sustained by drivers, in the form of spiral waves or “rotors”
(Krinskii, 1966; Pandit and Jalife, 2013), and is supported by
work from the Jalife group in the 1990s (Davidenko et al.,
1992), but despite a decade of clinical mapping experience, it
was not until recently that any clinical evidence for such drivers,
albeit disputed, has emerged (Narayan et al., 2012). Rotors are
thought to be dynamic during AF and VF; initiating, meandering,
terminating, and either re-emerging or superseded by others
(Dharmaprani et al., 2019). At present, there is intense debate
as to whether rotors, if they exist in humans, are predominantly
stable, or short-lasting and mobile, in human AF. There has been
a recent move away from the term “rotor” toward the more
widely encompassing terms of “rotational driver” or “rotational
activity,” to include spiral wave re-entry, leading circle re-entry
and micro-reentry. High-resolution optical mapping of AF in
explanted human hearts has suggested some rotational drivers
in human AF may in fact be micro-reentrant in nature (Hansen
et al., 2015), with such rotational drivers having predilection for
areas of fibrosis (Zahid et al., 2016).

Recent human AF mapping data have challenged the rotor
hypothesis, with detailed high-resolution contact electrode
mapping in human atria failing to confirm the existence of
stable rotational drivers (Allessie et al., 2010; Lee et al., 2014,
2015, 2017). Some investigators have suggested that AF may be
maintained because of the dissociation between the endocardial
and epicardial layers of human atria (Allessie et al., 2010).

Frontiers in Physiology | www.frontiersin.org 2 August 2020 | Volume 11 | Article 9878

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00987 August 26, 2020 Time: 16:43 # 3

Ng et al. Electrophenotype-Based Treatments for Atrial Fibrillation

This endocardial-epicardial asynchrony of atrial activation
gives rise to transmurally propagating waves, leading to the
appearance of “new” focal waves at breakthrough sites in
the opposite layer (Roney et al., 2018), and this continuous
generation new fibrillation waves on both sides of the
atrial wall contributes toward the stability and maintenance
of AF.

It is evident that the current clinical literature on the
mechanisms sustaining human AF is conflicting. Different
investigators have reported a range of apparently contradictory
electrophysiological mechanisms, as briefly discussed above. We
previously reported that this discordance in findings may in
part be explained by the different methodologies used in these
studies (Roney et al., 2017; Li et al., 2019). We reported that the
spatial resolution of data critically influences the interpretation
of the underlying mechanism of fibrillation (Roney et al., 2017).
There is a minimum spatial resolution requirement for correct
identification of fibrillation mechanisms, with low-resolution
data potentially leading to the false detection of non-existent
rotational drivers. We also recently demonstrated that the
specific analysis approach, including the pre-processing steps
and parameterization of the analysis, can also significantly
alter the interpretation of fibrillation data, with the lack of a
standardized framework for fibrillation analysis contributing to
the current conflicting evidence (Li et al., 2019). These challenges,

amongst others, have thus far precluded any consensus on
human AF mechanisms.

THE FIBRILLATION
ELECTROPHENOTYPE SPECTRUM – A
UNIFYING HYPOTHESIS FOR AF
MECHANISMS?

Much of the above debate about anarchical versus hierarchical
forms of AF, which raged in the early 2010s, may ultimately prove
to be a false dichotomy. All the above-mentioned mechanisms
may be relevant and important in sustaining AF, and the
predominant AF mechanism in an individual is dependent on
the specific nature of the underlying atrial substrate. We recently
systematically demonstrated that a spectrum of ventricular
fibrillation (VF) mechanisms exists, and that the mechanism
sustaining VF is determined by the underlying substrate of the
ventricular myocardium (Handa et al., 2020b). We reported
a continuous range of fibrillation “electrophenoypes” that
can sustain VF, influenced by the substrate spectrum that
incorporates the degree of gap junction coupling and the
specific pattern of fibrosis. For example, reduced gap junction
coupling favors disorganized fibrillation, sustained by multiple

FIGURE 1 | Proposed electrophenotype spectrum for myocardial fibrillation. Recent experimental data suggest that VF mechanisms exist along a continuum,
ranging organized VF, sustained by focal drivers, through to disorganized VF, sustained by multiple meandering wavefronts (Handa et al., 2020b). The specific
fibrillation electrophenotype is determined by the underlying substrate or electroarchitecture, with the pattern of fibrosis and gap junction coupling being two
important determinants. The proposed paradigm is that AF mechanisms exist along a similar continuous spectrum, and thus treatments need to be tailored and
targeted toward the specific AF electrophenotype to be successful. Figure adapted and reproduced from Eckstein et al. (2008) and Handa et al. (2020b), with
permission from Oxford University Press and Elsevier.
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wavelets, while preserved gap junction coupling favors organized
fibrillation, sustained by rotational drivers or foci. Patchy fibrosis
favors fibrillation sustained by stable rotational drivers, while
compact fibrosis favors disorganized fibrillation, with diffuse
interstitial fibrosis causing an intermediate electrophenotype,
sustained by a combination of unstable rotational drivers and
meandering wavefronts (Figure 1).

We hypothesize that a similar electrophenotype spectrum
exists for AF, with the AF electrophenotype also determined
by the underlying atrial substrate (Figure 1). As we have
demonstrated for VF, it is possible that the degree of remodeling
of the atrial substrate, including remodeling of ionic currents
(Samie et al., 2001; Kneller et al., 2005; Muñoz et al., 2007),
calcium handling (Samie et al., 2000), connexins, and
fibrosis, determines the specific AF electrophenotype and

the predominant AF mechanism. Our own analysis of
human persistent AF would appear to support this hypothesis
(Handa et al., 2020a).

The electrophenotype spectrum is a direct correlate of the
underlying substrate spectrum, which is what determines the
fibrillation mechanism. Whilst it would be desirable to accurately
describe the substrate for each patient, in terms of the degree of
remodeling of ionic currents, calcium handling, gap junctions,
and fibrosis, that is not currently possible. However, measuring
the functional correlate of the sum of the arrhythmogenic
remodeling of the substrate, i.e. the electrophenotype, is within
our capabilities, using the current tools and technology in the
clinical electrophysiology laboratory, and thus categorising AF
into broad electrophenotype categories may be a helpful concept
to facilitate the tailoring of treatments.

FIGURE 2 | Granger Causality mapping to discern AF electrophenotype. (A) Granger Causality analysis, an econometric tool that determines the causal relationships
between two time series, was adapted for use in fibrillation, to determine the strength of causal relationships of signals from different regions of myocardium during
fibrillation. (B) The entire mapping field is represented with arrows depicting the strongest casual relationships. (C) Quantification of the number of causal pairs above
a set threshold of causality (Causality Pairing Index, CPI) is a method to discern the overall organization of fibrillation and the electrophenotype of fibrillation.
Importantly CPI is effective even with low resolution data, downsampled to 25%, when compared to the gold-standard high-resolution mapping data. In this
example, CPI using downsampled data correlates negatively with the full-resolution lps, which measures the number of short-lived phase singularities and is a
measure of fibrillation disorganization. Figure adapted and reproduced from Handa et al. (2020a), in line with Creative Commons Attribution 4.0 (CC-BY 4.0).
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MECHANISM-DIRECTED TREATMENT
BASED ON AF ELECTROPHENOTYPE

If the electrophenotype spectrum exists for human AF, then
a mechanism-directed therapeutic approach, based on the AF
electrophenotype, would be expected to yield better success rates
than current empirical treatment strategies. For example, AF
on the organized end of the electrophenotype spectrum would
be more amenable to mapping and ablation of focal drivers,
and responsive to Class Ic antiarrhythmic agents, which have
been shown to destabilize spiral waves (Kneller et al., 2005). AF
on the disorganized end of the electrophenotype spectrum may
be responsive to compartmentalization of the atria or Class III
antiarrhythmic agents to prolong refractoriness. Conversely,
the current approach to AF treatment, which at present is
neither patient-specific nor mechanism-directed, neglects the
underlying electrophenotype and would be expected to have
overall poor success rates.

However, such a tailored approach to AF treatment is
critically dependent on the ability to accurately identify the AF
electrophenotype in patients. Much of the work on AF and VF
mechanisms, including our own, has been performed with high-
resolution optical mapping (Davidenko et al., 1992; Muñoz et al.,
2007; Roney et al., 2018; Handa et al., 2020b). The problem
of low spatial resolution clinical data, which has hampered the
interpretation of human AF data (King et al., 2017; Roney et al.,
2017), would need to be overcome, and novel approaches for
handling fibrillation data would be required.

There are currently several candidate approaches to identify
the AF electrophenotype to guide tailored treatments. We
recently adapted Granger causality analysis, originally an
econometric tool for quantifying causal relationships between
complex time series data (Nobel Prize Economics 2003),
for use on AF data (Handa et al., 2020a). By testing for
causal relationships of electrical signals between neighboring
regions of the heart over time and quantifying the number of
causal relationships above a set “causality threshold,” we can
reliably measure global fibrillation organization and characterize
the AF electrophenotype, even when applied to low spatial
resolution clinical AF data (Figure 2). Other novel analysis
approaches, such as wavefront field mapping, which can reveal
the network of rotational and focal sites in AF (Leef et al.,
2019), electrocardiographic flow mapping, which determines the
main propagation patterns during AF (Bellmann et al., 2019), or
mapping of connectivity between different regions of the atria
usual mutual information analysis (Tao et al., 2017), may also
be able to identify the AF electrophenotype to guide mechanism-
directed treatments.

However, one drawback is that invasively acquired data,
obtained during catheter ablation procedures, are required for
these above approaches to work. The ideal scenario would
be to have the ability to discern the underlying mechanism
or electrophenotype of AF without the need to perform an
invasive procedure, such as using data from a combination of
the surface electrogram, ECGI and MRI imaging. However, these
less invasive methods have their own associated limitations.
Electrocardiographic imaging, has been used to map activation
in both AF and VF to guide ablation of areas harboring
supposed drivers, though there is ongoing debate about the
degree of correlation of ECGI interpolated electrograms with
those acquired with contact mapping (Cluitmans et al., 2018).
Similarly, late gadolinium enhanced cardiac MRI (LGE-CMR)
to detect atrial fibrosis holds promise with regards mapping the
structural substrate of AF and guiding tailored therapy, though it
is limited by a number of challenges in fibrosis detection posed in
thin-walled atrial tissue (Siebermair et al., 2017).

CONCLUSION

Current treatments for persistent AF are predominantly based
on empiricism and not tailored to target the underlying
AF mechanism in individual patients. Recent data suggest
that fibrillation mechanisms may exist along a continuous
spectrum, with the specific electrophenotype determined by the
degree of remodeling of the underlying myocardial substrate
and electroarchitecture. Tailored mechanism-directed treatments
based on the AF electrophenotype may help to improve
the currently poor success rates in treating persistent AF.
Several novel mapping algorithms, including Granger Causality
mapping, may be able to determine the underlying AF
electrophenotype to guide tailored treatments.
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Steven A. Niederer1*
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Catheter ablation therapy for persistent atrial fibrillation (AF) typically includes pulmonary 
vein isolation (PVI) and may include additional ablation lesions that target patient-specific 
anatomical, electrical, or structural features. Clinical centers employ different ablation 
strategies, which use imaging data together with electroanatomic mapping data, depending 
on data availability. The aim of this study was to compare ablation techniques across a 
virtual cohort of AF patients. We constructed 20 paroxysmal and 30 persistent AF patient-
specific left atrial (LA) bilayer models incorporating fibrotic remodeling from late-gadolinium 
enhancement (LGE) MRI scans. AF was simulated and post-processed using phase 
mapping to determine electrical driver locations over 15 s. Six different ablation approaches 
were tested: (i) PVI alone, modeled as wide-area encirclement of the pulmonary veins; 
PVI together with: (ii) roof and inferior lines to model posterior wall box isolation; (iii) isolating 
the largest fibrotic area (identified by LGE-MRI); (iv) isolating all fibrotic areas; (v) isolating 
the largest driver hotspot region [identified as high simulated phase singularity (PS) density]; 
and (vi) isolating all driver hotspot regions. Ablation efficacy was assessed to predict 
optimal ablation therapies for individual patients. We subsequently trained a random forest 
classifier to predict ablation response using (a) imaging metrics alone, (b) imaging and 
electrical metrics, or (c) imaging, electrical, and ablation lesion metrics. The optimal ablation 
approach resulting in termination, or if not possible atrial tachycardia (AT), varied among 
the virtual patient cohort: (i) 20% PVI alone, (ii) 6% box ablation, (iii) 2% largest fibrosis 
area, (iv) 4% all fibrosis areas, (v) 2% largest driver hotspot, and (vi) 46% all driver hotspots. 
Around 20% of cases remained in AF for all ablation strategies. The addition of patient-
specific and ablation pattern specific lesion metrics to the trained random forest classifier 
improved predictive capability from an accuracy of 0.73 to 0.83. The trained classifier 
results demonstrate that the surface areas of pre-ablation driver regions and of fibrotic 
tissue not isolated by the proposed ablation strategy are both important for predicting 
ablation outcome. Overall, our study demonstrates the need to select the optimal ablation 
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INTRODUCTION

Current treatment approaches for persistent atrial fibrillation 
(AF) are sub-optimal, with over 40% of patients exhibiting 
AF recurrence within 18  months of catheter ablation therapy 
(Verma et  al., 2015). Catheter ablation typically includes 
pulmonary vein isolation (PVI) and may include additional 
lesions. These additional lesions may target patient-specific 
features of the anatomical, structural, or electrical substrates.

Anatomical ablation approaches aim to either isolate areas 
that are common sites of triggers or anatomical re-entry (Pambrun 
et  al., 2019), or to reduce the space available for re-entry. 
Specifically, PVI aims to isolate triggered beats from the pulmonary 
veins. Linear ablation approaches may include additional ablation 
lines at the mitral isthmus or the roof of the left atrium; for 
example, Kottkamp et  al. (2002) applied lesion lines from the 
mitral valve annulus to the pulmonary vein orifices to prevent 
anatomical reentrant circuits. Yu et  al. (2017) demonstrated 
that linear lesions together with PVI demonstrate similar efficacy 
to PVI alone. Other anatomical approaches include box isolation, 
which includes additional ablation lines to isolate a box of 
tissue on the posterior wall and roof, and aims to reduce the 
spatial size of the atrial substrate, where fibrillatory wavefronts 
may persistently propagate (Hwang et  al., 2015; Williams et  al., 
2019). Pambrun et  al. (2019) used an ablation strategy that 
targeted the coronary sinus and vein of Marshall to eliminate 
potential sites of anatomical re-entry. The anatomical ablation 
lesion set applied will depend on individual patient anatomy; 
however, it will not necessarily take into account electrical or 
structural features of the atrial substrate. We  simulate two 
anatomical ablation approaches: PVI and box isolation.

Structural ablation approaches aim to remove or isolate 
aberrant fibrotic tissue identified through either electroanatomic 
mapping or atrial imaging. For example, Kottkamp et al. (2016) 
performed box isolation of fibrotic areas to remove low voltage 
areas from electroanatomic voltage maps as a surrogate for 
fibrotic tissue. The Delayed-Enhancement MRI Determinant 
of Successful Radiofrequency Catheter Ablation of Atrial 
Fibrillation (DECAAF) study showed that atrial fibrosis detected 
on late-gadolinium enhancement MRI (LGE-MRI) was 
independently associated with AF recurrence (Marrouche et al., 
2014; Chubb et  al., 2019). The current DECAAFII clinical 
study aims to investigate whether ablation guided by LGE-MRI 
is superior to PVI. However, it is challenging to characterize 
atrial tissue from LGE-MRI imaging data and to use this 
characterization to decide which areas to ablate. As a further 
complication, recent studies demonstrate evidence both for and 
against the colocation of fibrillatory drivers with fibrotic tissue 
(Haissaguerre et  al., 2016; Sohns et  al., 2017). We  simulate 

two structural ablation approaches: isolating the largest fibrotic 
area and isolating all fibrotic areas.

Electrical ablation approaches are personalized to target areas 
of electrogram fractionation (Nademanee et  al., 2004) or to 
isolate electrical drivers identified using phase singularity (PS) 
analysis (Lim et  al., 2017). Narayan et  al. (2012) demonstrated 
high success rates by ablating focal and re-entrant drivers 
identified through phase and activation mapping of AF. However, 
these approaches require accurate mapping of atrial drivers, 
which is challenging (Handa et al., 2018), and are also complicated 
by the emergence of post-ablation drivers that may not be present 
pre-ablation. We  simulate two electrical ablation approaches: 
isolating the largest driver region and isolating all driver regions.

Biophysical modeling provides essential mechanistic insights 
into the individual contribution of the anatomical, electrical, 
and structural substrates to AF, and each individual patient’s 
response to multiple different ablation strategies. This allows 
the efficacy of specific ablation strategies and the relative effect 
of ablation strategy and atrial debulking to be  predicted. 
However, biophysical models take a significant amount of time 
to construct and simulate and so are both compute and resource 
intensive, limiting their direct clinical applicability. Combining 
the mechanistic insights of biophysical models with machine 
learning techniques may lead to a more robust machine learning 
predictor, which is computationally efficient and allows fast 
prediction in the catheter laboratory on any desktop computer.

We aimed to compare AF ablation techniques that target 
features of the anatomical, structural, and electrical AF substrates 
for patient-specific simulations of paroxysmal and persistent 
AF. Specifically, we  applied different anatomical, structural, 
and electrical ablation strategies to a cohort of 20 virtual 
paroxysmal AF patients and 30 virtual persistent AF patients. 
Subsequently, we  trained a machine learning random forest 
classifier to predict ablation response using (a) imaging metrics 
alone, (b) imaging and electrical metrics, or (c) imaging, 
electrical, and ablation lesion metrics.

MATERIALS AND METHODS

Patient Cohort
Computational models were constructed from cardiac MRI 
data for 20 paroxysmal AF and 30 persistent AF patients 
treated at St Thomas’ Hospital. Paroxysmal and persistent AFs 
were defined following HRS/EHRA/ECAS/APHRS/SOLAECE 
guidelines: paroxysmal AF is AF that terminates spontaneously 
or with intervention within 7 days; persistent AF is continuous 
AF that is sustained beyond 7  days (Calkins et  al., 2018). 
MRI data consisted of contrast enhanced magnetic resonance 

strategy for each patient. It suggests that both patient-specific fibrosis properties and 
driver locations are important for planning ablation approaches, and the distribution of 
lesions is important for predicting an acute response.

Keywords: atrial fibrillation, virtual cohort, catheter ablation, atrial fibrosis, phase singularity mapping
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angiogram (CE-MRA) scans, which were used to delineate the 
left atrial (LA) endocardial wall, together with LGE-MRI data, 
which were processed for fibrosis tissue distribution. Image 
acquisition details have been previously published (Sim et  al., 
2019) and are described in the Supplementary Material. Ethical 
approval was granted by regional ethics committee 
(17/LO/0150 and 15/LO/1803).

Geometry Construction
To build an anatomical model for each patient, the left atrium 
was segmented from the CE-MRA images using semi-automated 
tools within CemrgApp software1 (Sim et  al., 2019; Razeghi 
et  al., 2020, see Figure  1A). LGE-MRI scans were registered 
with CE-MRA images to inform the distribution of fibrotic 
tissue incorporated into each virtual patient model (see 
Figure  1B). Each LA segmentation mesh was post-processed 
using multiple steps, to create a mesh suitable for electrophysiology 
simulations  (See Figure  1C). To create a closed surface, the 
following filters were applied using Meshlab software2: Poisson 
surface reconstruction, marching cubes, and quadric edge collapse 
decimation (Cignoni et  al., 2008; Kazhdan and Hoppe, 2013). 
Paraview software (Kitware, Clifton Park, NY, United  States3; 
Ahrens et  al., 2005) was used to clip the closed surface mesh 
at the mitral valve and four pulmonary veins, and to label 
each of the four pulmonary veins and LA appendage (Roney 
et  al., 2019). The clipped and labeled mesh was then re-meshed 
using mmgtools software4 to create triangular elements of 
approximately equal average edge length (0.34 mm). These steps 
are shown in Supplementary Figure 1. This endocardial surface 
mesh was then duplicated and projected 0.1  mm epicardially 
to produce an epicardial surface, and these were coupled using 
linear elements to produce a bilayer model (Labarthe et  al., 
2014). The projection distance is an arbitrary value, since the 
atrial wall thickness is incorporated in the simulations through 
the choice of coupling coefficient, following (Labarthe et al., 2014).

Endocardial and epicardial fibers from a human atrial ex-vivo 
diffusion tensor MRI atlas (Pashakhanloo et  al., 2016; Roney 
et  al., 2020) were registered to each anatomical mesh using 
the universal atrial coordinate system (Roney et  al., 2019). 
Specifically, the fiber fields corresponding to diffusion tensor 
MRI dataset 1 were used because these were shown to optimally 
predict arrhythmia properties (Roney et  al., 2020). Fiber 
streamlines are shown in Figure  1D. More details on fiber 
field assignment are given in the Supplementary Material and 
Supplementary Figure  2. Meshalyzer software5 was used to 
visualize simulation data.

Biophysical Modeling Details
Biophysical simulations were run using Cardiac Arrhythmia 
Research Package CARPentry simulator (Vigmond et al., 2003), 
with the monodomain model for excitation propagation. 

1 www.cemrgapp.com
2 www.meshlab.net
3 www.paraview.org
4 www.mmgtools.org
5 https://git.opencarp.org/openCARP/meshalyzer

The Courtemanche–Ramirez–Nattel human atrial ionic model 
(Courtemanche et al., 1998) was used with the following changes: 
maximal IKr conductance was multiplied by 1.6 to represent 
LA tissue; maximal INa conductance was multiplied by 2 to 
ensure physiological action potential upstroke velocities; and 
maximal IK1 conductance was multiplied by 0.8 for a closer 
agreement with clinical restitution data (Krummen et al., 2012). 
To incorporate the effects of electrical heterogeneity, the cell 
model for the LA model was modified as follows for the LA 
appendage region: maximal ICaL conductance was multiplied 
by 1.06 and maximal Ito conductance was multiplied by 0.67 
(Seemann et al., 2006). For the PV region, the following changes 
were applied to the LA model maximal conductances: gto × 0.75, 
gCaL  ×  0.75, gKr  ×  1.5, and gKs  ×  0.67 (Dorn et  al., 2012; Roney 
et  al., 2016). AF electrical remodeling was incorporated in all 
atrial regions by reducing the maximal ionic conductances of 
Ito, IKur, and ICaL by 50, 50, and 70%, respectively, following 
Courtemanche et  al. (1999). Longitudinal conductivity was 
assigned as 0.4  S/m and transverse as 0.1  S/m.

Fibrosis Modeling
The effects of fibrotic remodeling were included for each anatomy 
according to LGE-MRI intensity values (see Figure 1E). Fibrotic 
remodeling was modeled as regions of conduction slowing 
together with electrophysiological changes. LGE intensity was 
normalized for assigning tissue conductivity regions using the 
maximum and minimum values. Tissue conductivities were 

A B C

D E F

FIGURE 1 | Model construction and atrial fibrillation (AF) simulation. (A) 
Contrast enhanced magnetic resonance angiogram (CE-MRA) imaging 
showing semi-automatic segmentation of atrial imaging. (B) Late-gadolinium 
enhancement (LGE) imaging with registered segmentation overlaid in red. 
Anatomical models for each patient were segmented from CE-MRA images 
and post-processed to create meshes suitable for running biophysical 
simulations. (C) Atrial regions were labeled as follows: left atrial (LA) body 
(light blue), LA appendage (dark blue), left superior pulmonary vein (pink), left 
inferior pulmonary vein (orange), right superior pulmonary vein (yellow), and 
right inferior pulmonary vein (green). (D) Atrial fibers from a human atrial ex-
vivo DTMRI atlas were incorporated using the universal atrial coordinate 
system, and endocardial fibers are visualized here as streamlines. (E) Fibrotic 
tissue was added through registration of LGE-MRI data. (F) AF simulation. AF 
simulations were run on the models using Cardiac Arrythmia Research 
package (CARPentry) software. The images included in this figure are an 
example of one of the virtual patient models of the cohort.

16

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Roney et al. In silico AF Ablation

Frontiers in Physiology | www.frontiersin.org 4 September 2020 | Volume 11 | Article 572874

then modified to result in 100% conduction velocity in regions 
of 0–56% normalized LGE intensity; 80% conduction velocity 
for 56–60% LGE; 60% conduction velocity for 60–64% LGE, 
and 40% conduction velocity for >64% normalized LGE intensity 
(Krueger et al., 2014). For electrophysiological remodeling, LGE 
intensity was rescaled by subtracting the mean blood pool 
intensity and dividing by the standard deviation (SD). Ionic 
properties were modified to represent the effects of elevated 
TGF-ß1 (maximal ionic conductances were rescaled in regions 
with LGE intensity >3 SDs above the mean of the blood pool 
as follows: 50% of the regional ionic model value of gK1, 60% 
of gNa, and 50% of gCaL; Avila et al., 2007; Ramos-Mondragón 
et al., 2011; Roney et al., 2016; Zahid et al., 2016a). To identify 
fibrotic regions, LGE-MRI maps were thresholded at 3 SDs 
above the blood pool mean and separated into different regions 
using a connected component analysis (Roney et  al., 2016).

AF Induction and Post-processing
Atrial fibrillation was equivalently initiated for each anatomy 
(see Figure  1F) by setting initial conditions for each simulation 
which corresponded to four spiral wave re-entries (Matene et al., 
2014; Roney et  al., 2020). This set-up was defined using the 
universal atrial coordinate system (Roney et  al., 2019) as an 
activation time field with two Archimedean spirals on each of 
the posterior and anterior walls, with opposite chirality for 
adjacent spirals. AF induction is described in more detail in 
the Supplementary Material and Supplementary Figure  3.

Arrhythmia simulations were post-processed to identify the 
PS locations for 15  s of arrhythmia data. Spatial PS density 
maps were calculated using our previous methodology (Roney 
et  al., 2016). To identify regions of high PS density, termed 
PS hotspots, PS density maps were thresholded at 1 SD above 
the mean and separated into different regions using a connected 
component analysis.

Ablation Modeling
We tested six different ablation approaches: (i) PVI alone, 
modeled as wide-area encirclement of the pulmonary veins; 
PVI together with: (ii) roof and inferior lines to model posterior 
wall box isolation (box ablation); (iii) isolating the largest 
fibrotic area (identified as high LGE-MRI intensity; single fibrosis 
ablation); (iv) isolating all fibrotic areas (all fibrosis ablation); 
(v) isolating the largest driver region (identified as high PS 
density; single PS hotspot ablation); and (vi) isolating all driver 
regions (all PS hotspots ablation).

To automate ablation lesion application and to produce 
consistent lesions across anatomies, the six different ablation 
approaches (see Supplementary Figure  4) were defined as 
follows. PVI was applied at a fixed distance threshold from 
the junction of the LA body with the pulmonary veins. Roof 
and inferior lines for the box isolation approach were defined 
using the universal atrial coordinate system at the same coordinate 
locations across the virtual cohort (Roney et  al., 2019). To 
identify fibrotic areas for ablation, LGE-MRI maps were first 
thresholded at 3 SDs above the blood pool mean 
(Roney et  al., 2016). Thresholded tissue was then separated 

into connected component regions, and the area of each region 
was calculated. To isolate the largest fibrotic area, the region 
with the largest area was selected for ablation and joined to 
the closest mesh boundary or ablation lesion – in this case, 
either the mitral valve or the PVI lesions. To isolate all fibrotic 
areas, a lesion set was constructed as PVI together with each 
fibrotic region joined to either the closest mesh boundary or 
lesion within the set. Driver region ablation lesions were performed 
in the same way as fibrosis region ablation but according to 
PS density maps thresholded at 1 SD above the mean. Figure 2 
shows the six ablation approaches for one anatomy in the cohort.

Ablation responses were automatically classified as either 
termination, macroreentry, or AF. Macroreentry was classified as 
cases with dominant frequency <4.7  Hz, and AF as cases with 
dominant frequency >4.7 Hz (Ng et al., 2006; Jarman et al., 2012).

Random Forest Classifier
Random forest classifiers were trained to predict binary ablation 
response for three sets of input variables, corresponding to (a) 
imaging metrics alone; (b) imaging and electrical metrics; and 
(c) imaging, electrical, and lesion metrics. The imaging metrics 
used were the total LA body surface area (the surface area of 
the light blue region in Figure  1A), the total pulmonary vein 
surface area (the sum of the surface areas of the pink, orange, 
yellow, and green regions in Figure  1A), and the total fibrotic 
tissue surface area (thresholded at 3 SDs above the blood pool mean).

The electrical metrics were measured from pre-ablation AF 
simulations and included the mean dominant frequency and 
the total PS hotspot area (thresholded at 1 SD above the mean). 
Five lesion metrics were calculated on the atrial mesh after 
ablated tissue was removed. Three metrics were calculated in 
the largest connected region post-ablation as the remaining 
hotspot area, LA surface area, and fibrosis area (calculated as 
the remaining tissue area with reduced conductivity values i.e., 

FIGURE 2 | Anatomical, electrical, and structural ablation approaches. The 
six ablation approaches are indicated by the gray ablation lesions. Anatomical 
approaches, shown in the blue box, include pulmonary vein isolation (PVI) and 
box ablation. Structural ablation approaches, shown in the green box, include 
ablating either a single fibrosis area or all areas of fibrosis on the LGE intensity 
map. Electrical approaches, shown in the red box, include ablating either a 
single phase singularity (PS) hotspot or all PS hotspots based on the pre-
ablation PS hotspot map.
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normalized LGE intensity value >56%). The width of the roof 
metric was calculated as the width of the largest connected 
region measured at a universal atrial coordinate value of 0.5 
(this is zero in the case of box isolation as the roof is not in 
the largest connected region post-ablation). The metric 
corresponding to the smallest channel height post-ablation was 
calculated as the minimum Euclidean distance between the mitral 
valve and ablation lesions of significant size (defined as those 
with area greater than 80% of the second largest ablation lesion).

We split the dataset into training and test sets as a 70:30 
split ensuring that all ablation types for a given anatomical 
model were in the same set. To select hyperparameters for 
the random forest classifiers, we performed 5-fold cross validation 
with a balanced-accuracy criterion on the number of estimators, 
the maximum depth, and the minimum number of samples 
per leaf. The values tested are given in Table  1. These 
hyperparameters were then used for the random forest model 
that was trained using a balanced weighting. Accuracy, precision, 
and recall were calculated on the test set for the three random 
forest classifiers. To assess the importance of the input features 
to the trained random forest classifier, we  used the SHapley 
Additive exPlanations (SHAP) methodology (Štrumbelj and 
Kononenko, 2014). This was performed using scikit-learn in 
python, using the functions RandomForestClassifier and 
GridSearchCV (Varoquaux et al., 2015), and the SHAP toolbox 
(available at: https://github.com/slundberg/shap).

We compared random forest classification to both logistic 
regression (LogisticRegression in scikit-learn) and support vector 
machine classifiers (SVCs in scikit-learn), following 5-fold 
cross-validation to select the optimal hyperparameters.

RESULTS

Paroxysmal and Persistent AF Model 
Ablation Outcomes
Patient characteristics including LA, pulmonary vein and fibrotic 
tissue surface area calculated from the atrial models are given 
in Table  2 for each of the paroxysmal and persistent AF 
cohorts. Supplementary Figure 5 shows that LGE-MRI intensity 
values and distributions vary across the cohort.

The average electrical metrics measured pre-ablation for the 
cohort were a mean dominant frequency of 4.86  ±  0.11  Hz 
and a mean total PS hotspot area of 27.7  ±  9.12  cm2. 
Supplementary Figure 6 shows that AF duration varies between 
models in the cohort. The mean AF duration is 11.0  ±  4.77  s, 
with 11 cases between 2–5  s, 6 between 5–10  s, 10 between 
10–14.9  s, and 23 over 15  s.

Ablation simulations demonstrated a range of outcomes, 
which were classified as AF, atrial tachycardia (AT), or 
termination. Figure  3 shows transmembrane voltage snapshots 
1.5  s after each of the six ablation approaches for one virtual 
patient. For this example, AF continued after three of the 
ablation strategies (PVI, single PS hotspot ablation, and single 
fibrosis area ablation); AF converted to AT after box isolation; 
and the arrhythmia terminated after all PS hotspot ablation 
and after all fibrosis area ablation. The three AF cases were 

labeled acute ablation non-responders, and AT and termination 
cases were labeled acute ablation responders.

Table  3 shows the average lesion metrics for the cohort, 
calculated as properties of the mesh with ablation lesion sets. 
These include the following metrics calculated in the largest 
connected region post-ablation: the remaining hotspot area, 
LA surface area, and fibrosis area; as well as the width of the 
roof and the smallest channel height in the post-ablation mesh.

Ablation outcomes, classified as AF, AT, or termination, are 
shown in Figure 4 for the whole virtual paroxysmal and persistent 
AF cohort with the six ablation strategies. The ablation approaches 
are ordered by the largest area of connected non-ablated LA 
tissue in the post-ablation mesh, with PVI resulting in the largest 
connected area (corresponding to the smallest ablation area), 
and box resulting in the smallest connected area on average 
across the cases. This plot shows that ablating all PS hotspots 
results, on average, in a larger connected area post-ablation 
than box isolation, but more of the cases converted to AT or 
terminated. This demonstrates that it is not simply the area of 

TABLE 1 | Hyperparameter values tested using cross-validation for training 
random forest classifiers.

Hyperparameter Values tested

Number of estimators 10, 20, 50, 70, 80, 100
Maximum depth 4, 8, 16
Minimum number of samples per leaf 5, 10, 20

TABLE 2 | Patient characteristics calculated from the atrial models for the 
paroxysmal and persistent AF cohorts.

Paroxysmal

(n = 20)

Persistent

(n = 30)

Left atrial surface area (cm2) 102.1 ± 19.0 120.1 ± 23.3
Pulmonary vein surface area (cm2) 28.1 ± 7.29 30.4 ± 8.73
Fibrotic tissue surface area (cm2) 23.2 ± 7.89 26.2 ± 5.78

FIGURE 3 | Example transmembrane voltage snapshots demonstrating the 
six ablation approaches. Plots are shown 1.5 s post-ablation, with ablation 
lesions overlaid in gray. Ablation response is indicated by background color: 
responders (AT or termination) are shown with a gray background, and non-
responders (AF) with white.
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ablated tissue that is important, but also the spatial location 
of ablation lesions. The final bar of Figure  4 shows the 
distribution of outcomes if the optimal treatment was chosen 
for each virtual patient. The optimal treatment was defined as 
the strategy that results in termination, or if no termination 
was possible, strategies that resulted in AT were selected. If 
multiple strategies resulted in the same outcome, the strategy 
that resulted in the smallest ablation burden was selected. 
Selecting the optimal treatment for each patient has a greater 
number of termination and AT cases than any of the six 
ablation approaches, and results in a larger connected surface 
area than ablating all PS hotspots.

For 10 of the virtual patients, all ablation strategies tested 
resulted in AF continuation. These cases are therefore 
non-responders to the six strategies used. Conversely, for nine 
of the virtual patients, AF converted to AT or terminated for 
all six strategies. For each case, we  ranked all strategies that 
result in an acute ablation response by decreasing remaining 
tissue surface area. Optimal ablation approaches were all driver 
regions (46%), PVI (20%), box (6%), all fibrosis areas (4%), 
single driver regions (2%), and single fibrosis area (2%). Twenty 
percentage of cases remained in AF for all ablation strategies.

Supplementary Table  1 shows that the methodology used 
for modeling atrial fibrosis and tuning model properties affects 
the predicted ablation outcome.

Predicting Outcome Using Random Forest 
Classifiers
There are many factors that contribute to the continuation of 
AF. We used a machine learning classifier to identify the factors 
that predicted response to ablation strategies. To predict ablation 
response for the virtual patients, we  trained random forest 
classifiers with the following input variables: (a) imaging metrics 
alone; (b) imaging and electrical metrics; and (c) imaging, 
electrical, and lesion metrics. Optimal hyperparameters were 
50 estimators, a maximum depth of 8, and a minimum number 
of samples per leaf of 5. The accuracy, precision, and recall 
measured on the test set were as follows for each of the three 
classifiers: (a) 0.72, 0.73, and 0.72; (b) 0.73, 0.74, and 0.73; 
and (c) 0.83, 0.85, and 0.83. As such, the addition of lesion 
metrics to the model improves its predictive capability compared 
to simply including the ablation type. The effects of the choice 
of classifier were tested by also training a logistic regression 
and SVC. Using all input variables (imaging, electrical, and 
lesion metrics), the accuracy, precision, and recall on the test 
set were lower for the trained logistic regression: 0.67, 0.69, 
and 0.67, and for the trained SVC: 0.76, 0.76, and 0.76.

SHapley Additive exPlanations analysis was performed to 
determine the relative importance of each variable to the classifier 
prediction. For classifiers (a) and (b), the type of ablation 
applied was the most important feature for the prediction. For 
the imaging metric model, the total fibrosis area and the total 
LA surface area were the next most important variables, where 
higher values of each were more likely to be  associated with 
AF post-ablation. For the imaging and electrical metric model, 
this was also the case, and electrical metrics were less important.

Figure  5 shows the SHAP summary plot for the combined 
imaging, electrical, and lesion metrics model. Each point 
represents a variable value for one of the 300 cases. The 
horizontal location indicates whether the effect leads to a higher 
or lower predicted probability (with 0 as responder and 1 as 
non-responder). Blue points indicate a low value, and red 
points indicate a high value for an observation. Each of the 
following lesion metrics was found to be  positively correlated 
with positive prediction (AF, non-responder): remaining hotspot 
area, remaining fibrosis area, post-ablation roof width, and 
remaining LA surface area.

Effects of Lesion Metrics on Acute 
Ablation Response
The SHAP analysis highlighted that the remaining pre-ablation 
PS hotspot area following ablation is a key determinant of 
AF termination. As an example of this, Figure  6 shows PS 

FIGURE 4 | Simulated ablation outcomes classified as AF, AT, or termination 
varies between the six ablation approaches. The strategies are ordered by the 
largest area of connected non-ablated tissue in the post-ablation mesh, which 
are listed as mean and standard deviation (SD) values above the bar chart. The 
number of outcomes classified as AF is in blue, AT in red, and termination in 
yellow. The final bar shows the distribution of outcomes if the optimal treatment 
was chosen for each virtual patient. AF, atrial fibrillation; AT, atrial tachycardia; 
Term, termination; PVI, pulmonary vein isolation; PS, phase singularity.

TABLE 3 | Average lesion metrics across the virtual cohort for the different ablation approaches.

Property PVI Box Single hotspot All hotspots Single fibrosis All fibrosis

Remaining LA surface area (cm2) 90.1 ± 22.4 70.2 ± 19.2 87.1 ± 22.2 80.2 ± 20.6 88.3 ± 21.8 82.9 ± 20.2
Remaining fibrosis area (cm2) 32.6 ± 22.9 25.3 ± 19,6 30.1 ± 22.5 25.6 ± 20.5 30.9 ± 23.1 27.1 ± 22.4
Remaining hotspot area (cm2) 21.0 ± 8.02 19.6 ± 7.40 15.4 ± 7.08 0.00 ± 0.00 17.9 ± 7.29 13.1 ± 7.05
Conducting roof width (cm) 2.84 ± 1.05 0.00 ± 0.00 2.75 ± 1.14 2.60 ± 1.13 2.83 ± 1.05 2.81 ± 1.06
Smallest post-ablation channel 
height (cm)

1.96 ± 0.81 1.87 ± 0.79 1.89 ± 0.89 1.02 ± 0.87 1.96 ± 0.82 1.34 ± 0.98
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hotspot maps with ablation lesions that targeted all fibrosis 
regions indicated in gray on the atrial shell. The maps are 
shown in order of increasing remaining PS hotspot area, with 
background color indicating acute ablation outcome (gray for 
responders and white for non-responders). There are more 
acute responders for low than high remaining PS hotspot areas. 
This is indicated by a higher number of maps with a gray 
background in the upper rows of the figure.

The area of fibrosis remaining post-ablation was also found 
to be  an important factor for predicting ablation outcome. 
Figure 7 shows an example of cases with high and low remaining 
fibrosis area following single PS hotspot ablation. The case 
with a larger non-isolated fibrosis area (47.9  cm2) shown in 
the top row is an acute ablation non-responder since AF 
continues post-ablation, while a case with a smaller non-isolated 
fibrosis area (1.57 cm2) converts post-single PS hotspot ablation.

DISCUSSION

Main Findings
This virtual patient cohort study demonstrates the use of a 
simulation and a machine learning platform for trialing and 
analyzing different ablation approaches. We  present an efficient 
pipeline for constructing models from LGE-MRI imaging data 
(4.5 h from imaging to patient-specific model with DTMRI fibers, 
regional heterogeneity, and fibrotic remodeling), which we utilized 
to generate the first cohort of atrial models with fibers from a 
DTMRI atlas and the largest cohort of atrial models constructed 
from LGE-MRI data. Specifically, we  automatically applied six 
ablation approaches that target features of the anatomical, structural, 

FIGURE 5 | SHapley Additive exPlanations (SHAP) variable importance plot for the trained classifier using imaging, modeling, and ablation lesion metrics. Variables 
are ranked by the SHAP analysis in descending order of importance, with a red or blue color indicating a high or low value for the observation, respectively.

FIGURE 6 | Remaining PS hotspot areas affect ablation outcome. Pre-
ablation PS hotspot maps are shown for each virtual patient with ablation 
lesions targeting all fibrosis regions (ablation strategy iv) overlaid in gray. Cases 
are ordered by increasing remaining PS hotspot area, shown by directions of 
horizontal red arrows and increasing by row, indicated by the red vertical ramp. 
The background color indicates acute ablation outcome: gray for responders 
(AT or termination) and white for non-responders (AF). There are more acute 
responders for cases with low than high remaining PS hotspot areas.

FIGURE 7 | Non-isolated fibrosis area affects ablation outcome. The top row 
shows an acute non-responder and the bottom row shows an acute responder 
to the single PS hotspot ablation strategy (strategy number v). For each, the 
pre-ablation PS hotspot map is shown in the first column; the fibrosis intensity 
map in the second column; and a transmembrane voltage map at 1.5 s post-
ablation in the third column. Ablation lesions corresponding to the largest PS 
hotspot are shown in gray overlaid on the fibrosis maps and transmembrane 
voltage maps. There is a larger area of non-ablated fibrosis for the largest post-
ablation tissue region in the top row (47.9 cm2) than the bottom row (1.57 cm2) 
suggesting that non-isolated fibrosis area affects ablation outcome.
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or electrical AF substrates to 20 paroxysmal and 30 persistent 
patient-specific models. Optimal ablation approaches in order of 
prevalence were all driver regions (46%), PVI (20%), box (6%), 
all fibrosis areas (4%), single driver regions (2%), and single 
fibrosis area (2%). Around 20% of cases remained in AF for all 
ablation strategies. Randomized controlled trials have answered 
some of the questions regarding ablation of long-standing persistent 
AF; however, the critical question of technique over debulking 
persists (Brooks et  al., 2010). We  show that optimal outcomes 
require targeting different ablation strategies in different patients 
and that targeting the AF substrate can be  effective beyond its 
effect on debulking the atria. Overall, our study suggests that 
both patient-specific fibrosis properties and driver locations are 
important for planning ablation approaches, and the distribution 
of lesions is important for predicting an acute response.

Anatomical Ablation Approaches
We observed a variation in the outcome of the six ablation 
approaches used across the cohort of models constructed 
(Figures 3, 4). For example, PVI ablation alone was sufficient 
for an acute response – and hence the optimal ablation 
approach – for 20% of the virtual patient models. Lim et  al. 
(2015) reported a higher acute AF termination rate with 
PVI of 30–60% across multiple clinical trials. This value may 
be  lower in our study because we  only studied the ability 
of the atria to sustain rather than initiate AF; the significant 
impact of trigger removal on outcome is therefore not captured 
by our current model. The box ablation lesion set applied 
in our study converted AF to either AT or termination for 
58% of the virtual patient models (Figure  4). However, the 
box approach removes a large area of LA tissue and so this 
approach was optimal for only 6% of these models. This 
success rate could be  improved by applying a patient-specific 
box size and location depending on the individual patient 
conduction and repolarization properties. Williams et  al. 
(2019) proposed an approach for targeting box ablation lesion 
sets depending on the patient-specific electrical size. This 
proposition should also be considered when aiming to achieve 
a greater success rate.

Structural Ablation Approaches
Several clinical centers target the fibrotic substrate during 
ablation therapy to remove or isolate fibrotic tissue which may 
or may not anchor electrical drivers. Fibrotic tissue can 
be identified through either electroanatomic mapping (Kottkamp 
et  al., 2016) or atrial imaging (Cochet et  al., 2015). In our 
study, we  simulated ablation of fibrotic areas identified from 
LGE-MRI data. The area of fibrotic tissue in the largest remaining 
tissue region post-ablation was found to be  important for 
predicting ablation response (Figure  7). This suggests that 
identifying fibrotic tissue either through imaging or 
electroanatomic mapping is important, and the choice of 
measuring modality is likely to affect the identified substrate. 
However, our findings also indicate that structural ablation 
approaches targeting fibrotic tissue areas were not as successful 
as electrical ablation approaches targeting PS driver hotspots. 

Thus, it may be important to map or predict using simulations, 
the distribution of electrical drivers when planning ablation 
therapy and fibrosis imaging alone may not be  sufficient to 
guide ablation in all cases.

Electrical Ablation Approaches
Ablating all PS driver hotspots was the most effective ablation 
strategy in our study; resulting in a positive response for 74% 
of cases and represented the optimal approach for 46% of 
cases. This suggests that PS hotspots play a key role in driving 
AF (Figure  7). However, despite ablating all the PS hotspots 
identified through pre-ablation simulation processing, 26% of 
cases were still able to sustain AF. This suggests that not all 
possible PS hotspots are identified during a single AF episode, 
motivating the methodology of Boyle et al. (2019) that identifies 
different driver locations through different AF initiation protocols. 
Narayan et al. (2012) demonstrated high success rates by ablating 
focal and re-entrant drivers identified through phase and 
activation mapping of basket catheter data (Schricker and 
Zaman, 2015). Ensuring the correct classification of phase 
singularities is critical for targeting ablations because wavefront 
break up does not represent an equal target to a stable rotor. 
An optimal method of ablation likely involves an appropriate 
combination of anatomical, structural, and electrical 
ablation approaches.

Comparison With Other Ablation 
Simulation Studies
There is a variation between both clinical and simulation studies 
in the ablation approaches utilized. We  joined ablation lesions 
to their closest boundary similar to the study of Weiss et  al. 
(2016) which showed that ablating from the center of a mother 
rotor to a boundary terminated the arrhythmia. Shim et  al. 
(2017) compared persistent AF ablation using empirically chosen 
ablation lesion sets (n  =  55) to simulation guided lesion sets 
(n  =  53), chosen from five different lesion sets (PVI, three 
linear ablations, and one electrogram-guided ablation). They 
demonstrated that ablation guided by simulations was feasible 
in clinical practice and not inferior to empirically chosen 
ablation lesion sets. Bayer et al. (2016) performed a simulation 
study to compare (1) PVI with roof and mitral lines; (2) circles, 
lines, or crosses near rotor locations; and (3) 4–8 lines applied 
to streamline the patient-specific sinus rhythm activation 
sequence. They found that streamlining activation sequences 
is a robust alternative ablation approach for cases where other 
approaches do not terminate AF. This represents a further 
ablation pattern that could be  tested using our simulation and 
machine learning methodology. In addition, Roney et al. (2018) 
used a virtual pilot clinical study to predict whether ablating 
interatrial connections would return the right atrium to sinus 
rhythm. Our current study could be extended to biatrial meshes 
to investigate the importance of the right atrium in AF. In a 
pioneering clinical trial, the optimal target identification via 
modeling of arrhythmogenesis approach clinically ablates fibrotic 
tissue identified as an ablation target using computational 
simulations (Boyle et  al., 2019).
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Designing Patient-Specific Lesion Sets
We have developed a virtual patient cohort that can be  used 
to predict the optimal ablation strategy for a given patient. 
Our results (Figure  4) demonstrate that it is not simply the 
area of ablated tissue that is important in determining ablation 
outcome, but also the spatial location of ablation lesions in 
relation to the anatomy, fibrotic tissue distribution and driver 
positions, and necessitating patient-specific therapy. While 
providing mechanistic understanding, current simulation strategies 
take extensive time to create, simulate, and analyze the model 
output. We  have shown that with a limited dataset we  can 
create a classifier with accuracy of 0.83. Increasing the dataset 
size or number of features may increase the classifier accuracy. 
Alternately, the simulation-trained classifier could be  used to 
initialize a classifier based on clinical data to accelerate learning 
from smaller clinical data sets. In addition, the classifier could 
be used together with a minimal cut analysis to find a successful 
ablation approach that minimizes ablation area and maximizes 
the area of conducting tissue (Zahid et  al., 2016b).

Limitations
The results of our simulation predictions need to be  compared 
to the clinical ablation approach and outcome. Our study investigates 
whether an arrhythmia can be  sustained and does not include 
the effects of triggered beats. There was no significant difference 
between paroxysmal and persistent virtual patient ablation outcomes 
in our study. This may be  because we  did not simulate the 
effects of triggered beats for initiating AF. We  did not include 
personalized electrophysiology in our simulations, and this may 
affect AF properties and ablation outcome. Similar to previous 
studies (Roney et  al., 2016), our current study shows that the 
modeling methodology used for incorporating the effects of atrial 
fibrosis affects simulation outcome. Future studies should optimize 
the choice of fibrosis modeling methodology through comparison 
with clinical outcome. In addition, we  did not model the effects 
of variable wall thickness, which has been shown to affect PS 
stability and meander (Roy et al., 2018). We performed monodomain 
simulations, and although the differences with bidomain simulations 
for paced activation have been shown to be  small (Potse et  al., 
2006), differences for our AF simulations should be  investigated. 
We only included 50 patient-specific models which are insufficient 
to predict optimal ablation pattern for the six approaches simulated. 
We simulated and predicted acute outcome, which while correlated 
with, is not equivalent to long term outcome (Lim et  al., 2015). 
We  joined ablated regions to their closest region with additional 
ablation lines to avoid islands of ablated tissue causing re-entry; 
however, how best to do this requires further investigation.

CONCLUSION

Overall, our virtual cohort study has demonstrated the 
importance of considering the effect of patient-specific fibrosis 
properties and driver locations when planning ablation 
approaches. It is important to consider these factors and the 
distribution of lesions in order to select the optimal ablation 
strategy for each patient.
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Introduction: Electrical contact mapping provides a detailed view of conduction
patterns in the atria during atrial fibrillation (AF). Identification of repetitive wave front
propagation mechanisms potentially initiating or sustaining AF might provide more
insights into temporal and spatial distribution of candidate AF mechanism and identify
targets for catheter ablation. We developed a novel tool based on recurrence plots
to automatically identify and characterize repetitive conduction patterns in high-density
contact mapping of AF.

Materials and Methods: Recurrence plots were constructed by first transforming
atrial electrograms recorded by a multi-electrode array to activation-phase signals and
then quantifying the degree of similarity between snapshots of the activation-phase
in the electrode array. An AF cycle length dependent distance threshold was applied
to discriminate between repetitive and non-repetitive snapshots. Intervals containing
repetitive conduction patterns were detected in a recurrence plot as regions with a high
recurrence rate. Intervals that contained similar repetitive patterns were then grouped
into clusters. To demonstrate the ability to detect and quantify the incidence, duration
and size of repetitive patterns, the tool was applied to left and right atrial recordings
in a goat model of different duration of persistent AF [3 weeks AF (3 wkAF, n = 8)
and 22 weeks AF (22 wkAF, n = 8)], using a 249-electrode mapping array (2.4 mm
inter-electrode distance).

Results: Recurrence plots identified frequent recurrences of activation patterns in all
recordings and indicated a strong correlation between recurrence plot threshold and
AF cycle length. Prolonged AF duration was associated with shorter repetitive pattern
duration [mean maximum duration 3 wkAF: 74 cycles, 95% confidence interval (54–94)
vs. 22 wkAF: 41 cycles (21–62), p = 0.03], and smaller recurrent regions within repetitive
patterns [3 wkAF 1.7 cm2 (1.0–2.3) vs. 22 wkAF 0.5 cm2 (0.0–1.2), p = 0.02]. Both
breakthrough patterns and re-entry were identified as repetitive conduction patterns.
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Conclusion: Recurrence plots provide a novel way to delineate high-density contact
mapping of AF. Dominant repetitive conduction patterns were identified in a goat model
of sustained AF. Application of the developed methodology using the new generation of
multi-electrode catheters could identify additional targets for catheter ablation of AF.

Keywords: atrial fibrillation, mapping, recurrence plots, repetitive conduction patterns, mechanisms

INTRODUCTION

During atrial fibrillation (AF) electrical conduction patterns in
the atria are divers, variable, and often complex. The complexity
of these wave front patterns, i.e., the number of waves that
propagate through the atria during each AF cycle, typically
increases with AF duration (Allessie et al., 2010). Catheter
ablation of AF aims at isolation of triggers for AF and at
elimination of a dominant electrical mechanism that initiates
or sustains AF. Current success rates of various approaches
to catheter ablation of AF in patients show that there is
a need to systematically identify additional targets besides
the pulmonary veins (PV), especially in patients undergoing
redo procedures after initially successful PV isolation. Several
candidate mechanisms, associated detection algorithms, and
ablation strategies have been proposed and applied in the last
few decades, but this has not yet led to significantly improved
long-term ablation outcome (Verma et al., 2015; Wong et al.,
2015).

Proposed candidate sources of AF often show a high degree
of repetitiveness. Repetitive focal patterns of activation detected
in high-density mapping have been reported in patients with
persistent AF (Holm et al., 1997; Lee et al., 2015), but others
found repetitive focal events to be rare (de Groot and Allessie,
2019). Highly repetitive microreentrant sources were found using
optical mapping, both in sheep (Mandapati et al., 2000) and in a
small diverse set of human explanted hearts (Hansen et al., 2015),
but also using panoramic contact mapping (Swarup et al., 2014).
Other studies suggest more unstable spatiotemporal behavior of
reentrant circuits, driven by an underlying stochastic process
of wave generation (Dharmaprani et al., 2019) or clustered
at the borders of fibrotic atrial regions (Haïssaguerre et al.,
2016). Repetitive AF sources were also identified in several
anatomical locations with a more general approach based on high
electrogram morphology similarity and short AF cycle length
(Ravelli et al., 2012, 2014).

Repetitive conduction is also to be expected in the vicinity of
such local drivers. A local source may not always conduct 1:1
to its vicinity but this region is nonetheless expected to exhibit
repetitive conduction patterns driven by the source. The presence
of repetitive patterns in a region of the atria may furthermore
reveal a structure-function relationship at that site, impacted by
atrial anatomy (Hansen et al., 2015; van Hunnik et al., 2018)
or by structural remodeling associated with AF (Verheule et al.,
2010; Maesen et al., 2013). A repetitive pattern may also be the
precursor to (spontaneous) termination of AF (Ortiz et al., 1993),
or give an indication of the overall state of atrial conduction,
i.e., the dynamics of linking of conduction between consecutive
activations in different atrial regions (Gerstenfeld et al., 1992).

Therefore techniques to reliably identify repetitive conduction
patterns can be very instrumental, particularly in the light of
recent advances toward electro-anatomical mapping tools with
increased spatiotemporal resolution.

In this paper we introduce a method to analyze the incidence
and characteristics of repetitive conduction patterns in contact
mapping of AF using a recurrence plot, a well-established
technique to study the dynamics of complex non-linear systems
(Marwan et al., 2007). We demonstrate the ability of this
novel computational tool to detect and quantify repetitive
conduction patterns in high-density epicardial mapping in a
goat model of AF.

MATERIALS AND METHODS

High-Density Contact Mapping in a Goat
Model of AF
In this study we made use of a retrospective dataset, comprised
of baseline measurements from a drug provocation study in two
groups of 8 goats, in which AF was induced by left atrial burst
pacing and maintained for either 3 weeks (3 wkAF) or 22 weeks
(22 wkAF). High-density contact mapping was performed
during an open-chest experiment, using a 249-electrode circular
mapping array (2.4 mm inter-electrode distance, sampling
frequency 1039 Hz). One-minute recordings of unipolar atrial
electrograms were made simultaneously on the right atrial (RA)
and left atrial (LA) epicardial wall. Further experimental details
can be found in van Hunnik et al. (2018). The study protocol was
approved by the local ethics committee and complied with the
Dutch and European directives.

Recurrence Plot Construction to
Visualize Repetitive Pattern Incidence
Recurrence plots provide a general way to visualize and analyze
the temporal behavior of complex non-linear dynamical systems
(Marwan et al., 2007). It requires the definition of a phase-space
trajectory of the dynamical system and a distance function that
measures the similarity or distance between any pair of time
points on the trajectory. A recurrence then occurs when the
distance between two points in time is below a certain threshold.
The recurrence rate RR is defined as the fraction of detected
recurrences over all comparisons.

We adapted this general definition of recurrence plots to
the analysis of atrial electrograms and conduction patterns. The
approach is illustrated in Figure 1 on a recording of beats that
were regularly paced from four cardinal directions. First, unipolar
atrial electrograms were transformed to activation-phase signals
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FIGURE 1 | Recurrence plot construction. Block diagram and example of recurrence plot reconstruction for a recording of a paced rhythm. Unipolar electrograms
were annotated, converted to activation-phase signals and used to create activation phase snapshots. Next, the distances δi,j between all pairs of snapshots (i,j)
were used to construct a distance matrix. The distance threshold δmax was computed based on the maximum recurrence rate per AF cycle RRmax (default
RRmax = 1) and applied to the distance matrix to construct a recurrence plot. Consecutive recurrences were eroded, removing false positives from the recurrence
plot. HD, high density; LA, left atrium; PCL, pacing cycle length.

by local activation time annotation, employing a previously
published algorithm that assigns local atrial deflections to
maximize the likelihood of atrial deflection intervals given an
estimated AF cycle length distribution (Zeemering et al., 2012).
Activation-phase signals (in the range [−π, π)] were constructed
by linear interpolation, taking the local activation time as the
moment of phase inversion. The phase-space was then defined

as the snapshot of the activation-phase of all mapping array
electrodes at individual time points. This snapshot can be
interpreted as still frame of the local conduction pattern at a
given time point. The distance δi,j between two time points i
and j on the phase-space trajectory was determined based on the
phase angle difference at every electrode, by taking the average
of the cosine of each difference, transformed back to a fraction
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of the activation-phase duration of a single AF cycle (2π). This
distance measure was chosen so that the range of differences
between two snapshots [(−2π, 2π)] was mapped appropriately:
maximum similarity occurred at differences (0, −2π, and 2π),
while maximum dissimilarity occurred at π and −π. This also
meant that the distance between two snapshots was always
symmetric. The resulting distance measure ranged from 0 (two
snapshots that were completely in phase) to 0.5 (two snapshots
that were half an AF cycle length out of phase).

This transformation of electrograms to activation-phase
snapshots, also known as the phase-space embedding, together
with the distance function was subsequently used to create a
distance matrix in which all activation-phase snapshots within a
recording were compared. The distance matrix was transformed
to a recurrence plot by imposing an adaptive maximum distance
threshold δmax. The distance threshold δmax can be interpreted
as the maximum degree to which two snapshots were allowed
to be out of phase for a recurrence to occur. This threshold was
computed by requiring the recurrence plot to have a recurrence
rate that corresponded to a maximum recurrence rate per AF
cycle RRmax. Default value for RRmax was set to 1, equivalent
to the recurrence rate per AF cycle that would occur if a
single conduction pattern were repeating for the whole length
of the recording. The resulting δmax and recurrence rate of the
recurrence plot therefore depended on the AF cycle length, the
number of time points in the recording, and the distribution
of distances in the distance matrix. A formal definition of
the distance matrix, recurrence plot construction, and distance
threshold computation is provided in the section “Distance
Matrix and Distance Threshold Computation” of Supplementary
Methods. Note that this choice for the threshold constituted a
sensitive detection of recurrences, which on the one hand ensured
that completely regular patterns were detected correctly, but on
the other hand also caused false positive recurrence detections
(also known as false nearest neighbors in recurrence plot analysis)
in recordings with a lower degree of regularity.

Recurrence Plot Analysis to Detect
Repetitive Patterns
Recurrence plots were analyzed to detect the incidence and
duration of repetitive patterns. There are a few general features of
a recurrence plot that are worth mentioning here. A recurrence
plot is always symmetric as it compares all pairs of snapshot
within a recording in both directions of time, past and future.
The main diagonal represents the comparison of a snapshot with
itself and hence is always recurrent. A repeating conduction
pattern will form a sequence of consecutive recurrences, i.e., if
two activation-phase snapshots are similar, these two snapshots
will also be similar when shifted equal (small) amounts in time.
This phenomenon is visible in a recurrence plot as a diagonal
line (Marwan et al., 2007). A conduction pattern that repeats
consistently for several consecutive AF cycles will show up in
the recurrence plot as a square block of diagonal lines around
the main diagonal. Due to the sensitive detection of recurrences,
diagonal lines may exhibit some “thickness” when the distance
between consecutive activation-phase snapshots still falls within

the imposed threshold, which leads to aforementioned false
positive recurrences. In our analysis this effect was removed
by eroding the recurrence plot, effectively replacing consecutive
horizontal or vertical snapshot recurrences by a single recurrence
at the time point with minimum distance.

The resulting eroded recurrence plot was then used to detect
intervals that contained repetitive patterns, as illustrated in
Figure 2. These intervals were detected by an algorithm that
traversed the main diagonal of a recurrence plot and computed
the recurrence rate per AF cycle in square blocks of increasing
duration around the diagonal at each time point. Recurrence rate
was again normalized to the AF cycle length, so that a value
of 1 indicated a single recurrence occurring each AF cycle on
average. For each time point we stored the duration of the interval
that was formed by the square block in the recurrence plot with
the maximum recurrence rate. Intervals that contained repetitive
patterns were defined as local maxima in the interval duration,
with a minimum recurrence rate per AF cycle RRmin. The default
value of RRmin was set to 0.9, corresponding to an average of
0.9 recurrences per AF cycle, to account for short-lasting pattern
interruptions and small deviations in AF cycle length. In case of
two identified intervals with more than 50% overlap in time, the
interval with the longest duration was selected.

Clustering of Similar Repetitive Patterns
To investigate which identified intervals on the main diagonal
of the recurrence plot containing repetitive patterns represented
similar or distinct activation patterns, patterns were grouped
based on the cross-recurrence rate between intervals. Cross-
recurrence rate between two intervals was determined by
computing the recurrence rate in the rectangular block in the
recurrence plot formed by the respective intervals. The resulting
interval similarity matrix, describing the cross-recurrence rate
between all pairs of intervals containing repetitive patterns,
was clustered using agglomerative hierarchical clustering, a
commonly used clustering technique that builds a tree of linked
pairs of most similar intervals using a bottom-up approach
(Hastie et al., 2009). Groups of similar patterns were extracted
from the hierarchical cluster tree using the same recurrence rate
threshold RRmin applied in the detection of repetitive patterns.

Repetitive Pattern Visualization
Repetitive (clustered) patterns were visualized by computing
the average of activation-phase snapshots corresponding to
recurrences on a vertical line within the corresponding intervals
in the recurrence plot. The average activation-phase snapshot was
converted to an average activation time map using the estimated
AF cycle length, setting the earliest activation time to zero. To
identify spatial regions within the mapping array that contributed
most to the recurrent behavior of the average pattern, a heat map
was constructed that indicated the average recurrent activation-
phase distance δ

p
k for a pattern (p) for each electrode (k) separately

(see section “Average Pattern Activation-Phase Distance” in
Supplementary Methods). The size of the most recurrent region
was defined as the area covered by electrodes with an average
activation-phase distance below the computed adaptive distance
threshold δmax, or a fixed time difference threshold 1t, after
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FIGURE 2 | Repetitive pattern detection. Intervals containing repetitive patterns were detected by traversing the main diagonal of the recurrence plot and computing
the duration of the square block surrounding the diagonal with the maximum recurrence rate at each time point. Intervals with peak duration and a recurrence rate
above a minimum recurrence rate per AF cycle RRmin (0.9) were selected. In the four detected intervals the average activation time map was constructed,
representing the original four pacing directions. For each pattern a heat map was constructed that indicated the average recurrent activation-phase distance δ

p
k for a

pattern (p) for each electrode (k) separately. From this heat map the pattern size was computed by determining the area of the electrodes with δ
p
k < δmax. In this

example of a paced rhythm the repetitive patterns were very consistent: almost all electrodes contributed to the repetitive pattern with an average activation-phase
distance below the distance threshold. HD, high density; LA, left atrium; PCL, pacing cycle length.

converting the average activation-phase distance per electrode to
a time difference by multiplying δ

p
k by the AF cycle length.

Statistics
Based on the recurrence plot analysis we determined for
each individual recording the adaptive distance threshold δmax,
the number and duration of intervals containing repetitive
patterns and clusters of similar patterns, and the size of
most recurrent region. Sensitivity analysis was performed to
assess the effect of the thresholds RRmax and RRmin on
the detection of repetitive patterns (see section “Sensitivity
Analysis” in Supplementary Methods). Differences between 3
and 22 wkAF and LA and RA were tested using mixed ANOVA,
employing a significance threshold of 0.05. Correlations between
parameters were computed using Spearman’s rank correlation
coefficient, controlling for AF group and atrium. Algorithms
for recurrence plot construction and repetitive pattern detection
were implemented in MATLAB (2019). Statistical tests were

performed using R (R Core Team, 2019) and the package
emmeans (Lenth, 2020).

RESULTS

Application to High-Density Recordings
of AF
The procedure of electrogram activation-phase and snapshot
distance matrix computation, recurrence plot construction and
repetitive pattern detection was applied to recordings during AF
in the goat model. The result of this automated analysis scheme
in simultaneous left and right atrial recordings in a single animal
is illustrated in Figure 3. Intervals containing repetitive patterns
are indicated as red square blocks around the diagonal. For both
atria, the detected intervals were clustered into groups of similar
patterns, of which the three clusters with the longest combined
duration (in AF cycles) are shown. For each clustered pattern the
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FIGURE 3 | Example of repetitive pattern detection in simultaneous left (LA) and right (RA) atrial recordings. For both locations the recurrence plot and interval
detection (red blocks) are depicted. Those intervals are shown that belong to the three clustered patterns with longest duration (in cycles). Cross-recurrence
between intervals belonging to the same cluster is indicated in blue in the recurrence plot. The average activation pattern for each pattern is illustrated, together with
the heat map of the average activation-phase distance per electrode.

average activation time map was determined together with the
heat map of the average activation-phase distance per electrode.
In this case the right atrium showed a repetitive pattern for
many cycles (227), a wave entering from the northeast of the
mapping area, alternated with a different pattern (71 cycles),
again a wave entering the field of view, but now from the
southeast. The third pattern resembled the first, but the distance
heat map indicated a more variable pattern at the entrance point
of the wave. In contrast, at the same time in the left atrium,
the three most prevalent patterns were short lasting, with 32,
28, and 27 cycles, respectively. Here the first pattern represented
two peripheral waves that collided in the center of the mapping
area, and the second and third repetitive focal/breakthrough
waves at distinct locations. The heat maps of the patterns in
the left atrium indicated a more variable or unstable pattern
compared to the right.

Sensitivity Analysis of RRmax and RRmin
First, we varied RRmax between 0.25 and 2, around the default
value of 1, and quantified the effect on the recurrence plot
construction: the distance threshold δmax and the recurrence

rate of the eroded recurrence plot. We also evaluated the
effect of RRmax on the detection of repetitive patterns (keeping
RRmin fixed at the default value 0.9): number of intervals,
maximum duration of an interval, maximum pattern duration
and pattern size (using the adaptive distance threshold δmax
that is determined by the choice of RRmax). We repeated
this analysis for a range of fixed δmax. Results show that
most parameters are moderately affected by changes in RRmax.
Recurrence plot parameters show an approximately linear
response (Supplementary Figures 1A,B), while the parameters
related to the detection of repetitive patterns show either a
linear (maximum interval and pattern duration), a weak biphasic
(number of intervals), or almost no response (pattern size)
(Supplementary Figure 2). In contrast, using a range of fixed
δmax [0.1, 0.25] that corresponded to the range of observed values
for the δmax computed from RRmax, we observed a much stronger,
non-linear response in the eroded recurrence plot recurrence
rate (Supplementary Figure 1C) and the pattern detection
parameters (Supplementary Figure 3). Supplementary Figure 4
provides an example of recurrence plot construction and
repetitive pattern detection for varying values of RRmax.
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FIGURE 4 | Recurrence detection results in 3 and 22 wkAF goats. (A) Correlation between AF cycle length (AFCL) and the adaptive distance threshold δmax, and
maximum pattern duration per recording in AF cycles. (B) Variety of number of detected intervals containing a repetitive interval and clustered patterns compared to
the total recording coverage. Only clustered patterns with a combined duration exceeding 10 AF cycles were included. (C) Average size of the most recurrent
pattern region within each recording, computed using the adaptive distance threshold δmax (left) and a fixed maximum time difference 1t (10 ms) applied to the
average activation time difference between pattern recurrences (right).

Second, we varied RRmin between 0.5 and 1.5, while keeping
RRmax fixed at RRmax = 1. Results show that choices for RRmin
close to the default value 0.9 do not change the qualitative
interpretation of the results of the pattern identification, most
notably for the maximum duration of patterns and the pattern
size (Supplementary Figure 5).

Repetitive Patterns in a Goat Model of
Different AF Duration
Using RRmax = 1 and RRmin = 0.9, repetitive pattern detection
was performed in all recordings at baseline in the two groups of
3 and 22 wkAF goats to investigate the incidence of repetitive

patterns and to detect any potential differences in recurrence
characteristics associated with AF duration and atrium. Our main
results are summarized in Figure 4. The computed distance
threshold δmax was strongly correlated with the AF cycle length
(correlation −0.62, p< 0.01, Figure 4A). The maximum duration
(in number of AF cycles) of clustered patterns was longer
in 3 wkAF than in 22 wkAF (mean maximum duration 74
cycles [95% confidence interval (54–94) vs. 41 (21–62) cycles,
p = 0.03]. In Figure 4B we illustrated the diversity in the
number of intervals that contained repetitive patterns, as well
as the total duration of these intervals during a recording. We
observed a wide variety of interval incidence and prevalence,
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FIGURE 5 | Examples of AF mechanisms detected using recurrence analysis. Two conduction patterns associated with candidate AF mechanisms are depicted: an
intermittent, unstable local re-entry within the mapping area (left) and a repetitive focal/breakthrough wave (right). Intervals containing recurrent patterns are
indicated in red blocks, while cross-recurrences between clustered intervals are indicated in blue. The average activation pattern for each pattern is illustrated,
together with the heat map of the average activation-phase distance per electrode and the average conduction direction during the pattern duration.

from recordings that showed a low number of intervals that
covered only a small portion of the recording duration, to
recordings with a small to large amount of intervals that
covered almost the entire recording. The number of patterns,
where multiple intervals could be grouped into one clusters
representing a single pattern, compared to the total coverage of
the recording showed similar diversity. Here we only included
clusters of patterns where the total duration of the combined
intervals exceeded 10 AF cycles. The average size of the most
recurrent region per recording (Figure 4C) was slightly smaller
in the right atrium [mean size LA 10.9 cm2 (10.0–11.4) vs. RA
9.5 cm2 (8.8–10.3), p = 0.03], when computed based on the
number of electrodes with an average activation-phase distance
below the adaptive distance threshold δmax. Pattern region size
was much smaller when applying a fixed maximum activation
time difference threshold 1t of 10 ms between recurrences in
detected patterns. Here, differences were found between 3 and
22 wkAF [3 wkAF 1.7 cm2 (1.0–2.3) vs. 22 wkAF 0.5 cm2 (0.0–
1.2), p = 0.02]. Sensitivity analysis of 1t indicated that this

difference in regions with low average temporal dissociation
was consistent for values of 1t between 10 and 30 ms
(Supplementary Figure 5B).

Examples of Mechanisms Detected by
Recurrence Analysis
In Figure 5 we show two examples to illustrate how this method
can detect and visualize candidate AF source patterns. These
were selected recordings from the same study in goats, but
during infusion of different dosages of the antiarrhythmic drug
used. The first example shows a recording that started with a
peripheral wave entering from the east (pattern 2), but then
switched to a local re-entry within the mapping area (pattern
1). Pattern 2 returned after a while, but was intermitted by
other, less stable and frequent patterns. Then pattern 3 arose,
again a local re-entry within the mapping area, comparable to
pattern 1, but following a slightly different trajectory. Finally
pattern 1 reappeared, followed by pattern 3. The dominant
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conduction direction per electrode for each of the patterns
confirmed their interpretation. The second example shows an
extreme case of a repetitive focal/breakthrough wave, where
the most spatiotemporal stable pattern (pattern 1) appeared
intermittently for a total of 191 cycles. In this example the other
intermittent patterns (patterns 2 and 3) were very similar to
pattern 1, and only differed slightly in the variation of the radial
spread of activation, as indicated by the activation-phase distance
heat maps. The dominant conduction direction per electrode for
each of the patterns highlights this radial spread originating from
the site of the focus/breakthrough activation.

DISCUSSION

We developed a method to automatically identify repetitive
patterns of conduction in high-density mapping of AF. This
method can be used to detect the incidence of time intervals
containing repetitive patterns, to group intermittent intervals
that exhibit similar repetitive patterns, and to visualize these
distinct patterns to interpret the mechanism the conduction
pattern represents. As an application, repetitive conduction
patterns were identified in HD mapping recordings in a goat
model of sustained AF, where we identified repetitive patterns
in almost all recordings. We also show that the maximum
duration of repetitive patterns and the size of the regions
containing the most dominant repetitive pattern decreased with
prolonged AF duration.

Recurrence Analysis as a Tool to Identify
Repetitive Patterns During AF
Recurrence analysis has been applied to investigate AF
characteristics in invasive measurements, based on single
electrode bipolar electrogram morphology. Recurrence plots
were used to assess the degree of organization present during
AF (Censi et al., 2000). Recurrence quantification analysis
was applied to detect complex fractionated atrial electrograms
(Navoret et al., 2013), to quantify the dynamics of beat-to-beat
deflection morphology similarity at several locations in the left
and right atrium (Ng et al., 2014), and to distinguish spiral wave
reentry from multiple wavelets in bipolar electrograms (Hummel
et al., 2017). Recurrence plots derived from consecutive AF
cycle lengths from an electrogram recorded in the coronary
sinus suggested that the underlying AF process is deterministic,
rather than stochastic (Aronis et al., 2018). Also alternative
methods for the detection of local bipolar electrogram regularity
were proposed, again using electrogram morphology, but
also by integrating electrogram coupling to quantify local
organization (Faes and Ravelli, 2007), or by quantifying the
repetitiveness of the pattern of complex fractionated atrial
electrograms using frequency domain parameters (Ciaccio
et al., 2011). The use of a single electrode and bipolar
electrograms, however, limits the amount of spatiotemporal
information that can be incorporated in the assessment of
the dynamics of the underlying recurrent conduction pattern.
In our approach we aimed to not only include temporal
dynamics, but also detailed local spatial coherence, by analyzing

electrograms from a high-resolution grid of electrodes. Our
approach further relies on unipolar electrograms that are
insensitive to the direction of conduction. We adopted an
activation-phase representation of the electrograms to enable
the computation of the distance, or difference, between two
snapshots of conduction in time. Other approaches may
also be chosen to arrive at this phase-space representation
of the conduction patterns, for instance methods that rely
on the Hilbert transform of the filtered electrogram (Kuklik
et al., 2015). Caution should be applied, however, when
interpreting the resulting averaged activation-phase patterns,
as these approaches tend to blur the true underlying activation
patterns, which can lead to the elimination of conduction block
(Podziemski et al., 2018).

Interpretation and Implications of the
Adaptive Recurrence Threshold
In our approach we adopted an adaptive distance threshold to
transform the distance matrix that describes the difference in
activation-phase between each pair of snapshots, to a recurrence
plot, that only contains the moments in time when two
conduction patterns are sufficiently in phase. The choice for a
recurrence plot threshold has to be made carefully: applying a too
restrictive threshold will not identify existing recurrences and can
lead to the detection of many short, interrupted intervals; a too
tolerant threshold will lead to many false positive recurrences,
that obscure the underlying structure of the recurrence plot
(Marwan, 2011). There are several approaches to choosing a
recurrence threshold (Zbilut et al., 2002). We used the a priori
knowledge of the AF cycle length to choose a threshold that
led to a number of recurrences that was to be expected if the
underlying pattern was completely regular and repetitive for
the whole duration of the recording. In the case of AF this
threshold was often too tolerant, which led to sensitive, but not
specific detection of recurrent snapshots. The post processing
of the resulting recurrence plot, together with the constraints
imposed on the detection of repetitive patterns, ensured that
these false positives detections were disregarded. Sensitivity
analysis indicated that this approach to compute an adaptive
distance threshold is a relatively robust choice compared to
setting a fixed distance threshold: a small change in RRmax led
to relatively small and predictable change in δmax and associated
pattern detection results, whereas changes in a fixed δmax, that
was applied to all recordings, led to much more pronounced and
unpredictable changes in pattern detection results.

A higher recurrence threshold that still leads to the detection
of intervals that contain repetitive intervals can indicate two
things: either repetitive patterns are more variable, but still stand
out from other intervals with even more disorganized activity,
and/or the spatial region within the mapping area where the
repetitive pattern is localized is smaller. The application of our
method on the goat model data revealed that the threshold is
strongly associated with the AF cycle length. This correlation
indicated less stable or smaller repetitive patterns in recordings
with shorted AF cycle lengths, which corroborates the findings
of Schuessler et al. (1992) where in a cholinergic model of
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AF the shortening of the effective refractory period (and cycle
length) resulted in an increased number of wave fronts and local
re-entry circuits.

Repetitive Patterns in AF
Applying the developed methodology to recordings in a goat
model of AF, we found that there was a large diversity both in the
number of repetitive patterns as well as in the total duration of
the recording covered by repetitive patterns. Stability of patterns,
however, seemed to decrease with AF duration, with a lower
maximum pattern duration in 22 wkAF. The size of the region
within the mapping area responsible for the recurrent behavior
did also decrease with AF duration (using a fixed threshold
of 10ms for the maximum allowed activation time difference
between recurrences). This suggests that, while repetitive patterns
are still present, the size of the repetitive process becomes smaller
with prolonged AF duration. This is largely in line with findings
in a comparable goat model of AF (Verheule et al., 2010).
Interestingly we observed switching between different repetitive
patterns in several of the examples (Figures 3, 5). This suggests
the existence of different states of the atrial conduction during AF,
and sudden transitions between these states, as also observed in
simulations of AF (Iravanian and Langberg, 2017; Marcotte and
Grigoriev, 2017).

In this study we analyzed mapping data from the epicardium
of both atria. Since conduction during AF is a 3D process,
signals measured simultaneously on the endocardial wall may
show some degree of uncoupling (Eckstein et al., 2013; Gutbrod
et al., 2015; de Groot et al., 2016). Independent epi-endocardial
repetitive patterns might point to separate drivers in the two
layers. It would be of great interest to further investigated whether
epi-endocardial coupling occurs during episodes of repetitive
activity. Furthermore, electrode array resolution has been shown
to significantly impact AF driver identification (Roney et al.,
2017). Computation modeling of AF can help to investigate the
effect of 3D conduction, dissociation and mapping device on
pattern detection, providing that the model incorporates the 3D
nature of the atrial anatomy and bundle structure, and exhibits
epi-endocardial dissociation to an extent that 3D conduction
patterns can be simulated [see for instance (Gharaviri et al.,
2020)].

Recurrence Analysis to Identify and
Target AF Sources
The detection of AF sources during an AF ablation is a possible
extension of the current approach. The examples in Figure 5
show that our approach – in principle – can detect and visualize
local candidate mechanism that may drive or initiate AF (e.g.,
a local re-entry or a repetitive focal/breakthrough wave). In
patients, ablation of such driver sites may restore sinus rhythm
or prevent AF recurrence. As a future perspective, during an
ablation procedure, several regions of the atria could be mapped
sequentially and repetitive patterns can then be reconstructed
for each region. With the use of a common reference, or
spatial overlap between asynchronous recordings at different
sites, repetitive patterns can be “stitched” together to form a

more complete picture of whole atrial repetitive conduction.
A similar approach was recently demonstrated in the RADAR
trial (Choudry et al., 2020), where a catheter placed in the
coronary sinus (CS) served as the common reference. A potential
limitation of that specific setup is that intervals containing
repetitive patterns were detected using only the electrograms
from the CS catheter. In contrast, identification of repetitive
patterns at partially overlapping sites also enables the detection
of candidate AF drivers that do not lead to repetitive electrogram
morphology in the CS. Multi-site identification of repetitive
patterns will, however, require recordings with longer duration
than currently acquired during an ablation procedure, together
with a sufficient incidence and duration of repetitive patterns.

LIMITATIONS

The result of the recurrence plot construction and repetitive
pattern detection were dependent on the chosen phase-space
embedding (local activation-phase computation) and recurrence
rate thresholds RRmax and RRmin. Optimal embedding and
threshold values were not investigated in this study. Sensitivity
analysis of RRmax and RRmin indicated that results obtained in
the goat model of AF were moderately insensitive with respect
to the exact choice for these thresholds. Recordings evaluated
in this study were from a goat model of AF, where although
AF was persistent, the amount of structural remodeling was
most likely limited and the differences between groups subtle.
A similar study in patients in different stages of AF (paroxysmal
and persistent) is needed to investigate the relationship between
AF duration and associated structural remodeling and repetitive
pattern incidence and size.
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Background: Conduction velocity (CV) heterogeneity and myocardial fibrosis both
promote re-entry, but the relationship between fibrosis as determined by left atrial (LA)
late-gadolinium enhanced cardiac magnetic resonance imaging (LGE-CMRI) and CV
remains uncertain.

Objective: Although average CV has been shown to correlate with regional LGE-CMRI
in patients with persistent AF, we test the hypothesis that a localized relationship exists
to underpin LGE-CMRI as a minimally invasive tool to map myocardial conduction
properties for risk stratification and treatment guidance.

Method: 3D LA electroanatomic maps during LA pacing were acquired from eight
patients with persistent AF following electrical cardioversion. Local CVs were computed
using triads of concurrently acquired electrograms and were co-registered to allow
correlation with LA wall intensities obtained from LGE-CMRI, quantified using normalized
intensity (NI) and image intensity ratio (IIR). Association was evaluated using multilevel
linear regression.

Results: An association between CV and LGE-CMRI intensity was observed at scales
comparable to the size of a mapping electrode: −0.11 m/s per unit increase in NI
(P < 0.001) and −0.96 m/s per unit increase in IIR (P < 0.001). The magnitude of
this change decreased with larger measurement area. Reproducibility of the association
was observed with NI, but not with IIR.

Conclusion: At clinically relevant spatial scales, comparable to area of a mapping
catheter electrode, LGE-CMRI correlates with CV. Measurement scale is important in
accurately quantifying the association of CV and LGE-CMRI intensity. Importantly, NI,
but not IIR, accounts for changes in the dynamic range of CMRI and enables quantitative
reproducibility of the association.

Keywords: LGE-MRI, image segmentation, fibrosis, electro anatomical mapping, conduction velocities, Atrial
fibrillation, left atrium
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INTRODUCTION

Success rates of catheter ablation for persistent AF is hindered
by our poor understanding of the underlying mechanisms
of AF persistence. Central to improving this understanding
is the relationship between local myocardial conduction
properties and the underlying tissue architecture, determined
clinically by estimating myocardial fibrotic burden using late-
gadolinium enhanced cardiac magnetic resonance imaging
(LGE-CMRI). The challenges to determining this relationship
are in part due to limitations and inconsistencies in the
acquisition, interpretation and the registration of high-resolution
imaging and electroanatomic mapping (EAM) data to allow
correlative analyses.

It has previously been established that an electro-architectural
relationship exists between myocardial fibrosis and CV on a
regional and whole-heart level (Badger et al., 2009; Fukumoto
et al., 2016). However, if such a relationship exists on a localized
level, LGE-CMRI may fulfill its potential as a non-invasive tool to
map myocardial conduction properties for risk stratification and
treatment guidance.

Current 3D EAM systems with high-density multi-electrode
contact mapping catheters can provide detailed spatio-
temporal information on the functional behavior of the
endocardium. Local CV can give a clear interpretation of
underlying tissue health and identify the presence of non-
conducting fibrotic tissue through the analysis of wave-front
propagation patterns (Spach and Kootsey, 1983; Tanaka et al.,
2007). The accurate evaluation of local CV requires invasive
contact mapping with subsequent laborious post-processing of
acquired electrograms.

Late-gadolinium enhanced cardiac magnetic resonance
imaging is a well-established non-invasive technique to
visualize myocardial fibrosis and has been corroborated with
histomorphometric validation (Schmidt et al., 2007). Fibrotic
atrial imaging has had mixed success due to the current limits
of MRI resolution, the patchy nature of atrial fibrosis and
difficulties in inter-patient scar-thresholding. As a consequence,
several post-processing algorithms and intensity normalization
approaches have been developed to improve the robustness
of LA fibrosis-mapping from LGE-CMRI (Pontecorboli et al.,
2017). Although the extent of enhancement has been associated
with conventional markers of atrial structural remodeling
such as LA dimension (Habibi et al., 2015), and clinical
outcomes following catheter ablation (McGann et al., 2011),
there is continued uncertainty surrounding the exact nature
and pathological state of the atrial myocardium delineated by
high-intensity regions.

We sought to test the hypothesis that a systematic
and objective approach to the acquisition and spatial
correlation of CV and LGE-CMRI data can define a
reproducible electro-architectural relationship at clinically
relevant scales.

Abbreviations: CL, Cycle length; CV, Conduction velocity; EAM, Electro
anatomical mapping; IIR, Image Intensity Ratio; LGE-CMRI, Late gadolinium
enhanced cardiac MRI; NI, Normalized Intensity.

MATERIALS AND METHODS

A diagram showing the key steps of the data collection and
analysis methodology used in the study is shown in Figure 1.

Study Population
Patients with symptomatic persistent AF (based on the
classification of AF by published guidelines from the
AHA/ACC/HRS/ESC) presenting for their first ablation to
Imperial College Healthcare NHS Trust were prospectively
enrolled. The study was approved by the Local Research and
Ethics Committee for Imperial College Healthcare NHS Trust
and written informed consent was obtained from each patient.
Patients with contraindications to undergoing LGE-CMRI were
excluded from the study.

Data Acquisition
Each patient underwent LGE-CMRI prior to the ablation
procedure. MRI acquisition was performed using a 1.5T Philips
Achieva MR system, and a 5- or 32-element phased-array cardiac
coil. LGE-CMRI was performed in the axial orientation 12–
20 min following the 20 ml bolus of gadobenate dimeglumine
contrast agent, using an ECG triggered, free-breathing navigator-
gated whole heart 3D spoiled gradient echo acquisition sequence.
Resolution was at 1.5 × 1.5 × 4 mm and reconstructed to
1.25 × 1.25 × 2 mm. Complete LA coverage was obtained
with 40–50 slices. Data were acquired within a window of 100–
150 ms within each R-R interval depending on heart rates, with
a low-high k-space ordering and spectral pre-saturation with
inversion recovery (SPIR) for fat suppression. The inversion
recovery delay was determined from a Look-Locker sequence,
with an inversion time chosen to null myocardial signal. MRI
scans were performed in patients in rate-controlled AF. To
assess the robustness and reproducibility of the methodology, two
patients (denoted throughout as patients G and H) underwent
two pre-ablation LGE-CMRI scans, 2 weeks apart.

Catheter ablation was performed within 2 weeks from the
LGE-CMRI scan. All anti-arrhythmic drugs were discontinued
for at least 5 half-lives, and amiodarone was discontinued at
least 60 days prior to the ablation procedure. All procedures
were performed in the post-absorptive state under general
anesthesia. Transesophageal echocardiography was performed
in all patients once anesthetized to exclude LA appendage clot,
and to subsequently guide transseptal puncture. A deflectable
decapolar catheter (InquiryTM, St Jude Medical, St. Paul,
MN, United States) was positioned in the coronary sinus to
record electrograms, pace the atrium, and serve as a temporal
reference. Single trans-septal punctures were performed using a
Brokenbrough needle through a fixed curve long-sheath (SL0, St
Jude Medical, MN, United States). Unfractionated heparin was
administered to achieve an activated clotting time of 300–350 s
throughout the procedure.

An impedance-based EAM system (NavX EnsiteTM Velocity,
St Jude Medical, MN, United States) was used. The LA geometry
and all subsequent data were acquired using a 20-pole (1 mm
electrodes) double-loop catheter (InquiryTM AFocusIITM, St Jude
Medical, MN, United States) with 4 mm electrode spacing. Before
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FIGURE 1 | Diagram of the analysis methodology. All patients undergo LGE-CMRI prior to the ablation procedure (patients G and H had 2 pre-procedural LGE-CMRI
to assess reproducibility of LA fibrosis-mapping). Prior to any ablation, LA EAM during pacing is performed. Localized CV is estimated from EAM data and
LGE-CMRI images are segmented to estimate fibrosis density. Data is co-registered and fused, after which statistical modeling is undertaken.

each acquisition, the AFocusII catheter was held tangentially to
the endocardial surface, enabling stable tissue contact. Patients
presenting in AF underwent external DCCV before any mapping
was conducted. Following the acquisition of the LA geometry,
high-density LA activation mapping was performed. The left
atrium was paced from one of more sites [i.e., the coronary sinus,
roof of left atrium and left atrial (LA) appendage] at pacing rates
of 250, 300, 350, and 600 ms. The pacing protocol included a
drive train of 8 beats to ensure that LA capture and activation
was consistent (avoiding latency and decrementation), and also
to facilitate the stability of AFocusII catheter at the particular site
of the left atrium that was being interrogated/mapped.

The LA was paced using a drive train protocol of 8 beats
from the coronary sinus, roof, and/or LA appendage. Unipolar
electrograms were recorded and displayed at filter settings of
0.5–100 Hz during the procedure, where the 20 recordings
together form a kernel as shown in Figure 2A. The electrode
positions were projected to the geometry by the EAM system
(Figures 2E,F). Electrodes more than 5 mm away from the
surface were disregarded.

Data were acquired at multiple locations on the LA, focused
mainly on the posterior endocardial wall where the highest
propensity of fibrosis was expected to be found (Cochet et al.,
2015). Local activation times (LATs) were calculated by the EAM
system relative to a reference electrode and assigned as the time
of the maximum negative gradient of the unipolar electrogram.
Electrograms were assessed post-procedurally by an experienced
Cardiac Electrophysiologist and those indicative of poor contact
or high noise were rejected. Following mapping, pulmonary vein

isolation was achieved. All patients were observed for a further
24 h prior to discharge. No complications were observed in this
cohort of patients.

MRI/EAM Segmentation and Registration
The LA epicardial surface on LGE-CMRI images was manually
segmented by an experienced Cardiac Radiologist, as shown
in Figure 2B, and the epicardial surface was extracted. The
EAM surface was co-registered to the MRI surface (Rueckert
et al., 1999; Studholme et al., 1999; Schnabel et al., 2001;
Ali et al., 2015). The accuracy of the registration process was
estimated by target registration error (Fitzpatrick and West,
2001). Projected EAM surface electrode positions were mapped
under the computed surface transformation to the MRI surface.
The operators performing the ablation procedure were blinded to
the generated LA scar-maps derived from the LGE-CMRI.

Local and Regional Conduction Velocity
Estimation
Conduction velocity (CV) was estimated both locally and
regionally. Regional CV was estimated by fitting a model of an
ideal circular propagating wavefront to the positions and LATs of
the 20 electrodes of a given kernel. Additionally, the wavefront
radius, r, and residual error, η, of the fit were calculated (Roney
et al., 2014). High η indicate that the wavefront is not sufficiently
smooth within the kernel. Kernels with η < 5 s/mm were rejected
as the wavefront violated the planarity assumptions required by
the local CV analysis below.
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FIGURE 2 | (A) EnsiteTM Velocity mapping system used for collecting endocardial electrograms. The LA was paced over a range of CLs and the acquired unipolar
electrograms are shown in the right panel. (B) LGE-CMRI axial slice with manual segmentation delineated in yellow (C) Illustrative patient-specific map NI.
(D) Illustrative patient-specific map of IIR for same patient as (C, E, F) Distribution of electrograms on the posterior and anterior walls of the LA, respectively.

The local CV is calculated using the principle of triangulation
which uses the differences in LATs across unique groups of
3 mapping electrodes (triads) and their interelectrode distance
(Kojodjojo et al., 2005). This approach provides accurate
estimates of velocities in areas of just a few mm (Badger
et al., 2009), but assumes planar propagating wavefronts
(Cantwell et al., 2014). Triads were only chosen between
concurrent recordings within the same kernel to avoid any
inter-beat variability of wavefront propagation. The minimum
interelectrode distance between any pair of electrodes in a triad
was constrained to be greater than the registration error.

Detection and Evaluation of Left Atrial
Wall Intensities From LGE-CMRI
Raw absolute LA wall image intensities were extracted from the
LGE-CMRI image as the maximum voxel intensity along a 3 mm
inward-facing normal from the segmented epicardial surface.

Left atrial wall LGE-CMRI intensities are acquired in arbitrary
units and their average brightness and dynamic range varies
between images, even between multiple scans of the same subject.
Local gadolinium uptake was quantitatively evaluated through
two intensity normalization techniques: (1) Normalized intensity
(NI) is calculated from the raw intensity by subtracting the mean
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intensity of the LA blood pool and dividing by the standard
deviation (SD) of the blood pool voxels (Kolipaka et al., 2005;
Fukumoto et al., 2016) Image Intensity Ratio (IIR) is calculated
as the ratio of raw intensity values and the mean intensity of
the LA blood pool (Khurram et al., 2014). Both these metrics
convert the raw intensities to quantities which can be compared,
and are routinely utilized in LA scar-mapping with LGE-CMRI
(McGann et al., 2011; Khurram et al., 2014; Fukumoto et al.,
2016). The mean and SD of the blood pool were calculated by
shrinking the segmented epicardial surface by 5 voxels (3 mm).
The average NI or IIR value on the area enclosed by each triad
of transformed electrode positions was then calculated (Ali et al.,
2014). A representative map of NI on the segmented surface is
shown in Figure 2C.

Reproducibility
A sub-group of two patients had two pre-ablation LGE-CMRI
scans, separated by 2 weeks. Segmentation, registration and
construction of the LA scar map were performed independently
on each image. A single EAM dataset was used per patient
for determining association. The data from each scan were
included in the statistical analysis as separate datasets. If the
image processing and registration methodology is reproducible,
the estimated association should not be significantly different
between the two scans of the same patient.

Statistical Analysis
Continuous variables are given as mean ± SD; categorical
variables are given as percentages. A linear mixed-effects model
was used to characterize the relationship between LA wall
intensity, using either NI or IIR, and CV. Likelihood-ratio tests
were used to compare if models, fit by maximum likelihood, were
significantly different. The inclusion of CL did not significantly
improve the model fit and was excluded from the final model.

A multilevel model was used to characterize the relationship
between LA wall intensity and CV. Multilevel models provide
a mechanism to account for, and quantify, variation in model
intercepts and slopes across patients and cycle lengths. The
association between normalized intensity, I, and CV, V was
modeled as

Vijk =
(
β0 + uj + vk

)
+

(
β1 + β2j

)
Iijk + εijk

where β0 is the overall intercept, and uj and vk are random
effects associated with patients and cycle lengths. β1 captures the
effect due to intensity and is the primary parameter of interest
in this study, representing the overall association between CV
and intensity across all patients and cycle lengths. The β2j values
represent per-patient random slopes; that is, the patient-specific
deviation from β1. Likelihood-ratio tests were used to compare if
models, fit by maximum likelihood, were significantly different.
The model reported here was statistically significant (p < 0.001)
compared to all other simpler models without random intercepts
or slopes. The inclusion of a random slope for cycle length did
not significantly improve the model fit.

Two-sided p-values with p < 0.05 were considered to
indicate statistical significance. Statistical analyses were

performed using R version 3.4.3 (The R Foundation for
Statistical Computing).

RESULTS

Study Population
Due to the large number of data points collected per patient
at multiple paced CL, a total of 8 patients provided sufficient
data for the purposes of this study. A summary of the clinical
characteristics is given in Table 1. Patients are denoted as A-H.

Data Quality
All EAM surfaces were registered to their corresponding
MRI surfaces for co-localization of image intensity with CV.
Average target registration errors were 3.08 mm (range 1.94–
5.71 mm).

A total of 267 kernels were acquired across all patients,
comprising a total of 5340 mapping points. In total 171 kernels
were rejected due to non-planarity of the underlying wavefront
(η < 5 s/mm). A total of 96 complete or partial kernels (mean 12
kernels/patient, range 2–13) remained. An average of 435 triads
were formed per kernel (range 1–1140 triads/kernel).

Distribution of Conduction Velocities and
Left Atrial Wall Intensities
An overview of the data used in this study is shown in Figure 3
and summary statistics for CV and NI for each patient are
given in Supplementary Table 1. The CV sampled across all
patients is given in Figure 3A. The mean CV was 0.85 m/s.
A representative example of the distribution of calculated CV
is shown in Figure 3B for a kernel from Patient H, paced at
a cycle-length of 600 ms, with the corresponding regional CV
estimate indicated by the red line. Good coherence between
the local and regional algorithms was observed across all
kernels in the study.

An example of the distribution of gadolinium enhancements
using NI (Patient H, second scan) is shown in Figure 3C. The
distributions of NI across the entire segmented atrial surface

TABLE 1 | Clinical demographics of patients.

Patient characteristics (n = 8)

Age (y) 62 ± 11

Male 5 (62.5)

Mean LA size on TTE (mm) 41 ± 6

MeanCHADS2 score 2.4 (0–5)

Mean left ventricular EF (%) 62 ± 8

Hypertension 3 (37.5)

Diabetes mellitus 1 (12.5)

Cerebrovascular disease 1 (12.5)

Coronary artery disease 2 (25)

History of heart failure 0 (0)

Duration of persistent AF (months) 19 ± 10.7

Anti-arrhythmic drug therapy 6 (75)

(beta-blocker, flecainide, and amiodarone)
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FIGURE 3 | (A) Distribution of CV measurements in the study. (B) Comparison of local CV measurement distribution with regional CV estimate (red dashed line).
(C) Distribution of sampled NI for patient H second scan and the density of NI across entire atrial surface for both scans.

for the first and second scans are shown by the red and blue
lines, respectively.

Influence of Triad Area
Triads were only formed within individual kernels from those
electrodes in good contact with the myocardium. Triad areas
ranged from 0.12 mm2 to 590 mm2. The change in CV per
unit increase in LGE-CMRI intensity, denoted β1, was measured
across all patients and CL. The effect of measurement area on
this slope was studied by binning triads by their area and fitting
the model to those triads within each bin separately. Bins were
chosen as 10 mm2 wide non-overlapping intervals in the range
0–160 mm2. Beyond this range there were insufficient data to
generate reliable statistical models. Figure 4 shows the change
in the slope with increasing triad area. The magnitude of the
slope was found to decrease with increasing area. To address the
hypothesis that CV is associated with LGE-CMRI enhancement,
specifically at small scales, only those triads with area <80 mm2

were considered for the remainder of the study.

Association of Localized LGE Intensity
With CV
Conduction velocity correlated with LGE-CMRI intensity
(slope = −0.104 m/s change in CV per unit increase of NI,
p < 0.001). The CV at 0 S.D. (model intercept) was 1.00 m/s,
which is within the expected physiological range of healthy
myocardium (Ramanathan et al., 2006; Cantwell et al., 2015). Per-
patient slopes and intercepts are shown in Figure 5A. Six of the
per-patient slopes are significantly different from the overall slope
(p-values < 0.05). Supplementary Figure 1 shows corresponding
CV and NI at each triad for all kernels from Patient G, scan 2.
The overall association and patient-specific association from the
statistical model are also highlighted.

No random effect relating CL with NI was included in the
model (based on the outcome of likelihood-ratio tests). Only one
CL (350 ms) had an intercept significantly different from the
overall intercept. Variations in the intercepts with CL were two
orders of magnitude smaller than the overall intercept, suggesting
there is negligible change in the relationship with respect to CL.

Reproducibility of LGE-CV Evaluation
For Patients G and H, who underwent two LGE-CMRI scans,
the images were independently segmented, registered with the
clinical data and fused to examine reproducibility. These are
shown as G1, G2, H1, and H2 in Figure 5A. For both patients,
the slope and intercept for the first and second scans did not differ
with statistical significance when using NI.

Comparison of Left Atrial Wall
Normalization (NI vs IIR)
Left atrial wall intensity was assessed using NI and IIR. The
statistical model was modified to also examine the relationship
between IIR with CV. This identified a change in CV of
−0.942 m/s per unit increase in IIR (p < 0.001). The CV was
estimated as 1.00 m/s at an IIR value of 1.0, which corresponds
to an NI value of 0 S.D. Per-patient slopes and intercepts for the
association of CV with IIR are shown in Figure 5B. As for NI, six
of the patients have slopes which are significantly different from
the overall slope. However, the confidence intervals are larger and
reproducibility is poor, as evidenced by a significant difference in
the random slopes of H1 and H2.

DISCUSSION

Main Findings
We have demonstrated a localized relationship between local
myocardial CV and LA wall LGE in patients with persistent AF
on clinically relevant scales comparable to a mapping catheter
electrode or ablation lesion. Higher normalized LA intensities
represent increased structural fibrotic remodeling and this
corresponds to slower CV. The overall estimate for the change
in CV with each unit increase in LA intensity was found to be
substantially larger in magnitude than previously reported over
larger spatial scales. Triad size was found to quantitatively affect
the slope, with larger area measurements reducing the magnitude
of the corresponding relationship. NI was identified to be a
more effective intra- and inter-patient measure of LA intensity
normalization compared to IIR, leading to increased confidence
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FIGURE 4 | Influence of measurement area on the overall β1 estimate for
association of CV with NI. Solid area denotes 95% confidence intervals.
Larger measurement areas lead to lower magnitude β1 estimate. The dotted
red line indicates final β1 estimate from present model for localized
measurements with areas <80 mm2. The dotted blue line indicates beta
estimate from Fukumoto et al1.

in the estimate of and improved intra-patient reproducibility.
There were no significant differences in the relationship across
multiple scans of the same patient.

Conduction Velocity and LGE-CMRI
Defined Fibrosis
Lower local CV were observed in LA regions with increased
fibrotic change as defined by the higher extent of gadolinium

enhancement. The conduction delay can be explained by
several underlying pathophysiological mechanisms including
gap junctional remodeling, Na + channel abnormalities and
heterogeneous cell-coupling between myocytes and fibroblasts
(Rook et al., 1992; Maleckar et al., 2009; King et al., 2013).

Measurement Scale
The area subtended by the triads used in the analysis had a
clear influence on the resulting beta estimate. In this study, the
association is determined using triads of area <80 mm2, allowing
for a more direct translation and relevance to catheter ablation in
clinical practice. At the upper end of this range (70–80 mm2),
the average maximal edge length of each triad was 15.4 mm
(range 5.9–20.0 mm). For comparison, the typical contact area
of the ablation electrode is approximately 10 mm2 (3.5 mm
diameter). Intuitively, averaging over larger areas diffuses the
effect of small-scale variations in the quantities of interest and
potentially masks the true localized association between them. In
the atrium this is crucial, due to the patchy and non-uniform
nature of atrial fibrosis (Frustaci et al., 2007). As shown in
Figure 2, gadolinium uptake varies on scales as small as 5 mm
such as in narrow isthmuses which can promote slow conduction
and re-entry (Ciaccio et al., 2008). Fukumoto et al evaluated
intensities for each of 20 sectors of the atrial wall in each axial
slice. The length of each sector is approximately 20 mm, which
is at the upper end of maximal triad edge length used in the
present study and correspondingly the larger values of area in
Figure 4. Consequently, at larger areas, localized variations in CV
would be averaged out leading to a reduction in the magnitude
of the association between CV and intensity. This factor may
explain the apparent discrepancy between the association (beta
estimate) of the present study (β1: −0.942 m/s/IIR), at smaller
spatial scales of areas <80 mm2, and that of Fukumoto et al. (β1:

FIGURE 5 | Per-patient model intercepts (left) and slopes (right) for NI (A) and IIR (B). Values indicate the per-patient difference from the model’s overall intercept ()
and slope (NI: 1.00 m/s, = −0.104; IIR: = 1.94 m/s, and = −0.942. G1, G2 and H1, H2 correspond to repeat analyses of patients G and H for assessing
reproducibility.
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−0.34 m/s/IIR). To explain this, Figure 4 also shows the same
area dependency plot expressed in terms of IIR where the red
and blue dotted lines mark the beta estimates from our study
and that of Fukumoto et al., respectively. The IIR beta estimate
of −0.34, found in Fukumoto et al. for persistent AF patients, is
of smaller magnitude than the IIR beta estimate of−0.94 reported
here, but is consistent with our findings, if measurement area is
taken into consideration. This further emphasizes the importance
of resolution when quantitatively comparing quantities.

Reproducibility
While both scans for each patient in the reproducibility sub-
study were compared with the same EAM data, our experience
suggests that the segmentation and co-registration steps are most
prone to the introduction of errors. Importantly, the relationship
between CV and NI within each pair of datasets were statistically
indistinguishable, confirming the accuracy and reproducibility
of our approach.

Intensity Normalization
One significant contribution of our study is a comparison
between the IIR and NI metrics for the qualitative assessment of
independently acquired MR images.

By its definition, IIR accounts for underlying shifts in the
intensity spectrum, while NI includes the standard deviation of
the blood pool to account for inter- and intra-patient differences
and accordingly for differences in the dynamic range of the
images. Consequently, NI led to a more robust statistical model
for elucidating the relationship between CV and intensity,
compared with IIR, as well as improved reproducibility of the
patient-specific association. In particular, the 95% confidence
intervals on the intercept and slope estimates for IIR, shown
in Figure 5B, were generally larger than the corresponding
confidence intervals for NI in Figure 5A. Reproducibility of
patient-specific slopes was observed for NI, but not for IIR.

Conduction Velocity Restitution
No statistically significant effects due to CL were observed,
indicating no identifiable CV restitution.

Limitations
In order to obtain high fidelity electrograms, electroanatomical
data were limited to the posterior LA, which was anatomically
consistent, conducive to placement of the AFocusII mapping
catheter tangential to the endocardial surface, and contained a
predilection of fibrosis. Sampling from the posterior wall may
have potentially introduced sampling bias. Future studies should
incorporate contact sensing catheters to increase robustness of
the data collection protocol.

This study investigated a persistent AF cohort which has
been shown to have more extensive structural and electrical
remodeling compared to paroxysmal AF patients. Future studies
should include a more heterogeneous group of patients.

The image MR images used in this study were manually
segmented to delineate the epicardial wall of the left
atrium. As such, errors may have been introduced during
the segmentation process.

Image intensity ratio is defined as the ratio of the wall intensity
of the sector to the blood pool mean (Khurram et al., 2014).
However, in this study, IIR was evaluated point-wise as the ratio
of the epicardial wall intensity and the mean blood intensity.

CONCLUSION

Higher LA intensities correspond to lower local myocardial
conduction velocities. The scale of measurement of CV and LA
wall intensity is crucial in accurately quantifying this relationship,
which is found to be of a higher magnitude than previously
reported1. Importantly, NI, but not IIR, accounts for changes in
the dynamic range of LGE-CMRI and improves the quantitative
reproducibility of the relationship. Evaluation of the LA substrate
with the use of normalized intensity from LGE-CMRI can be
potentially used as a minimally invasive tool to predict atrial
myocardial conduction properties.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Local Research and Ethics Committee for Imperial
College Healthcare NHS Trust. The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

RA, NQ, and CC conceived and planned the experiments. RA
developed and implemented the algorithms. NQ obtained the
clinical data and segmented the MRIs. SL and CC developed the
statistical model and performed the statistical analysis. CR and
SK contributed to the interpretation of the results. PL, JT, and
NP helped supervise the project. All authors provided critical
feedback and helped shape the research, analysis and manuscript.

FUNDING

This work was supported by the British Heart Foundation
(BHF), grants FS/11/22/28745 and RG/10/11/28457, Rosetrees
Trust Interdisciplinary Prize 2016 (Grant No. M577), the
ElectroCardioMaths Program of the Imperial Centre for Cardiac
Engineering and NIHR Imperial Biomedical Research Center.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphys.2020.
570203/full#supplementary-material

Frontiers in Physiology | www.frontiersin.org 8 November 2020 | Volume 11 | Article 57020344

https://www.frontiersin.org/articles/10.3389/fphys.2020.570203/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2020.570203/full#supplementary-material
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-570203 November 9, 2020 Time: 13:36 # 9

Ali et al. LGE-MRI Intensity Correlates With CV

REFERENCES
Ali, R. L., Cantwell, C. D., Roney, C. H., Qureshi, N. A., Lim, B., Siggers, J. H., et al.

(2014). A novel method for quantifying localised correlation of late-gadolinium
intensity with conduction velocity. Comput. Cardiol. 41, 193–196.

Ali, R. L., Cantwell, C. D., Qureshi, N. A., Roney, C. H., Lim, B., Sherwin, S. J.,
et al. (2015). “Automated fiducial point selection for reducing registration
error in the co-localisation of left atrium electroanatomic and imaging data,”
in Proceedings of the 2015 37th Annual International Conference of the IEEE
Engineering inMedicine and Biology Society (EMBC), (Milan: IEEE), 1989–1992.
doi: 10.1109/EMBC.2015.7318775

Badger, T. J., Oakes, R. S., Daccarett, M., Burgon, N. S., Akoum, N., Fish, E. N., et al.
(2009). Temporal left atrial lesion formation after ablation of atrial fibrillation.
Heart Rhythm. 6, 161–168. doi: 10.1016/j.hrthm.2008.10.042

Cantwell, C. D., Roney, C. H., Ng, F. S., Siggers, J. H., Sherwin, S. J., and Peters,
N. S. (2015). Techniques for automated local activation time annotation and
conduction velocity estimation in cardiac mapping. Comput. Biol. Med. 65,
229–242. doi: 10.1016/j.compbiomed.2015.04.027

Cantwell, C. D., Roney, C. H., Ali, R. L., Qureshi, N. A., Lim, B., and Peters, N. S.
(2014). A software platform for the comparative analysis of electroanatomic and
imaging data including conduction velocity mapping. Conf. Proc. IEEE. Eng.
Med. Biol. Soc. 2014, 1591–1594. doi: 10.1109/EMBC.2014.6943908

Ciaccio, E. J., Chow, A. W., Kaba, R. A., Davies, D. W., Segal, O. R., and Peters,
N. S. (2008). Detection of the diastolic pathway, circuit morphology, and
inducibility of human postinfarction ventricular tachycardia from mapping
in sinus rhythm. Heart Rhythm. 5, 981–991. doi: 10.1016/j.hrthm.2008.
03.062

Cochet, H., Mouries, A., Nivet, H., Sacher, F., Derval, N., Denis, A., et al. (2015).
Age, atrial fibrillation, and structural heart disease are the main determinants
of left atrial fibrosis detected by delayed-enhanced magnetic resonance imaging
in a general cardiology population. J. Cardiovasc. Electrophysiol. 26, 484–492.
doi: 10.1111/jce.12651

Fitzpatrick, J. M., and West, J. B. (2001). The distribution of target registration error
in rigid-body point-based registration. IEEE. Trans. Med. Imag. 20, 917–927.
doi: 10.1109/42.952729

Frustaci, A., Chimenti, C., Bellocci, F., Morgante, E., Russo, M. A., and Maseri,
A. (2007). Histological substrate of atrial biopsies in patients with lone atrial
fibrillation. Circulation 96, 1180–1184. doi: 10.1161/01.cir.96.4.1180

Fukumoto, K., Habibi, M., Ipek, E. G., Zahid, S., Khurram, I. M., Zimmerman,
S. L., et al. (2016). Association of left atrial local conduction velocity with
late gadolinium enhancement on cardiac magnetic resonance in patients with
atrial fibrillation. Circulat. Arrhythm. Electrophysiol. 9:e002897. doi: 10.1161/
CIRCEP.115.002897

Habibi, M., Lima, J. A., Khurram, I. M., Zimmerman, S. L., Zipunnikov, V.,
Fukumoto, K., et al. (2015). Association of left atrial function and left atrial
enhancement in patients with atrial fibrillation: cardiac magnetic resonance
study. Circ. Cardiovasc. Imag. 8:e002769. doi: 10.1161/CIRCIMAGING.114.
002769

Khurram, I. M., Beinart, R., Zipunnikov, V., Dewire, J., Yarmohammadi, H.,
Sasaki, T., et al. (2014). Magnetic resonance image intensity ratio, a normalized
measure to enable interpatient comparability of left atrial fibrosis. Heart
Rhythm. 11, 85–92. doi: 10.1016/j.hrthm.2013.10.007

King, J. H., Huang, C. L., and Fraser, J. A. (2013). Determinants of myocardial
conduction velocity: implications for arrhythmogenesis. Front. Physiol. 4:154.
doi: 10.3389/fphys.2013.00154

Kojodjojo, P., Kanagaratnam, P., Markides, V., Davies, D. W., and Peters,
N. S. (2005). Age-related changes in human left and right atrial conduction.
J. Cardiovas. Electrophysiol. 17, 120–127. doi: 10.1111/j.1540-8167.2005.
00293.x

Kolipaka, A., Chatzimavroudis, G. P., White, R. D., O’Donnell, T. P., and Setser,
R. M. (2005). Segmentation of non-viable myocardium in delayed enhancement
magnetic resonance images. Int. J. Cardiovasc. Imag. 21, 303–311. doi: 10.1007/
s10554-004-5806-z

Maleckar, M. M., Greenstein, J. L., Giles, W. R., and Trayanova, N. A. (2009). K+
current changes account for the rate dependence of the action potential in the
human atrial myocyte. Am. J. Physiol. Heart Circ. Physiol. 297, H1398–H1410.
doi: 10.1152/ajpheart.00411.2009

McGann, C., Kholmovski, E., Blauer, J., Vijayakumar, S., Haslam, T., Cates, J., et al.
(2011). Dark regions of no-reflow on late gadolinium enhancement magnetic
resonance imaging result in scar formation after atrial fibrillation ablation.
J. Am. Coll. Cardiol. 58, 177–185. doi: 10.1016/j.jacc.2011.04.008

Pontecorboli, G., Figueras, I. V. R. M., Carlosena, A., Benito, E., Prat-Gonzales,
S., Padeletti, L., et al. (2017). Use of delayed-enhancement magnetic resonance
imaging for fibrosis detection in the atria: a review. Europace 19, 180–189.
doi: 10.1093/europace/euw053

Ramanathan, C., Ping, J., Ghanem, R., Ryu, K., and Rudy, Y. (2006). Activation
and repolarization of the normal human heart under complete physiological
conditions. Proc. Natl. Acad. Sci. U S A. 103, 6309–6315. doi: 10.1073/pnas.
0601533103

Roney, C. H., Cantwell, C. D., Qureshi, N. A., Ali, R. L., Chang, ETy, et al. (2014).
An automated algorithm for determining conduction velocity, wavefront
direction and origin of focal cardiac arrhythmias using a multipolar catheter.
Conf. Proc. IEEE. Eng. Med. Biol. Soc. 2014, 1583–1586. doi: 10.1109/EMBC.
2014.6943906

Rook, M. B., van Ginneken, A. C., de Jonge, B., el Aoumari, A., Gros, D., and
Jongsma, H. J. (1992). Differences in gap junction channels between cardiac
myocytes, fibroblasts, and heterolo-gous pairs. Am. J. Physiol. 263, C959–C977.
doi: 10.1152/ajpcell.1992.263.5.C959

Rueckert, D., Sonoda, L. I., Hayes, C., Hill, D. L., Leach, M. O., and Hawkes,
D. J. (1999). Nonrigid registration using free-form deformations: application
to breast MR images. IEEE. Trans. Med. Imag. 18, 712–721. doi: 10.1109/42.
796284

Schmidt, A., Azevedo, C. F., Cheng, A., Gupta, S. N., Bluemke, D. A., Foo,
T. K., et al. (2007). Infarct tissue heterogeneity by magnetic resonance
imaging identifies enhanced cardiac arrhythmia susceptibility in patients
with left ventricular dysfunction. Circulation 115, 2006–2014. doi: 10.1161/
circulationaha.106.653568

Schnabel, J. A., Rueckert, D., Quist, M., Blackall, J. M., Castellano-Smith, A. D.,
Hartkens, T., et al. (2001). A generic framework for non-rigid registration based
on non-uniform multi-level free-form deformations. Med. Image Comput.
Comp. Assisted Intervent. MICCAI. 2001, 573–581. doi: 10.1007/3-540-45468-
3_69

Spach, M. S., and Kootsey, J. M. (1983). The nature of electrical propagation
in cardiac muscle. Am. J. Physiol. 244, H3–H22. doi: 10.1152/ajpheart.1983.
244.1.H3

Studholme, C., Hill, D. L., and Hawkes, D. J. (1999). An overlap invariant entropy
measure of 3D medical image alignment. Pattern Recogn. 32, 71–86. doi: 10.
1016/s0031-3203(98)00091-0

Tanaka, K., Zlochiver, S., Vikstrom, K. L., Yamazaki, M., Moreno, J., Klos, M.,
et al. (2007). Spatial distribution of fibrosis governs fibrillation wave dynamics
in the posterior left atrium during heart failure. Circ. Res. 101, 839–847. doi:
10.1161/circresaha.107.153858

Conflict of Interest: SK was employed by the company Abbott United States.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 Ali, Qureshi, Liverani, Roney, Kim, Lim, Tweedy, Cantwell and
Peters. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 9 November 2020 | Volume 11 | Article 57020345

https://doi.org/10.1109/EMBC.2015.7318775
https://doi.org/10.1016/j.hrthm.2008.10.042
https://doi.org/10.1016/j.compbiomed.2015.04.027
https://doi.org/10.1109/EMBC.2014.6943908
https://doi.org/10.1016/j.hrthm.2008.03.062
https://doi.org/10.1016/j.hrthm.2008.03.062
https://doi.org/10.1111/jce.12651
https://doi.org/10.1109/42.952729
https://doi.org/10.1161/01.cir.96.4.1180
https://doi.org/10.1161/CIRCEP.115.002897
https://doi.org/10.1161/CIRCEP.115.002897
https://doi.org/10.1161/CIRCIMAGING.114.002769
https://doi.org/10.1161/CIRCIMAGING.114.002769
https://doi.org/10.1016/j.hrthm.2013.10.007
https://doi.org/10.3389/fphys.2013.00154
https://doi.org/10.1111/j.1540-8167.2005.00293.x
https://doi.org/10.1111/j.1540-8167.2005.00293.x
https://doi.org/10.1007/s10554-004-5806-z
https://doi.org/10.1007/s10554-004-5806-z
https://doi.org/10.1152/ajpheart.00411.2009
https://doi.org/10.1016/j.jacc.2011.04.008
https://doi.org/10.1093/europace/euw053
https://doi.org/10.1073/pnas.0601533103
https://doi.org/10.1073/pnas.0601533103
https://doi.org/10.1109/EMBC.2014.6943906
https://doi.org/10.1109/EMBC.2014.6943906
https://doi.org/10.1152/ajpcell.1992.263.5.C959
https://doi.org/10.1109/42.796284
https://doi.org/10.1109/42.796284
https://doi.org/10.1161/circulationaha.106.653568
https://doi.org/10.1161/circulationaha.106.653568
https://doi.org/10.1007/3-540-45468-3_69
https://doi.org/10.1007/3-540-45468-3_69
https://doi.org/10.1152/ajpheart.1983.244.1.H3
https://doi.org/10.1152/ajpheart.1983.244.1.H3
https://doi.org/10.1016/s0031-3203(98)00091-0
https://doi.org/10.1016/s0031-3203(98)00091-0
https://doi.org/10.1161/circresaha.107.153858
https://doi.org/10.1161/circresaha.107.153858
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-570740 November 7, 2020 Time: 19:37 # 1

REVIEW
published: 12 November 2020

doi: 10.3389/fphys.2020.570740

Edited by:
Atul Verma,

University of Toronto, Canada

Reviewed by:
Dawood Darbar,

University of Illinois at Chicago,
United States

Haibo Ni,
University of California, Davis,

United States

*Correspondence:
David E. Krummen

dkrummen@health.ucsd.edu

Specialty section:
This article was submitted to

Cardiac Electrophysiology,
a section of the journal
Frontiers in Physiology

Received: 08 June 2020
Accepted: 22 September 2020
Published: 12 November 2020

Citation:
Ho G, Lin AY and Krummen DE

(2020) Linking Electrical Drivers With
Atrial Cardiomyopathy

for the Targeted Treatment of Atrial
Fibrillation. Front. Physiol. 11:570740.

doi: 10.3389/fphys.2020.570740

Linking Electrical Drivers With Atrial
Cardiomyopathy for the Targeted
Treatment of Atrial Fibrillation
Gordon Ho1,2, Andrew Y. Lin1,2 and David E. Krummen1,2*

1 Division of Cardiology, Department of Medicine, University of California, San Diego, San Diego, CA, United States, 2 Division
of Cardiology, Veterans Affairs San Diego Medical Center, San Diego, CA, United States

The relationship between atrial fibrillation (AF) and underlying functional and structural
abnormalities has received substantial attention in the research literature over the past
decade. Significant progress has been made in identifying these changes using non-
invasive imaging, voltage mapping, and electrical recordings. Advances in computed
tomography and cardiac magnetic resonance imaging can now provide insight regarding
the presence and extent of cardiac fibrosis. Additionally, multiple technologies able to
identify electrical targets during AF have emerged. However, an organized strategy to
employ these resources in the targeted treatment of AF remains elusive. In this work, we
will discuss the basis for mechanistic importance of atrial fibrosis and scar as potential
sites promoting AF and emerging technologies to identify and target these structural and
functional substrates in the electrophysiology laboratory. We also propose an approach
to the use of such technologies to serve as a basis for ongoing work in the field.

Keywords: atrial fibillation, fibrosis, cardiac imaging, electrophysiologic mapping, electrical rotors, focal sources

INTRODUCTION

Atrial fibrillation (AF) is the most common cardiac arrhythmia in the United States (Chugh et al.,
2014). Catheter ablation is offered for patients with symptomatic AF despite medical therapy
(January et al., 2014, 2019; Calkins et al., 2017), but success rates for ablation of persistent AF
continues to be suboptimal with recurrent AF occurring in around 40–60% of patients in the
landmark CABANA (Packer et al., 2019) and STAR-AF2 (Verma et al., 2015) trials. Potential
contributing factors to the suboptimal success rates are the diverse phenotypes of atrial structural
and functional abnormalities seen in patients with AF (Kottkamp, 2013; Krummen et al., 2015).
While emerging technologies are now able to detect, classify, and target abnormal atrial substrate,
their use is not well guided by existing guidelines or supported by randomized clinical trials
(Quintanilla et al., 2016; Calkins et al., 2017). The purpose of this review is to propose a personalized
AF ablation strategy utilizing emerging mapping and imaging techniques to target electrical drivers
with or without associated atrial fibrosis. First, electrical and structural mechanisms of AF are
summarized, followed by a review of the evidence linking fibrosis with electrical drivers of AF.
Second, contemporary electrical invasive and non-invasive mapping and imaging techniques are
discussed to localize electrical drivers and fibrosis. Finally, a proposed algorithm is proposed to help
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guide personalized clinical treatment using these technologies
and guide further clinical research.

DIVERSE ATRIAL SUBSTRATES
UNDERLYING AF

In clinical practice, AF patients present with a spectrum
of atrial electrical and structural substrates (Everett and
Olgin, 2007; Kottkamp, 2013; Goette et al., 2016). Figure 1
compares two patients from our electrophysiology laboratory
with contrasting degrees of atrial cardiomyopathy. Patient 1
presented with persistent AF who remained symptomatic despite
medical management and was referred for ablation. Voltage
and activation mapping revealed relatively preserved bi-atrial
voltages (Figure 1A) and a rapid left upper pulmonary vein
electrical driver perpetuating AF (Figure 1B). Localized ablation
terminated AF, which was subsequently non-inducible. In this
patient with normal structural substrate, the AF was likely driven
by an electrical driver from the pulmonary veins, as classically
described (Haïssaguerre et al., 1998).

Patient 2 presented with recurrent persistent AF despite
prior pulmonary vein isolation ablation. Voltage mapping
revealed diffuse low voltage in the left atrium (Figure 1C),
while panoramic multielectrode catheter mapping identified a
rotational AF driver at the LA roof (Figure 1D). Limited ablation
in the region of this driver terminated AF (Figure 2C), and
the patient has remained in sinus rhythm during follow-up.
In this patient with significant atrial fibrosis, extra-pulmonary
vein drivers arising from the fibrotic substrate likely contributed
to AF maintenance. These two examples demonstrate a broad
spectrum of the structural and electrical substrate that may
underly AF. While increasing atrial fibrosis typically correlates
with a greater prevalence of extra-pulmonary vein sources (Angel
et al., 2015; Cochet et al., 2018), counterintuitively, patients
without fibrosis may have persistent AF while patients with
extensive atrial fibrosis due to atrial cardiomyopathy may only
have brief paroxysms of AF (Kottkamp, 2013). In a study by
Kircher et al. (2018) in which invasive substrate mapping was
performed in 119 patients, only 40% of persistent AF patients
had low voltage zones, yet low voltage zones were still found in
18% of paroxysmal AF patients. While the AF source in the first
patient would have been accounted for with guideline-directed
pulmonary vein isolation (Haïssaguerre et al., 1998; Narayan
et al., 2008), the driver located at the left atrial roof in patient 2
would not. Such examples, prevalent in the literature (Narayan
et al., 2012a; Shivkumar et al., 2012) demonstrate the need for
additional guidance regarding the use of patient-specific mapping
and targeting strategies to treat AF.

MECHANISMS OF ATRIAL FIBRILLATION

There remains controversy surrounding the exact mechanisms of
AF. This is likely due to multiple phenotypes of the arrhythmia
and reflects a heterogeneous substrate (Krummen et al., 2015;
Quintanilla et al., 2016; Calkins et al., 2017). Both abnormal

electrical (Krummen et al., 2012; Baykaner et al., 2014, 2018;
Haissaguerre et al., 2014; Schricker et al., 2014; Quintanilla
et al., 2016) and structural/fibrotic abnormalities (Everett and
Olgin, 2007; McDowell et al., 2013, 2015; Gonzales et al., 2014;
Hansen et al., 2015, 2018; Sohns and Marrouche, 2020) have
been implicated as mechanisms of AF, and may be different
for each patient.

Electrical Substrate
Abnormal electrical substrate underlying AF may exist with or
without the presence of fibrosis, and can be divided into 3 phases:
initiation, transition and maintenance (Heijman et al., 2014;
Krummen et al., 2015).

1. Initiation: The initiation of AF is thought to arise from
rapid activation from a source, including the pulmonary
veins (Haïssaguerre et al., 1998), superior vena cava, or
other rapid foci (Gerstenfeld et al., 2003; Lin et al., 2003;
Chen and Tai, 2005; Van Campenhout et al., 2013; Hayashi
et al., 2015). This rapid ectopic activity can be caused
by triggered activity [abnormalities in calcium handling
leading to delayed afterdepolarizations (Dobrev et al.,
2011) or loss of K + currents and delayed repolarization
leading to early afterdepolarizations (Zellerhoff et al.,
2009)] and abnormal automaticity, which have all been
described around the LA/PV junction (Chou et al., 2005;
Numata et al., 2012). At present, the standard of care for
AF ablation is directed primarily at targeting triggers of AF
from the pulmonary veins only. While reasonably effective,
long-term elimination of AF triggers may be difficult or
impossible, depending upon the rate of trigger formation,
the dispersal of AF sources, and their frequency during
invasive mapping and ablation procedures.

2. Transition: The transition period is the time during
which the rapid activations from a focal source interact
with regions with heterogeneous repolarization properties
resulting in regional wavefront block, wavefront slowing,
and the initiation of reentry (Krummen et al., 2012; Lalani
et al., 2012; Schricker et al., 2014). This tissue heterogeneity
can be manifested by both spatial dispersion of atrial
fibrosis (Li et al., 1999; Chang et al., 2007) and ion currents
[such as density of the rapid delayed rectifier current IKr
(Li et al., 2001)], causing differences in conduction slowing,
tissue refractoriness, and steep APD restitution (Krummen
et al., 2012) to favor reentry.

3. Maintenance: Although the precise mechanisms of
AF maintenance are incompletely understood, there is
increasing evidence that AF is maintained by organized
mechanisms. The exact type of organization is a topic of
controversy, as some groups have proposed that AF is
maintained via dissociated endo-epicardial breakthroughs
(de Groot et al., 2010) or focal or rotational drivers (Jalife,
2003; Baykaner et al., 2014; Haissaguerre et al., 2014; Lalani
et al., 2014; Schricker et al., 2014; Hansen et al., 2015,
2017, 2018; Quintanilla et al., 2016; Zahid et al., 2016;
Csepe et al., 2017; Nattel et al., 2017; Zhao et al., 2017).
Recent seminal work has demonstrated that rotational and
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FIGURE 1 | Panel (A) shows the left atrial voltage map of a patient with persistent atrial fibrillation for 4 months. Panel (B) illustrates electrogram recordings from the
ablation catheter showing a rapid driver site in the left upper pulmonary vein. Ablation at this site abruptly terminated AF. Panel (C) Bi-atrial voltage map of a patient
with persistent atrial fibrillation s/p prior ablation with diffuse low-voltage and scar in the left atrium. Panel (B) shows a left atrial driver site in the LA roof. Panel (D)
shows termination of AF with targeted ablation. Unpublished work from our laboratory.

focal drivers exist at sites that terminate AF when ablated,
reinforcing the role of organized drivers maintain (Zhao
et al., 2017; Kowalewski et al., 2018; Zaman et al., 2018;
Leef et al., 2019).

Contribution of Fibrosis to Tissue
Electrical Remodeling
Fibrotic atrial myopathy is associated with alterations in
ionic currents, calcium cycling, and gap junctions leading to
electrophysiologic remodeling and increased atrial susceptibility
to triggered activity, automaticity, and reentry (Nattel et al.,
2008; Shen et al., 2019). First, triggered activity may result
from direct myofibroblast-cardiomyocyte interactions via gap
junction coupling and diastolic depolarization of atrial myocytes
by fibroblasts (Yue et al., 2011; Heijman et al., 2014). Secondly,
fibroblast ion channel remodeling may also promote AF, with
increased expression of Ca+ + permeable TRPC3 channels and
direct myofibroblast-cardiomyocyte interactions which cause
conduction slowing due to Na + channel inactivation and
impaired cell-cell coupling (Heijman et al., 2014). Changes in
ionic channel properties occur with significant heterogeneity
between the left and right atria, which may explain the propensity
of AF to originate from the left atrium (Caballero et al., 2010).
Remodeling of gap junctions such as connexin 40 and 43
and their expression, distribution, and intercellular orientation

in atrial myopathy causing anisotropic conduction leading
to reentry has been attributed to sustained AF (Shin et al.,
2015). Finally, fibrosis and collagen deposition directly causes
conduction slowing and heterogeneity.

Linking Fibrosis to Electrical AF Drivers
Advances in understanding the effects of fibrosis on electrical
remodeling described above has provided a cellular basis that
support recent observations correlating regions of fibrosis with
focal and reentrant AF drivers. Prior work has demonstrated
the relationship between functional electrical reentry and atrial
structural heterogeneities such as fibrosis (Morgan et al.,
2016) and fiber-angle discontinuities (Gonzales et al., 2014).
Elegant ex vivo studies by Fedorov and colleagues reveal
that AF re-entrant drivers are anchored to micro-anatomic
regions of interstitial fibrosis (Hansen et al., 2015, 2016, 2017,
2018; Csepe et al., 2017; Zhao et al., 2017). In explanted
human bi-atrial tissue sections shown in Figure 2, reentrant
drivers were identified with high resolution optical activation
mapping (Figure 2A) and colocalized using endocardial basket
catheters (Figure 2B, left and center panels) with a clinical
phase mapping system (FIRM, Abbott, Illinois) (Hansen
et al., 2018). These drivers were anchored in regions of
interstitial fibrosis imaged using high resolution 9T MRI
(Figure 2B, right panel). Notably, epicardial electrodes revealed
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FIGURE 2 | Re-entrant drivers visualized with high resolution optical activation mapping (A) are colocalized with endocardial phase mapping using FIRMap basket
catheters [(B), left and center panels], and are anchored to regions of intramural fibrosis imaged with 9.4 T MRI [(B), right panel]. Notably, endocardial re-entrant
drivers result in epicardial focal breakthrough patterns when imaged with simultaneous endo-epi phase mapping (C), with higher phase singularity density in regions
with reentrant drivers identified (D). NIOM, near-infrared optical mapping; CT, crista terminalis; LRA, low right atrium; OAP, optical action potentials; PS, phase
singularities; CE-CMR, contrast-enhanced magnetic resonance; Endo, endocardium; Epi, epicardium; Inf, inferior; IVC, inferior vena cava; LAA, left atrial appendage;
LRA, lateral right atrium; RAA, right atrial appendage; Sup, superior; SVC, superior vena cava. Hansen et al. (2018), reprinted with permission.

epicardial breakthroughs at sites of the endocardial reentrant
drivers (Figure 2C). Ablation of these re-entrant drivers
terminated AF, verifying their dominant role in AF (Hansen
et al., 2015; Zhao et al., 2017). These findings confirm

that the rotational drivers identified with phase mapping
truly exist with high resolution optical activation mapping
and reconcile how intramural rotational drivers may result
in epicardial breakthroughs. Furthermore, these findings link
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TABLE 1 | Clinical technologies to localize areas of fibrosis.

Technique Advantages Disadvantages Landmark clinical studies

Cardiac MRI Non-invasive, high
signal-to-noise ratio

Artifact from cardiac devices, reproducibility
of segmentation/windowing

DECAAF, Marrouche et al., 2014

Perfusion CT High resolution, quick Radiation, contrast Ling et al., 2015

MRI-based computer modeling Non-invasive, functional data in
addition to structural data

Assumptions in computational model,
variabilities with segmentation

Boyle et al., 2019

Electro-anatomic voltage mapping High resolution, real-time Invasive, time-intensive, assumptions of
electrode recordings

Jadidi et al., 2016; Kottkamp et al., 2016;
Yagishita et al., 2017

these electrical drivers with regions of fibrosis identified with
high resolution MRI.

Likewise, clinical studies using non-invasive
electrocardiographic imaging (ECGi) (Cochet et al., 2018) also
correlated re-entrant drivers to late gadolinium-enhanced (LGE)
areas on MRI. However, other clinical studies failed to correlate
rotational drivers identified using invasive phase mapping with
LGE on MRI (Chrispin et al., 2016) and electroanatomic voltage
mapping (Schade et al., 2016). This discrepancy may reflect
differences in mapping and imaging technologies, but may also
highlight the possibility that electrical drivers can arise from (1) a
purely electrical substrate [electrical remodeling altering cellular
gap junction distribution (Fry et al., 2014; Shin et al., 2015)
without fibrosis or shortened atrial refractory period (Wijffels
et al., 1995)] or (2) structural heterogeneities such as fiber angle
discontinuities found in the pulmonary vein antra (Narayan
et al., 2008; Pashakhanloo et al., 2016) or crista terminalis
(Gonzales et al., 2014), creating anisotropic conduction which
may lead to reentry.

STRATEGIES TO ATTENUATE AND
RISK-STRATIFY ATRIAL FIBRILLATION
PRIOR TO ABLATION

Risk Factor Modification
Recent studies have shown that risk factor modification can
reduce or suppress AF (Pathak et al., 2014, 2015; Lau et al.,
2017). Obstructive sleep apnea (OSA) may lead to atrial
electrophysiologic remodeling with increased atrial fibrosis and
downregulation of connexin-43 due to repeated apneic episodes
(Iwasaki et al., 2014). In a rat model, this resulted in substantial
atrial conduction slowing and increased inducibility and duration
of AF. Patients with OSA undergoing clinical AF ablation
were found to have a reduction in bi-atrial voltage, widespread
conduction abnormalities and longer sinus node recovery times
(Dimitri et al., 2012).

Multiple studies have demonstrated the strong link between
obesity and risk of developing AF. In sheep models, those
with more significant obesity were found to have increased
cytoplasmic transforming growth factor β1, platelet-derived
growth factor, and larger left atrial size (Mahajan et al., 2015).
Furthermore, there was also increased atrial fibrosis, infiltration
of the epicardial fat into the posterior left atrial wall, heterogenous
and slowed atrial conduction velocity, and higher rates of

inducible and spontaneous AF in the obese group in both
sheep and humans (Munger et al., 2012; Abed et al., 2013).
Weight reduction is associated with improved AF control. In
the LEGACY study, weight loss of ≥10% resulted in a 6-
fold increased probability of arrhythmia-free survival (Pathak
et al., 2015). Similarly, the ARREST-AF study showed that
weight reduction with other risk factor modifications resulted
in longer arrhythmia-free survival after AF ablation (Pathak
et al., 2014). These studies suggest that atrial remodeling
associated with obesity may be reversible with weight reduction
(Aldaas et al., 2019).

Varying degrees of alcohol consumption has been associated
with risk of incident AF and recurrence of AF after catheter
ablation. This may be partly contributed by alcohol’s association
with other known risk factors for AF such as obesity,
hypertension, and disordered sleep pattern. However, prior work
has shown acute changes in atrial electrophysiology as a direct
result of alcohol consumption and binge drinking, including
shortening of the effective refractory period, slowed intra-
atrial conduction, and prolonged p wave duration (Voskoboinik
et al., 2016). Additionally, chronic drinking is an independent
multivariate predictor of discrete atrial fibrosis (Qiao et al.,
2015). Regarding the effect of alcohol cessation on burden of AF,
the ARREST-AF study demonstrated decreased AF recurrence
and symptom severity in patients with risk factor management
including decreased alcohol consumption (Pathak et al., 2014).

Identify Fibrosis
Atrial fibrosis can be identified with a range of imaging and
mapping technologies, of which some are detailed in a 2016
EHRA consensus statement (Donal et al., 2016). Table 1 lists
techniques that have been developed to characterize atrial
substrate. However, it is important to note that all modalities
identify indirect surrogates for atrial fibrosis, and use of fibrosis
to guide ablation may be non-specific and as fibrosis is not
synonymous with arrhythmogenicity.

Cardiac MRI
In some centers, cardiac MRI is used pre-procedurally to
characterize atrial anatomy and burden of fibrosis in preparation
for catheter ablation (Mahnkopf et al., 2010; Daccarett et al., 2011;
Malcolme-Lawes et al., 2013; McGann et al., 2014; Calkins et al.,
2017; Sohns and Marrouche, 2020). The multicenter prospective
DECAAF trial (Marrouche et al., 2014) has established the role of
MRI as a prognostic tool to predict success of PVI ablation based
on the degree of atrial fibrosis (Figure 3). Additionally, other
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FIGURE 3 | Assessment of left atrial fibrosis burden using segmented gadolinium-enhanced MRI scans based on the Utah stages: Utah 1: <10%, Stage 2:
10–20%, Stage 3: 20–30%, Stage 4: >30% fibrotic tissue. Sohns and Marrouche (2020), reprinted with permission.

studies have evaluated the ability of MRI to detect gaps in PVI
lesions in order to identify PV reconnections (Bisbal et al., 2014).
However, the utility of MRI to localize fibrotic areas as potential
targets for ablation is still unknown and is under investigation
with the DECAAF-2 trial (NCT 02529319). A limitation of
current cardiac MRI technology is artifact from cardiac devices
and variability in acquisition sequences and thresholding (Karim
et al., 2013; Calkins et al., 2017). A second challenge is that
fibrotic areas may not always correlate with arrhythmogenicity.
Additional work is required to determine the optimal role of MRI
in AF procedural planning.

MRI based computer simulations
One proposed method to identify areas of fibrosis with potential
arrhythmogenicity is building computer simulations using
fibrotic areas derived from MRI combined with electroanatomic
computer simulations to identify re-entrant drivers. This
technique was described in a proof-of-concept clinical study
showing feasibility of this non-invasive method (Zahid et al.,
2016; Boyle et al., 2019). Prospective studies are needed to see
whether this technique may improve AF ablation outcomes.

Cardiac CT
A proposed technique using perfusion cardiac computed
tomography (CT) to identify surrogate regions of fibrosis was
described by Ling and colleagues (Ling et al., 2015). In this
technique, contrast-enhanced gated cardiac CT were segmented
by degree of contrast attenuation, and areas of low attenuation
correlated with low voltage points obtained from invasive
electroanatomic bipolar voltage maps (p = 0.04) and qualitative
agreement in about 80% of patients. Contemporary cardiac CT
provides improved resolution (∼0.5 mm) as compared to MRI
(∼1.5–2.0 mm) (Saeed et al., 2015), but has a lower signal-to-
noise ratio. Although cardiac CT imaging is routinely obtained
for evaluation of gross atrial anatomy prior to AF ablation,
additional work is needed to both improve the ability of CT

perfusion imaging to detect fibrosis and define its role in targeting
AF-sustaining substrate.

Electro-Anatomic mapping
Invasive electroanatomic mapping is an established method
of characterizing electrical substrate to identify regions as a
surrogate for fibrosis. Improvements in electroanatomic mapping
systems and multi-electrode mapping catheters have enabled
spatial resolution down to 2–3 mm and higher density maps.
Similar to substrate homogenization-based strategies to ablate
ventricular tachycardia, individually tailored substrate ablation
has been proposed and studied for AF. However, unlike
ventricular tachycardia in which substrate mapping can be used
to define the critical isthmus of a scar-based monomorphic VT
circuit, the precise fibrotic microstructure underlying AF is less
well characterized.

The efficacy of a substrate modification approach utilizing
box isolation of fibrotic areas (BIFA) was tested in 28 patients
with both paroxysmal and persistent AF who had low voltage
areas <0.5 mV identified using a contact force ablation catheter
(Kottkamp et al., 2016). The BIFA approach entails surrounding
low voltage areas with linear ablation lines anchored to non-
conducting regions such as wide area circumferential (WACA)
ablation circles. This resulted in a 90% 1 year freedom in 10
paroxysmal AF patients and 72% 1 year freedom in 18 persistent
AF patients. In another study by Kircher et al. (2018), 124 patients
with either paroxysmal or persistent AF undergoing PVI were
randomized to additional standard linear ablation versus an
individually tailored approach to target low voltage areas. Voltage
mapping was performed using a circular mapping catheter (1 mm
electrode spacing) with low voltage cut-offs of <0.5 mV. Ablation
of these voltage areas either in a cluster, linear ablation anchored
to non-excitable regions or box isolation resulted in a significant
improvement in freedom from atrial arrhythmia (68 vs 42%) after
a single procedure. Although there was an improvement in this
technique over empiric linear ablation, the recurrence in almost a
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third of patients suggests that the underlying etiology of AF in
these patients still has not been fully addressed. Disadvantages
to substrate homogenization include the non-specificity of low
voltage zones without integrated functional data and limitations
of invasive voltage mapping described below.

Several clinical studies have attempted to characterize voltage
cut-offs to represent the spectrum of atrial fibrosis (Table 2).
In general, these studies used either ablation catheters with
4 mm electrodes (Oakes et al., 2009; Spragg et al., 2012)
or multi-electrode catheters (Verma et al., 2005; Kapa et al.,
2014; Rolf et al., 2014; Anter et al., 2015; Kottkamp et al.,
2016) with 1 mm electrodes and 2–6 mm electrode spacing
to define: dense scar at <0.2 mV, borderzone fibrosis at
<0.5 mV and normal tissue >0.5 mV when compared in
AF patients with healthy or abnormal atria, by the presence
of LGE on MRI in 4 studies (Oakes et al., 2009; Spragg
et al., 2012; Kapa et al., 2014; Anter et al., 2015). However,
some investigators have argued abnormal tissue can exist with
voltages <1.5 mV and viable tissue exists at >0.05 mV. This
discrepancy could be contributed by several limitations and
misconceptions of interpreting low voltage as a surrogate for
fibrosis as described by Josephson and Anter (2015). Electrogram
voltage may be affected by conduction velocity, fiber orientation
and curvature, relationship of fiber orientation to the propagating
wavefront, tissue contact, edema, fat and characteristics of
the recording catheter such as electrode size, interelectrode
spacing. Newer multielectrode catheters have been developed
which could potentially address some of these issues, such as
the orthogonal grid catheters and high-density baskets with
0.4 mm electrodes; however, these have not been systematically
studied in this regard.

Identifying AF Triggers
Patients who have a high burden of atrial flutter or
supraventricular tachycardias (SVT) may undergo atrial
remodeling and develop both electrical and fibrotic substrate for
AF (Franz et al., 1997). Thus, identifying a defined, consistent
trigger is an important component of an AF ablation strategy
(Calkins et al., 2017).

Supraventricular Tachycardias and Atrial
Tachycardia/Flutters
Prior studies have shown an association between AF and
supraventricular tachycardia (SVT) (Sauer et al., 2006) and cavo-
tricuspid isthmus dependent atrial flutters (TAFL) (Pérez et al.,
2009). Based upon these studies, it is recommended to evaluate
for co-existing SVT or atrial tachycardia/flutter mechanisms
either before or after AF ablation.

Pulmonary Vein Triggers
Foundational work in AF ablation demonstrated the importance
of pulmonary vein (PV) triggers to AF (Haïssaguerre et al.,
1998). The initial approach to PV trigger ablation was to
perform segmental pulmonary vein isolation. A subsequent
randomized study by Arentz et al. (2007) demonstrated improved
outcomes with wide area circumferential ablation (WACA)
compared to segmental ablation, potentially by disrupting other
sustaining AF mechanisms at the PV antra characterized by fiber
angle discontinuities (Pashakhanloo et al., 2016) and increased
repolarization restitution (Narayan et al., 2008).

Non-PV Triggers
Ongoing work has revealed that non-PV ectopic beats and PACs
may be present in 10–33% of patients with AF (Chen and Tai,
2005; Takigawa et al., 2015; Santangeli et al., 2016; Hojo et al.,
2017), and suggested the potential utility of aggressive trigger
induction with high dose isoproterenol. These triggers may
originate from the posterior LA wall, superior vena cava (SVC),
crista terminalis, coronary sinus (CS), Eustachian ridge, Ligament
of Marshall, and left atrial appendage (Lin et al., 2003; Chen and
Tai, 2005; Calkins et al., 2017). Additional work is required to
determine the significance of these triggers to perpetuation of
AF and whether this approach yield long-term improvement in
AF-free survival after ablation.

Identify Drivers
A challenge in mapping drivers of AF is that standard activation
mapping techniques using point by point mapping are unable to
fully resolve the evolving wavefront propagation patterns during

TABLE 2 | Studies of bipolar voltage cutoffs.

Voltage cut-off (mV) Study Mapping catheter used Gold standard for fibrosis Patients Rhythm

<0.2: dense scar
<0.5: diseased

Verma et al., 2005 Circular (2-6-2 mm spacing) Clinical history 700 NSR

<0.1: dense scar
>0.5: normal

Oakes et al., 2009 Linear (4 mm tip, 1-7-4 mm) LGE-MRI 54 60% NSR

>0.5 mV: normal Spragg et al., 2012 Linear (3.5 mm tip, 2 mm) LGE-MRI 10 ?

<0.27: scar
>0.45: normal

Kapa et al., 2014 Circular (2-6-2 mm) LGE-MRI 20 NSR

<0.2: scar
>0.5: normal

Rolf et al., 2014 Circular (2-6-2 mm or 2-4-2 mm) Clinical history 178 NSR

<0.25: dense scar
>0.48: normal

Anter et al., 2015 Multi-spline (2-6-2 mm) LGE-MRI 30 NSR

<0.5: scar
>1.5: normal

Kottkamp et al., 2016 Circular (2-6-2 mm) Clinical history 41 NSR

NSR, normal sinus rhythm; AF, atrial fibrillation.
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AF due to lack of having a standard reference. A second challenge
is that AF drivers potentially utilize several sites of abnormal
substrate during ongoing AF.

To address these challenges, an increasing number of
specialized electrogram processing techniques and panoramic
mapping methods have been developed. The variety of
technologies, their requirements, risks and available data are
illustrated in Table 3.

Focal Impulse and Rotor Modulation
One of the first technologies developed to specifically target
the sustaining mechanisms of AF was focal impulse and rotor
modulation (FIRM) mapping (Narayan et al., 2012a,b,c, 2013).
This technique utilizes 64-electrode basket catheter recordings
during AF analyzed by computational activation and phase
analysis to identify semi-stable focal (centripetal activation)
and rotational activation patterns. The results from the initial
trial of this approach were reported in the CONFIRM trial
(Narayan et al., 2012d), in which 92 patients undergoing AF
ablation underwent pulmonary vein isolation alone versus PVI
plus rotor ablation. Patients undergoing PVI + FIRM ablation
experienced a greater number of AF terminations during ablation
and had a greater AF-free survival at a median of 273 days
after ablation. Subsequent work demonstrated that these results
were durable, improving AF-free survival over a median follow-
up of 870 days (Narayan et al., 2014). These outcomes were
reproduced in independent studies from more than 10 sites
(Miller et al., 2014) including Miller et al. (2017) who reported
their results for 170 consecutive patients undergoing AF ablation
employing PVI plus AF rotor ablation. Freedom from all atrial
arrhythmias was 75% in patients with persistent AF and 57%
in longstanding persistent AF at 1 year, off antiarrhythmic drug
therapy. A meta-analysis by Baykaner et al. (2018) analyzed
all published studies of FIRM mapping and ablation found
a significant improvement in freedom from atrial arrhythmia
recurrence in patients undergoing pulmonary vein isolation plus
FIRM ablation. Ongoing work is required to determine the
precise population who maximally benefit from this approach.

Electrocardiographic Imaging
Electrocardiographic imaging (ECGVue, Medtronic,
Minneapolis, MN) is a non-invasive technique utilizing a
252-electrode vest integrated with a non-contrast CT has been
used to record unipolar epicardial potentials during AF using
inverse solution modeling (Ramanathan et al., 2004). Similarly,
phase mapping has been applied to these potentials (Haissaguerre
et al., 2014), and in a study of 103 patients with persistent AF,
identified rotational and focal drivers (Figure 4).

Although changing wavefronts and transient reentrant activity
were observed, AF drivers occurred repetitively in the defined
regions. Ablation of such regions terminated persistent AF in
75% of patients and resulted in 1 year freedom from AF in
85% of patients. In the AFACART study (Knecht et al., 2017)
of 118 patients with persistent AF, a step-wise ablation approach
(driver only then PVI then linear ablation) showed that driver-
only ablation terminated AF in 64% of patients, and this step-wise
approach resulted in single procedure 1 year freedom from AF in
78% of patients, though 49% experienced atrial tachycardia.

Dipole Density Mapping
A system using dipole density mapping combined with
ultrasound (Grace et al., 2017; Shi et al., 2020) (AcQMap, Acutus
Medical Inc., Carlsbad, CA, United States) has been developed
to create high resolution endocardial activation maps (150,000
points per second). AcQMap consists of a basket catheter with 48
ultrasound transducers and electrodes to sample the intracardiac
potential field to create an instantaneous activation map using a
non-contact, inverse solution algorithm (Figure 5). This basket is
placed via a 16 French steerable sheath.

The AcQMap system was validated with contact mapping
in 20 patients (Shi et al., 2020) showing good agreement
for points up to 4 cm away from the center of the
catheter. It was prospectively studied in 127 patients with
persistent AF in the multicenter UNCOVER-AF trial (Willems
et al., 2019) and identified organized sources including
localized irregular activation (repetitive conduction through
a confined zone, Figure 5C), focal sources and rotational

TABLE 3 | Clinical technologies to Localize AF drivers.

Technique First clinical
study

Methodology Equipment needed Access Disadvantages

FIRM 2012 Phase mapping 64-electrode basket 8.5 Fr sheath Basket catheter tissue contact,
false-positive rotors

ECGi 2014 Activation and phase
mapping

252-electrode disposable
vest

Non-invasive Epicardial potentials only/misses septal
sites

Localized Electrogram
Organization

2016 Activation, voltage &
EGM characteristics

Multi-electrode catheter 8.5 Fr sheath Subjective qualititative EGM
assessment, non-panoramic

CARTOFINDER 2018 Activation mapping 64-electrode basket 8.5 Fr sheath Basket catheter tissue contact,
activation mapping limited by low
temporo-spatial resolution

Acutus 2019 Activation mapping 48 electrode basket 16 Fr sheath Large 16 Fr trans-septal sheath risks

Wavefront Mapping 2019 Propagation vector
mapping

64-electrode basket 8.5 Fr sheath Basket catheter tissue contact

FAST 2020 Spectral and unipolar
EGM

Multi-electrode catheter 8.5 Fr sheath Non-panoramic method, time
consuming
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FIGURE 4 | Examples of an atrial rotor (A) and a focal driver (C) which were identified using the inverse solution computer modeling and phase mapping of body
surface epicardial potentials (B). Knecht et al. (2017), reprinted with permission.

FIGURE 5 | Dipole density mapping reveals 3 distinct activation patterns: (A) focal activity originating from the mitral isthmus, (B) rotational activity originating from
the posterior wall, and (C) localized irregular activation characterized by repetitive multidirectional entry, exit, and pivoting through a fixed site. Willems et al. (2019),
reprinted with permission.

activation were found with an average of 5 sources per
patient. Ablation of these sources resulted in termination
in 32% of patients and 1-year freedom from AF in 73%

with a single procedure and 93% with a second procedure.
Randomized studies are still needed to establish a clear benefit
using this strategy.
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FIGURE 6 | Example of localized electrogram dispersion. (A) Bipolar voltage map with site of rotational activity. (B) Orientation of the multielectrode circular mapping
catheter. (C) Activation sequence of rotational activity where ablation terminated atrial fibrillation. (D) Corresponding unipolar electrograms show repetitive rotational
activation sequence. Jadidi et al. (2016) reprinted with permission.

Localized Electrogram Dispersion
A few methods have been proposed using qualitative analysis of
electrogram temporospatial organization obtained from standard
circular or multi-spline catheters. These methods expand upon
complex fractionated atrial electrogram (CFAE) mapping by
further evaluating propagation of electrograms on neighboring
electrodes in an organized fashion to determine the presence
of an active driver. Jadidi et al. (2016) proposed a method
to identify regions with low voltage (<0.5 mV, Figure 6A)
and electrograms spanning >70% of the AF cycle length over
neighboring electrodes (Figures 6B,C) to identify a surrogate
of an AF driver.

In a prospective study of 62 patients with persistent AF,
ablation of these low voltage areas in addition to PVI led to acute
AF termination in 73% and single procedure 1 year freedom from
AF in 69%, compared to 47% in a matched PVI only control
group (p < 0.001).

Another method described by Seitz et al. (2017) involves
localization of regions of temporal and spatial dispersion of
electrograms (minimum of 3 adjacent bipoles with activation
spanning the entire AF cycle length) using a multi-spline
catheter (Pentaray, Biosense-Webster, CA, United States). In the
SUBSTRATE HD study (Seitz et al., 2017) of 105 patients (77%
persistent AF), ablation of only driver regions terminated AF in
95% of patients, and 1.5-year freedom from atrial arrhythmias
(median 1.4 procedures) was 85% compared to 59% of a

validation control group who underwent step-wise PVI and
linear ablation approach. Further randomized and multicenter
centers with inexperienced operators are needed to confirm these
promising results for localized driver ablation.

CARTOFINDERTM

The CARTOFINDERTM system (Daoud et al., 2017) is an
activation mapping based algorithm that records unipolar
endocardial electrograms from 64-electrode basket catheters
(Figure 7, left panel). The system calculates the percentage
of the atrial surface geometry that is covered by the basket
to guide repositioning. Activation patterns are then analyzed
on the CARTO system to identify focal or reentrant drivers
(Figures 7A–D).

In a study of 20 patients with persistent AF, CARTOFINDER
identified rotational or focal drivers in all patients and
AF terminated in half of the patients with driver ablation
(Honarbakhsh et al., 2018). Randomized, longer-term outcome
studies are needed to determine whether this method may
effectively identify drivers to improve freedom from AF.

Focal Source and Trigger Mapping
(FaST)
A novel quantitative algorithm (Gizurarson et al., 2016;
Daoud et al., 2017) identifying sites with periodicity
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FIGURE 7 | Example of CARTOFINDER showing a counter clockwise rotational repetitive activation pattern through time (panels 1–6). Daoud et al. (2017) reprinted
with permission.

and QS unipolar electrogram morphology was described
by Chauhan et al. (2020). From bipolar and unipolar
electrograms collected from a circular mapping electrode
(Lasso, Biosense-Webster), the electrograms are analyzed
by an algorithm (Figure 8A) that assesses bipolar EGM
periodicity (segments with a spectral peak >10% of the total
spectral power) and assesses the presence of QS morphology
on the unipolar EGMs as a surrogate for organized focal
drivers (Figure 8B).

This algorithm was tested in a randomized study of 80 patients
(Chauhan et al., 2020) (48% persistent AF) to PVI + FAST
versus PVI only, and resulted in a trend toward improved 1-
year freedom from AF (74% with PVI + FAST compared to
51% with PVI-only, p = 0.06). Larger multicenter trials are
needed to see if this method may significantly improve AF
ablation success.

Wavefront Field Mapping
A promising technique was recently proposed using wavefront
field mapping (Leef et al., 2019) to reveal organized areas
of control during AF (Figures 9A,B). This novel vector
mapping method computes activation times to calculate phase
(Figure 9C), activation fronts, and gradient matching to display
the vector fields (Figures 9D–F) to describe propagation
of these fronts.

An advantage of this method is the ability to identify
regions that control larger areas of the atria during AF,

and thus distinguish true driver of AF compared to passive
organized areas. This concept was studied retrospectively
in 54 patients (Leef et al., 2019) in whom ablation of
proposed drivers (from phase mapping) terminated AF,
and all sites that were found to control larger atrial
areas terminated AF with ablation. Prospective studies
are ongoing to evaluate the ability of this method to
identify critical drivers of AF to improve the targeted
therapy of AF.

WHAT IS THE OPTIMAL ABLATION
STRATEGY TO TARGET MECHANISMS
OF AF?

The plethora of new imaging and mapping technologies reviewed
above attempt to provide a personalized approach to improve
the treatment of AF. Although there is a strong link between
atrial fibrosis and electrical drivers (Cochet et al., 2018; Hansen
et al., 2018), they do not always co-exist (Chrispin et al.,
2016; Schade et al., 2016), suggesting electrical remodeling and
structural heterogeneities other than fibrosis are also important
AF mechanisms (Stiles et al., 2009; Lalani et al., 2012; Schricker
et al., 2014; Zaman and Narayan, 2015). There are some patients
who may have only an electrical substrate without fibrosis (such
as lone AF due to a pulmonary vein driver), and there are
other patients who have extensive atrial fibrosis with multiple AF
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FIGURE 8 | (A) Workflow of algorithm in the FaST system. (B) Periodic activation of electrograms during AF and spectral analysis. Chauhan et al. (2020) reprinted
with permission.

drivers (such as a patient with familial atrial cardiomyopathy).
In the first case, PVI alone or driver mapping-guided ablation
may be enough to eliminate the AF mechanism, but may
not be enough in the second case. While meta-analysis of
driver ablation studies show a benefit toward driver ablation
(Baykaner et al., 2018), AF recurrence still recurs in ∼30%.
This may be partly due to technological shortcomings and
operator inexperience, but a possibility is that new drivers
may recur in certain patients with progressive primary atrial
cardiomyopathies.

More work is needed to determine how to identify patients
with progressive underlying atrial cardiomyopathies and how to
incorporate a substrate modification strategies in addition to AF
drivers. However, importantly, more ablation is not necessarily
better particularly with empiric atrial debulking strategies, as
STAR-AF2 showed a proarrhythmic effect of empiric linear
ablation primarily due to creation of substrate for atypical atrial
flutters (Verma et al., 2015) and development of stiff atrial
syndrome (Gibson et al., 2011).

Based upon the above discussion, we propose the following
strategy for the management of drug-refractory AF (Figure 10),
incorporating an organized approach to manage and reduce risk

factors, and to use imaging to reveal the diverse types of AF.
First, reversible clinical risk factors, such as obesity, hypertension,
obstructive sleep apnea, and excessive alcohol use should be
optimized in all patients to help reverse atrial remodeling (Lau
et al., 2017). Second, PVI should usually be performed in all
patients as an initial strategy. In the most recent 2017 expert
consensus document for AF ablation, pulmonary vein isolation
is the only ablation strategy given a Class 1 indication (Calkins
et al., 2017). Third, elimination of AF triggers such as frequent
PACs/atrial tachycardias should also be strongly considered,
which is given a Class 2A indication. Fourth, in patients in
whom AF sustains or remains inducible, adjunctive strategies
addressing patient-specific AF mechanisms may be needed
to improve the success of ablation. To address the potential
for fibrotic mechanisms discussed previously, pre-procedural
imaging or comprehensive invasive voltage mapping should be
considered to determine the presence of significant atrial fibrosis
which may prognosticate a need to perform electrical driver
ablation and/or substrate modification to eliminate extra-PV AF
mechanisms. Finally, in patients with persistent AF in whom
AF is more likely to recur after PVI alone, electrical driver
mapping should be considered to eliminate extra pulmonary
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FIGURE 9 | (A) Targeted ablation of a rotor in the left posterior left atrium resulting in panel (B) AF termination in a patient with clinical AF. Activation times are
converted to phase analysis (C). (D–F) Vector fields of potential AF driver during AF. Leef et al. (2019) reprinted with permission.

FIGURE 10 | Flowchart of a decision-support strategy regarding the use of
supplemental AF mapping and targeting technologies.

vein AF mechanisms in a targeted, patient-specific approach. At
present, the choice of adjunction functional mapping should in
part be determined by operator experience and electrophysiology
laboratory factors in the absence of definitive clinical trial
data evaluating the new adjunctive technologies. While the
current AF ablation consensus guidelines do discuss some of
the earlier imaging and driver technologies, they are given

a Class IIb indication due to lack of good quality clinical
data. With improvements in mapping and imaging technologies
discussed above, we await clinical trials to confirm the optimistic
preliminary clinical studies supporting these mechanistic AF
treatment strategies.

CONCLUSION

This review summarizes data linking fibrotic atrial
cardiomyopathy with AF drivers and summarizes current
clinical approaches for the targeted therapy of substrate
and electrical mechanisms underlying atrial fibrillation. As
the two patients presented at the beginning demonstrate,
causes of AF may be heterogeneous; it is possible that AF in
patient 1 may have been caused by electrical substrate only
(triggered activity from an ectopic pulmonary vein source).
In contrast, patient 2 may have an underlying primary atrial
cardiomyopathy, compounded by the presence of scar from
prior ablation, and although driver ablation terminated AF,
he may have recurrence of AF with new driver sites. Similar
to scar-based VT, a combination of substrate modification
guided by electrical driver mapping may be needed in
certain patients.

We believe that current data support an approach in
which risk factor modification is addressed in all patients, and
a patient specific strategy incorporating targeted therapy of
structural and electrical substrate is considered in particular for
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patients with anatomic and functional remodeling suggestive
of advanced atrial remodeling and AF drivers outside the
pulmonary vein anatomy. Ongoing work is required to determine
the optimal combination of imaging and AF functional mapping
to optimize procedural results in the management of patients
with refractory arrhythmias.
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Background: Angiotensin II (Ang II) could promote the development of atrial fibrosis
in atrial fibrillation (AF). Apelin can inhibit the occurrence of myocardial fibrosis.
However, the effect of apelin on Ang II-induced atrial fibrosis and subsequent AF still
remains unknown.

Objective: In the present study, we examined the effect of apelin on the suppression of
atrial fibrosis and subsequent AF, and investigated its underlying mechanisms.

Methods: Sprague-Dawley rats were treated for 2 weeks with Ang II (1080 µg/kg/24 h)
and apelin-13 (140 µg/kg/24 h) using implantable mini-pumps. The incidence of AF
induced by atrial pacing was determined. Atrial electrophysiological mapping was
recorded by a 32-electrode microelectrode array. Blood was collected to measure
the levels of Ang II and apelin. Atrial tissue samples were preserved to assess the
pathohistological changes, DDR2 and α-SMA co-staining were performed, and the
protein expression of Smad2 phosphorylation was evaluated.

Results: Apelin significantly inhibited Ang II-induced atrial fibrosis (HE:1.45 ± 0.11
vs 6.12 ± 0.16, P < 0.001; Masson:1.49 ± 0.25 vs 8.15 ± 0.23, P < 0.001;
Picrosirius Red:1.98 ± 0.64 vs 9.59 ± 0.56, P < 0.001, respectively) and decreased the
vulnerability of AF (inducibility of AF: z =−4.40, P< 0.001; total AF duration: z =−4.349,
P < 0.001). Left atrial epicardial mapping studies demonstrated preservation of
atrial conduction homogeneity by apelin. The protective effects of apelin from fibrotic
remodeling were mediated by suppression of Smad2-dependent fibrosis.

Conclusion: Apelin potently inhibited Ang II-induced atrial fibrosis and subsequent
vulnerability to AF induction via suppression TGF-β/Smad2/α-SMA pathway. Our results
indicated that apelin might be an effective up-stream therapy for atrial fibrosis and AF.

Keywords: atrial fibrillation, apelin, angiotensin II, fibrosis, AF
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INTRODUCTION

Atrial fibrillation (AF) is one of the most common arrhythmias,
with high incidence rate and mortality. Atrial fibrosis is a typical
manifestation of atrial structural remodeling, which promotes the
occurrence and maintenance of AF, and significantly enhances
the AF vulnerability (Andrade et al., 2014; Heijman et al., 2014).
Angiotensin II (Ang II) can induce the proliferation of fibroblasts
and the development of atrial fibrosis (Dzeshka et al., 2015;
Hu et al., 2015).

Apelin is an endogenous peptide with strong positive
inotropic effect. Apelin receptor shares 31% sequence identity
with the human angiotensin type 1 (AT1) receptor, and the
activation of the apelin receptor triggers various signaling
pathways that exert protective cardiovascular effects (Marsault
et al., 2019). More and more evidences show that apelin plays
a protective role in the development of cardiovascular diseases
(Cao et al., 2015; Zhong et al., 2017). Previous studies have
found that apelin could inhibit the development of myocardial
fibrosis (Huang et al., 2016; Xu et al., 2016). However, the
effect and underlying mechanisms of apelin on AF and atrial
fibrosis remain unclear.

MATERIALS AND METHODS

Ethics Statement
All the research procedures and the use of laboratory animals
were in accordance with the Guide for the Care and Use of
Laboratory Animals (NIH Publication 2011, eighth edition), and
were approved by the Animal Care and Use Committee of the
Xinjiang Medical University. All animals were supplied with
filtered water and standard laboratory diet. They were placed
in a room with constant temperature of 23◦C and 12 h light-
dark cycle.

Animal Model and Handling
48 male Sprague-Dawley (SD) rats (weighing 400–500 g, the
Experimental Animal Center of Xinjiang Medical University,
China) were randomly divided into three groups: control,
Ang II and Ang II + apelin group. The osmotic mini-
pumps were implanted subcutaneously (ALZET, Cupertino, CA,
United States) in all animals for 2 weeks. Three groups were
divided according to the different contents of osmotic mini-
pumps as follows: Ang II group (Ang II, 1080 µg/kg/24h,
Sigma-Aldrich, United States), Ang II + apelin group (Ang
II 1080 µg/kg/24h, Sigma-Aldrich, United States and apelin
140 µg/kg/24h, Sigma-Aldrich, United States), control group
(double distilled water). The dosage and the administration
method of the drug were done according to the previous
published studies (Scimia et al., 2012; Chagnon et al., 2017).
Blood samples were collected at baseline and 2 weeks after
drug administration in all the groups. Electrophysiological
investigation were performed on all animals after 2 weeks of
drugs administration. After that, the left atrial tissue was taken
for staining and protein detection. All animal procedures were

performed with ketamine anesthesia. Euthanasia was performed
by intravascular pentobarbital overdose.

Electrophysiological Investigation
Atrial stimulation was performed as previously described by
Rudolph et al. (2010) In brief, a quadrupolar electrophysiological
catheter (5F, Boston Scientific Corporation, United States) was
inserted via the esophagus into the atrium. Electrophysiological
recording and atrial stimulation were performed using LEAD-
7000 Electrophysiology Management System (Jinjiang Co. Ltd.,
China). Atrial burst stimulation was performed at pacing
stimulus amplitudes of 2.0 mA for 30 s at S1S1 stimulation cycle
lengths starting at 50 ms with 10 ms stepwise reduction down
to 10 ms. A recovery period of 30 s was maintained between
the stimulation process. Atrial fibrillation is defined as the
appearance of rapid, scattered atrial electrograms accompanied
by irregular AV-nodal conduction and ventricular rhythm with
a duration of these electrograms of 1 s. The AF inducibility (the
numbers of induced AF in a certain period of time) and duration
(defined as the first sinus-rhythm P wave after AF to the last
stimulus-spike) were analyzed.

Atrial Electrophysiological Mapping
The rats were placed on the operating table and connected to a
ventilator. The thorax was opened and the heart was exposed.
A 32-electrode microelectrode array (MEA, Multichannel
Systems, Germany) was placed on the epicardial surface of the
right atrium. Using a 128-channel, computer-assisted recording
system to recorded electrograms. The inhomogeneity was
reflected by the differences of activation time for each electrode
with neighboring points, and the inhomogeneity index was
obtained by calculating the largest difference at each electrode in
the velocity-time curve according to the previous studies (Li et al.,
1999; Shinagawa, 2002).

Ang II and Apelin Assay
Plasma levels of Ang II and apelin were quantified with
apelin-13 EIA Kits (Sigma-Aldrich, United States) and Ang
II EIA Kits (Sigma-Aldrich, United States) according to the
manufacturer’s instructions.

Hematoxylin-Eosin (HE), Masson’s
Trichrome and Picrosirius Red Staining
After the tissues of left atrial wall were obtained, it was
immediately fixed with 4% paraformaldehyde at 4◦C and then
embedded in paraffin. Light microscopy was performed using
semi-thin sections (2 µm) stained with HE and Masson’s
trichrome stains. The Picrosirius Red staining was performed
using 4 µm sections. After dewaxing, rehydrating and staining
with Wiegert’s hematoxylin, the sections were stained in
Picrosirius Red solution (0.5 g Sirius red F3B in 500 mL saturated
aqueous picric acid solution) for 1 h. The sections were then
washed in acidified water solution (5 mL acetic acid in 1 L water).
Finally, sections were dehydrated in 100% ethanol, cleared in
xylene and mounted in a resinous medium. Picrosirius Red stains
the collagen red on a pale-yellow background in bright field
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microscope, and collagen appears bright orange-red. The area
of myocardial fibrosis was measured by a digital imaging system
(ImageJ, NIH Image, United States).

Detection of Protein Expression by
Western Blot Analysis
Membrane proteins were extracted from the tissue samples of the
left atrium (LA) with 5 mmol/L Tris–HCl (pH 7.4), 2 mmol/L
EDTA, 5 µg/mL leupeptin, 10 µg/mL benzamidine and 5 µg/mL
soybean trypsin inhibitor. All procedures were performed at 4◦C.
Lysates were centrifuged at 10,000 g for 10 min, and supernatants
(30 g protein/lane) were separated by SDS-PAGE on a 10%
acrylamide gel. Gels were electroblotted onto a nitrocellulose
membrane, then blocked with 2% non-fat dry milk and incubated
with either anti-p-Smad-2 (Ser 465/467) (3108) and anti-Smad-
2 (5339) (Cell Signaling Technology). The signals were scanned
and semi quantitated using a digital imaging system (ImageJ, NIH
Image, United States).

Co-staining of Atrial Tissue With DDR2
(Tyrosine Kinase Receptor for Fibrillar
Collagen) and α-SMA (Marker of
Myofibroblasts)
DDR2 and α-SMA co-staining was performed on tissue sections
to determine the extent of fibrosis. Sections were incubated
overnight in mouse anti-rat DDR2 antibody (1:100 dilution,
Sigma-Aldrich, United States) with rabbit anti-rat α-SMA (1:500
dilution, Sigma-Aldrich, United States) and then incubated with
goat anti-rabbit Alexa Fluor R© 488 and goat anti-mouse Alexa
Fluor R© 594-conjugated secondary antibodies at a dilution of
1: 5000 and mounted with VectaShield R© Antifade Mounting
Medium with DAPI. Slides were visualized under fluorescent
microscope (LeicaTCS SP8, Germany, atrial tissue,×20).

Statistical Analysis
Data entry and analysis were done using the IBM R© Statistical
Package for the Social Sciences (SPSS) version 23. The normality
of distribution of all the data were tested, and non-parametric
tests were used if they were not normally distributed. The location
and spread of continuous variables were presented as mean
and standard deviation (SD) (if normal in distribution) or by
the median (M) and inter-quartile range (skewed distribution).
Hypothesis testing of the difference between the two groups of
continuous variables was done using Student’s t-test (normal
distribution) or the Mann–Whitney test (skewed data). Null
hypothesis was rejected at P < 0.05.

RESULTS

To verify the release of Ang II and apelin from the osmotic
pumps, Ang II and apelin plasma levels were measured before
and 2 weeks after drug administration in all the groups. Ang
II plasma levels were significantly higher in both Ang II and
Ang II + apelin groups compared with the corresponding group
before administration (149.69 ± 15.87 vs 90.54 ± 16.02 pg/mL,

P < 0.001; 140.90 ± 17.10 vs 86.33 ± 12.25 pg/mL, P < 0.001;
respectively). There was no significant difference was observed
in the plasma levels between Ang II and Ang II + apelin groups
(149.69 ± 15.87 vs 140.90 ± 17.10 pg/ml, P = 0.105).The plasma
levle of Apelin in the Ang II + apelin group was significantly
higher than the baseline (2.37 ± 0.47 vs 1.36 ± 0.27 ng/mL,
P < 0.001), and no significant difference was observed before
and after the drug administration in Ang II group (1.34 ± 0.28
vs 1.31± 0.25 ng/mL, P = 0.76) (Figure 1).

Apelin Suppresses Atrial Fibrosis
Hematoxylin-Eosin, Masson’s trichrome, and Picrosirius Red
stained atrial sections revealed significantly greater atrial fibrosis
in the Ang II group compared with the control group (6.12± 0.16
vs 1.24 ± 0.09, P < 0.001; 8.15 ± 0.23 vs 1.25 ± 0.11, P < 0.001;
9.59 ± 0.56 vs 2.11 ± 0.47, P < 0.001, respectively). On the
other hand, HE, Masson’s trichrome and Picrosirius Red stained
atrial sections exhibited significant reduction in the levels of atrial
fibrosis in Ang II + apelin group compared with Ang II group
(1.45± 0.11 vs 6.12± 0.16, P< 0.001; 1.49± 0.25 vs 8.15± 0.23,
P < 0.001; 1.98 ± 0.64 vs 9.59 ± 0.56, P < 0.001, respectively),
and were in fact equivalent to the control group (1.45 ± 0.11
vs 1.24 ± 0.09, P = 0.08; 1.49 ± 0.25 vs 1.25 ± 0.11, P = 0.06;
1.98± 0.64 vs 2.11± 0.47, P = 0.42, respectively), (Figure 2).

Apelin Preserves Atrial Conduction
Homogeneity
Microelectrode array results demonstrated significant increase
in the inhomogeneity of Ang II group compared to the
with control group (inhomogeneity index of Ang II group vs
control group = 4.21 ± 0.32 vs 1.73 ± 0.26, P < 0.001),but
there was no significant increase in Ang II + apelin group
(inhomogeneity index of Ang II group vs Ang II + apelin
group = 4.21 ± 0.32 vs 2.16 ± 0.35, P < 0.001), (Figure 3 and
Supplementary Videos 1–3).

Apelin Inhibits Fibrosis by Inhibition of
TGF-β1/Smad2/α-SMA Pathway
Co-staining of atrial tissues with DDR2 and α-SMA revealed a
significant increase in the fibroblasts in Ang II group compared
with the control group, whereas this effect was almost completely
blunted in the Ang II+ apelin group (Figure 4A).

Western blot analysis demonstrated that the Smad2
phosphorylation was significantly attenuated in the Ang
II + apelin group compared to the Ang II group (0.29 ± 0.09 vs
1.57± 0.23, P < 0.001) (Figure 4B).

Apelin Reduces AF Vulnerability
The AF vulnerability (including inducibility of AF and AF
duration) was significantly increased in Ang II group compared
with the control group (inducibility of AF: z = −4.70, P < 0.001;
AF duration: z = −4.746, P < 0.001) while the Ang II + apelin
group demonstrated reduced AF vulnerability than Ang II group
(inducibility of AF: z = −4.40, P < 0.001; total time of AF
episodes: z =−4.349, P < 0.001), (Figure 5).
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FIGURE 1 | Plasma Ang II and apelin levels. Ang II plasma levels were significantly higher in both Ang II (n = 16) and Ang II + apelin groups (n = 16) compared with
the corresponding groups before administration. Apelin plasma levels were significantly higher in Ang II + apelin group than predose. ∗P < 0.001.

FIGURE 2 | Atrial fibrosis of control, Ang II and Ang II + apelin groups (n = 16 in each group). (A) Representative images of HE, Masson’s trichrome staining and
Picrosirius Red stained atrial sections. (B–D) Quantification of fibrotic areas of HE, Masson’s trichrome and Picrosirius Red stained atrial sections, respectively. Ang II
group showed a higher extent of atrial fibrosis, while concomitant apelin treatment led to a significant reduction of atrial fibrotic areas in Ang II + apelin group. Scale
bar indicates 10 µm. ∗P < 0.001.

DISCUSSION

Atrial fibrillation is an arrhythmia that often leads to serious
complications. Atrial remodeling includes electrical remodeling
and structural remodeling, which are closely related to the
occurrence and maintenance of AF. Atrial fibrosis is an important
part of structural remodeling (Nattel and Harada, 2014;

Opacic et al., 2016). In the present study, we observed that
apelin administration suppressed atrial fibrosis as well as
preserved atrial conduction homogeneity, and finally reduced
AF vulnerability.

The expression of Ang II was increased in AF patients, and
acted as a significant signaling mediator in the pathogenesis
of atrial fibrosis (Dzeshka et al., 2015; Opacic et al., 2016).
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FIGURE 3 | Representative images of epicardial multi-electrode activation mapping. The arrow indicates the conduct direction. The images of epicardial
multi-electrode activation mapping and velocity-time curve both demonstrated significant inhomogeneity increase in Ang II group compared with control group
(inhomogeneity index of Ang II group vs. control group = 4.21 ± 0.32 vs 1.73 ± 0.26, P < 0.001), which was completely abolished in Ang II + apelin group
(inhomogeneity index of Ang II group vs Ang II + apelin group = 4.21 ± 0.32 vs 2.16 ± 0.35, P < 0.001) (n = 16 in each group).

Rosin et al. (2013) demonstrated that Ang II could activate TGF-
β1 synthesis, secretion, and downstream Smad2 signaling
pathways, resulting in Smad2-dependent production of
connective tissue growth factor. This in turn leads to the
proliferation of fibroblast in the myocardium and promotes
the differentiation of fibrocyte into myofibroblast, which
eventually leads to the deposition of extracellular matrix (ECM).
ACEI and ARB have been shown to block the activation of
renin-angiotensin system (RAS) system, and block the atrial
structural remodeling induced by Ang II, reducing the onset of
AF. However, no study has reported the role of apelin in the
inhibition of RAS system in AF.

In our study, apelin completely abolished the pro-fibrotic
effects of Ang II treatment. Up to now, myofibroblasts are still the
markers of pathological fibrosis and remodeling of myocardium.
The process of differentiation from fibroblasts to myofibroblasts
is crucial for promoting the deposition of ECM and increase the
incidence of arrhythmia (Weber et al., 2013; Piek et al., 2016).

Furthermore, myofibroblasts also have the function of
secreting angiotensin TGF-β1 and Ang II, which eventually
leading to fibrosis.(Ghavami et al., 2015; Rudolph et al.,
2015; Salvarani et al., 2017). Although it is not the only

mechanism linking Ang II signaling and fibrosis, our
study has found that Apelin could interrupt this vicious
circle by mediating with Smad2-related suppression of
myofibroblast differentiation, exerting the anti-fibrotic
effect (Figure 6).

VALUE (Schmieder et al., 2008) and Val-HeFT (Maggioni
et al., 2005) studies found that valsartan could reduce the
incidence and recurrence rate of AF, but its underlying
mechanism is unclear. In addition, Ellinor et al. (2006) have
shown that valsartan could increase the plasma levels of apelin
expression in vivo. It is unclear as to whether this effect of
valsartan is achieved by the action of apelin. This is further
confirmed by our present study results: valsartan increases the
level of apelin in vivo and then inhibits Ang II-induced atrial
fibrosis and subsequent vulnerability to AF. However, some
studies (GISSI-AF Investigators et al., 2009) demonstrated that
no significant improvement was observed in the prognosis of AF
patients after using ARB drugs. The possible reason is that the
beneficial influence of ARB is hard to work on the irreversible
atrial remodeling.

Meanwhile, Parikh et al. (2013) found that the plasma
Apelin level was significantly decreased in AF patients,
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FIGURE 4 | Apelin inhibits fibrosis by inhibiting TGF-β1/Smad2/α-SMA pathway. (A) DDR2/a-SMA co-staining of murine atrial sections showed a significant higher
amount of fibrosis in the atrial tissue of Ang II group compared with the control group, while apelin treatment reduced the fibrosis to the level of animals in the control
group. Scale bar indicates 50 µm. (B) Apelin reduces TGF-β1-induced phosphorylation of Smad2, as detected by western blot. ∗P < 0.001 (n = 16 in each group).

which may be due to the disruption of apelin levels in atrial
endocrine function during AF. If the above hypothesis is true,
then apelin acts as a key factor, preventing the occurrence
and development of AF. The decreased apelin levels in
AF may be an underlying key factor that intervenes in
the remodeling mechanisms leading to the phenomenon
of “AF begets AF.” Therefore, based on the above theory,
supplementation of apelin in AF cohort might disrupt
the vicious cycle.

LIMITATION

Our study has few limitations. Firstly, the mechanisms of AF are
complex and unclear in clinical, we used a murine model of AF,
and limitations occur when translating the present findings to
human. Nevertheless, the key points of the present study were to
evaluate the effect of apelin on atrial fibrosis and subsequent AF,
for which the murine models have been widely used. Secondly,
we did not evaluate the effect of apelin on Ang II-induced
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FIGURE 5 | Apelin attenuatation elevated AF vulnerability. (A) Representative figures of ECGs with and without atrial fibrillation episodes after stimulation. ECG
interference caused by stimulus current could not be ruled out. (B,C) Ang II treatment led to a distinct elevation of inducibility of AF and the total time of AF episodes,
whereas in the Ang II + apelin group, the inducibility of AF and total time of AF episodes are significantly decreased. ∗P < 0.001 (n = 16 in each group).
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FIGURE 6 | The mechanism of apelin reduces fibrosis in the atrium of Ang II-treated rat through TGF-β1/Smad2/α-SMA signaling pathway.

atrial remodeling in dose-dependent manner. In future studies,
various doses of apelin should be taken into consideration to
further elucidate whether the inhibitory effect of apelin on atrial
remodeling was dose-dependent. Thirdly, although apelin can
prevent fibrosis, the fibrosis may not be reversed when it already
exists. Therefore, for patients with persistent AF who already have
severe atrial fibrosis, whether apelin has ideal effect needs to be
further verified.

CLINICAL APPLICATION

Our findings suggested that apelin may be an effective up-stream
treatment for atrial fibrosis. Further researches on the clinical use
of apelin are necessary.

CONCLUSION

In recent years, many scholars have carried out in-depth
researches on the treatment of atrial fibrosis and AF
(Adam et al., 2015; Chen et al., 2015; Henry et al., 2015;

Jalife and Kaur, 2015). But up to now, there is no effective
treatment to inhibit atrial fibrosis (Dzeshka et al., 2015; Van
Wagoner et al., 2015; Lüscher, 2017), however, apelin may serve
as an effective upstream therapy for this unmet clinical need. In
the current study, we found that apelin potently inhibits Ang
II-induced atrial fibrosis and subsequent vulnerability to AF via
supression of TGF-β1/Smad2/α-SMA pathway.
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Background: Presence of left atrial low voltage substrate in bipolar voltage mapping is

associated with increased arrhythmia recurrences following pulmonary vein isolation for

atrial fibrillation (AF). Besides local myocardial fibrosis, bipolar voltage amplitudes may be

influenced by inter-electrode spacing and bipole-to-wavefront-angle. It is unclear to what

extent these impact low voltage areas (LVA) in the clinical setting. Alternatively, unipolar

electrogram voltage is not affected by these factors but requires advanced filtering.

Objectives: To assess the relationship between bipolar and unipolar voltage mapping

in sinus rhythm (SR) and AF and identify if the electrogram recording mode affects the

quantification and localization of LVA.

Methods: Patients (n = 28, 66±7 years, 46% male, 82% persistent AF, 32%

redo-procedures) underwent high-density (>1,200 sites, 20 ± 10 sites/cm2, using a

20-pole 2-6-2mm-spaced Lasso) voltage mapping in SR and AF. Bipolar LVA were

defined using four different thresholds described in literature: <0.5 and <1mV in SR,

<0.35 and <0.5mV in AF. The optimal unipolar voltage threshold resulting in the highest

agreement in both unipolar and bipolar mapping modes was determined. The impact

of the inter-electrode distance (2 vs. 6mm) on the correlation was assessed. Regional

analysis was performed using an 11-segment left atrial model.

Results: Patients had relevant bipolar LVA (23 ± 23 cm2 at <0.5mV in SR and 42

± 26 cm2 at <0.5mV in AF). 90 ± 5% (in SR) and 85 ± 5% (AF) of mapped sites

were concordantly classified as high or low voltage in both mapping modes. Discordant

mapping sites located to the border zone of LVA. Bipolar voltage mapping using 2 vs.

6mm inter-electrode distances increased the portion of matched mapping points by 4%.

The unipolar thresholds (y) which resulted in a high spatial concordance can be calculated

from the bipolar threshold (x) using following linear equations: y = 1.06x + 0.26mV

(r = 0.994) for SR and y = 1.22x + 0.12mV (r = 0.998) for AF.
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Conclusion: Bipolar and unipolar voltage maps are highly correlated, in SR and AF.

While bipole orientation and inter-electrode spacing are theoretical confounders, their

impact is unlikely to be of clinical importance for localization of LVA, when mapping is

performed at high density with a 20-polar Lasso catheter.

Keywords: atrial fibrillation, bipolar voltage mapping, unipolar voltage mapping, arrhythmogenic substrate, low

voltage areas

1. INTRODUCTION

Atrial fibrillation (AF) is the most common supraventricular
cardiac arrhythmia characterized by an irregular heart rhythm
and associated with an increased risk of heart failure, stroke, and
mortality (Wang et al., 2003; Miyasaka et al., 2005; Go et al.,
2014).

Pulmonary veins have been identified as major
arrhythmogenic trigger sites for AF. Therefore, their isolation
has become a widely used and effective treatment for AF
(Haissaguerre et al., 1998). However, additional arrhythmogenic
atrial substrate is present in 30–50% of persistent AF patients
and may be responsible for the maintenance of the arrhythmia,
resulting in increased AF recurrences after pulmonary vein
isolation (PVI) in these patients (Verma et al., 2005, 2015).
Procedural identification of arrhythmogenic AF sources with
rapid, continuous, or repeated rotational activity has revealed
their localization within fibrotic regions displaying low bipolar
voltage <0.5mV during AF (Jadidi et al., 2016, 2020; Seitz
et al., 2017). Ablation of these atrial AF sources, in addition
to PVI, improves the success rate in persistent AF patients
from 30 to 50% with PVI only to 70% with additional selective
ablation of arrhythmogenic low voltage areas (LVA) (Rolf
et al., 2014; Jadidi et al., 2016; Blandino et al., 2017; Seitz et al.,
2017).

Atrial arrhythmogenic fibrosis-rich areas are currently
identified using imaging or bipolar voltage mapping.
However, in addition to the underlying atrial fibrosis that
affects the bipolar voltage (peak-to-peak amplitude of the
electrogram), the angle of the bipolar recording electrodes
(wavefront-to-bipole orientation), the distance between the
electrodes and the electrode size may also influence the
bipolar electrogram amplitudes (Schuler et al., 2013; Anter
et al., 2015; Beheshti et al., 2018; Lin et al., 2018; Gaeta
et al., 2019). Therefore, using bipolar electrograms can
potentially cause areas of fibrotic and non-fibrotic tissue to
be misclassified. On the other hand, unipolar electrogram
voltage is unaffected by the catheter orientation and electrode
distances. However, the signals are more susceptible to noise and
ventricular far-field requiring advanced filtering (Frisch et al.,
2020).

We aim to assess the differences in the extent and distribution
of atrial LVA when comparing bipolar to unipolar voltage
mapping in AF and sinus rhythm (SR). In this work, we evaluate
the correlation between the two mapping methods and identify
the corresponding unipolar thresholds that yield the highest
concordance to the bipolar LVA. Additionally, we examine the

impact of (1) the electrode distance, (2) the anatomical region of
the left atrium, and (3) the extent of left atrial (LA) low voltage
substrate on the correlation between unipolar and bipolar LVA.

2. METHODS

2.1. Study Cohort and Electro-Anatomical
Mapping
A total of 28 patients with AF underwent high-density (>1,200
mapped sites per LA and rhythm, mapping density of 17 ±

7 sites per cm2 in SR and 22 ± 11 per cm2 in AF) voltage
mapping using a 20-pole variable (15–20mm diameter) Lasso-
Nav mapping catheter (electrode size: 1mm; spacing: 2-6-2mm).
The voltage mapping was performed using CARTO-3 (Biosense
Webster, Diamond Bar, CA, USA) and carried out in both
rhythms SR and AF prior to PVI. Bipolar voltage maps were
acquired using all electrode spacings (2 and 6mm). Patients were
mapped first in the rhythm that they presented in and then
cardioverted into SR or induced into AF to obtain the second
map. 21/28 patients presented with clinical persistent AF, the
remaining had SR at presentation. Nine of the 28 (32%) patients
underwent a redo AF ablation procedure after a previous PVI
procedure. The remaining 19 (68%) patients came for their first
AF ablation procedure.

Electrograms recorded >7mm from the geometry surface
were excluded from the analysis to avoid poor contact points.
Additionally, points containing only noise or pacing artifacts
were removed based on manual assessment. The unipolar signals
were processed by the Carto3 software, which uses standard
clinical filtering with highpass and lowpass cutoff frequencies
at 2 and 240Hz to remove high and low frequency noise from
the acquired EGM. Additionally, a notch filter was applied to
clear the noise from the environment power lines. For the
unipolar recordings Wilson’s Central Terminal (WCT) was used
as the reference electrode. Additionally, bandpass filtering was
performed at 16–500Hz for the bipolar signals. A window of
interest was defined prior to the QRS complex to identify atrial
activity and the voltage provided by CARTO-3 was obtained
by taking the peak-to-peak value (local maximum − local
minimum) of a single atrial beat in a 2.5 s second recording
interval. This beat was identified to be, typically, the largest
or second-largest beat in the signal, where the spread in the
voltage within the time window differed in a range of 0–0.2mV.
A color interpolation of voltage values between the recorded
electrode positions of <7mm was then applied to the geometry
automatically by CARTO-3.
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2.2. Voltage Mapping in Sinus Rhythm
The QRS complex was excluded from the window-of-interest
during LA voltage mapping. LVA were defined using cut-off
values for bipolar peak-to-peak voltage in SR of<0.5 or<1.0mV
(Jadidi et al., 2016; Rodríguez-Mañero et al., 2018). Areas
demonstrating low voltage when mapped with the 20-pole Lasso
catheter were confirmed using a contact force-sensing mapping
catheter with a contact threshold of >5 g.

2.3. Voltage Mapping in Atrial Fibrillation
Patients underwent voltage mapping in AF using the sharp peak
in the surface QRS as the reference. The QRS complex was
then excluded from the window-of-interest during LA voltage
mapping. To ensure the highest accuracy of electrogram criteria,
>1,200 points were acquired per LA and rhythm. Respiratory
gating was performed and the atrial geometry was acquired at
high adjustment settings (geometry acquisition by Lasso catheter
was set to 18 on CARTO-3) to obtain the highest accuracy of
the acquired atrial geometry. Presence and accurate localization
of low voltage areas was confirmed by contact force-sensing
catheters (>5 g). Bipolar low voltage zones were defined as<0.35
or <0.5mV in AF, according to the findings in recent studies
(Jadidi et al., 2016, 2020; Rodríguez-Mañero et al., 2018).

The voltage was defined as the peak-to-peak amplitude of a
single AF beat. In AF, the window of interest was set to 90% of the
mean AF cycle length in order to consider only a single AF beat.
This beat was manually selected with special emphasis on having
only a single depolarization wavefront (AF beat). The current
voltage mapping software of CARTO-3.7 does not support
automatic voltage mapping during AF. Use of the automatic
CARTO-3 software for voltage mapping in AF may result in
mapped sites without any underlying electrogram (including the
isolelectric intervals only) or including multiple AF beats with
inadequate peak-to-peak voltage measurements. Therefore, in
the current study, AF voltage maps were acquired manually.

2.4. Analysis
To identify the correlation between the unipolar and bipolar
maps, the sensitivity, and specificity were calculated. The bipolar
map was considered as the “true condition” and the electrogram
at each point of the unipolar map was classified depending on
the unipolar voltage threshold. Points labeled as low voltage in
the (ground truth) bipolar map were identified as true positive
(unipolar voltage< threshold) or false negative (unipolar voltage
> threshold) in the unipolar map. True negative and false
positive classes were similarly defined for the points with a supra-
threshold voltage in the bipolar map. The unipolar threshold
was then varied between 0.1 and 4mV, and a receiver operating
characteristic (ROC) curve was created to identify the unipolar
threshold which provides the best match to the bipolar map for
each patient and rhythm.

The relationship between unipolar and bipolar voltage was
further explored by examining the percentage of points on the
maps, which were classified the same in both cases (low or
high voltage). This analysis was performed based on the voltage
map provided by CARTO-3 (interpolated map data). The data

from the electrograms at the mapping sites were used directly to
analyze the effect of inter-electrode spacing.

For each patient, the best unipolar threshold corresponding to
a specific bipolar threshold was identified using the ROC curve.
Using one common unipolar threshold for all patients rather
than an individual threshold for each patient was evaluated and
analyzed by calculating the percentage of points that matched in
unipolar and bipolar.

Regional differences in the voltage have been found in
patients, with the anteroseptal LA wall and roof displaying the
common and most extensive LVA, followed by the posterior
LA wall (Marcus et al., 2007; Müller-Edenborn et al., 2019). To
examine what effect the regional differences may have on the
correlation between unipolar and bipolar LVA, each LA was split
into 11 anatomical regions. The regions are as follows: orifices
to the four pulmonary veins (LIPV, LSPV, RIPV, RSPV), the
region around the mitral valve (MV), the left atrial appendage
(LAA), the anterior, posterior, and lateral wall, the roof, and the
septum. The percentage of points which matched between the
unipolar and bipolar map were calculated for each anatomical
region, using the bipolar threshold of 0.5mV in SR and 0.35mV
in AF and the best corresponding unipolar threshold for each
patient, which range between 0.62 and 1.1mV (SR) and 0.45 and
0.99mV (AF).

A factor that may influence the correlation between bipolar
and unipolar mapping is the level of low voltage substrate in
patients. Therefore, the 28 patients were split into four subgroups
depending on the extent of low voltage (<0.5mV during SR
in the bipolar map). The low voltage substrate extent was then
determined as the percentage of the surface area. Each patient was
categorized into one of the four groups: stage I (<5%), II (≥5%
to <20%), III (≥20% to <30%) and IV (≥30%) as suggested
by Oakes et al. (2009) and Yamaguchi et al. (2018). The match
between unipolar and bipolar classification was then calculated
for each category, in both rhythms.

The distance between the bipolar electrodes is known to affect
the bipolar signals (voltage increases as the distance increases)
(Beheshti et al., 2018). Several studies have examined this effect
concerning the influence it may have on the identification of LVA
(Anter et al., 2015; Mori et al., 2018). Thus, the data provided
by CARTO-3 were split into three groups: (1) containing only
information from the 2mm electrode distances, (2) only 6mm
distances, and (3) containing both. The percentage of points that
matched between unipolar and bipolar was then calculated, and
the paired-sample t-test was used to calculate if the difference
between the three sets was significant.

3. RESULTS

3.1. Patient Characteristics
Twenty-eight patients (66 ± 7 years old, 46% male, 82%
persistent AF, 32% redo-procedures) underwent high-density
(>1,200 sites, with a mapping density of 17 ± 7 sites per cm2

in SR and 22 ± 11 per cm2 in AF, using a 20-polar 2-6-2mm-
spaced Lasso, CARTO-3) voltage mapping in SR and AF prior
to PVI. Further details on patients’ characteristics are provided
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TABLE 1 | Patient clinical demographics.

Patient characteristics Total = 28

Rhythm at presentation (AF, %) 21 (75)

Persistent AF (%) 23 (82)

Age 66 ± 7

Male, n (%) 13 (46)

BMI (kg/m2 ) 28 ± 4

Weight (kg) 84 ± 13

LVEF (%) 54 ± 10

LA diameter (AP, mm) 46 ± 5

IVSEDD (mm) 10 ± 2

SHD (%) 12 (43)

CHA2DS2-VASc score 2.2 ± 1.8

Hypertension (%) 16 (57)

LV systolic dysfunction (<45%) 9 (32)

Diabetes (%) 4 (14)

Renal failure (GFR<50ml/min, %) 8 (29)

History of stroke (%) 1 (3.6)

Coronary artery disease (%) 3 (11)

Antiarhythmic therapy except betablocker (%) 14 (50)

Beta blocker therapy (%) 21 (75)

Amiodarone (%) 6 (21)

Flecainide (%) 5 (18)

Sotalol (%) 1 (3.5)

Dronedarone (%) 2 (7)

Redo procedure for AF 9 (32)

LVEF, left ventricular ejection fraction; SHD, structural heart disease; LV, left ventricular;

BMI, body mass index; GFR, glomerular filtration rate.

TABLE 2 | Mapping information of patients included in the study.

Electro-anatomical

mapping

SR AF

Low voltage surface area

[cm2 (%)] (SR and AF <

0.5mV)

23 ± 23 (31 ± 30) 42 ± 26 (52 ± 30)

Map points (pts) 1,536 ± 608 1,978 ± 925

Map points after processing

(pts)

1,200 ± 632 1,639 ± 754

Bipolar voltage (mV) 1.15 ± 0.67 0.54 ± 0.22

Unipolar voltage (mV) 1.44 ± 0.71 0.73 ± 0.23

in Table 1. Additionally, information on the electro-anatomical
mapping across all patients is provided in Table 2.

3.2. Spatial Distribution of Left Atrial Low
Voltage Areas in Unipolar vs. Bipolar
Mapping
The three-dimensional distribution patterns of the bipolar vs.
unipolar LVA were highly concordant for all analyzed voltage
thresholds and in all patients. 90 ± 5 and 85 ± 5% of mapped
sites in SR and AF, respectively, were concordantly classified as

low or high voltage both in bipolar vs. unipolar mapping mode.
Discordant mapping sites located to the border zone of LVA.

Figure 1 illustrates the three-dimensional distribution
patterns of the bipolar vs. unipolar LVA for a single patient with
electrogram examples. LVA were found at the same positions
in the unipolar and bipolar maps using a unipolar threshold
of 0.78mV when the bipolar threshold was 0.5mV. The
classification map, in Figure 1 lower panels, identifies mapping
sites where the maps disagree with regard to LVA in unipolar
vs. bipolar mode. Such areas with different classification of LVA
were mostly located at border zones, where the myocardial
voltage amplitudes are changing from low to high voltage.
The difference between the selected threshold value to the
voltage values of miss-classified electrograms was found to be
0.3 ± 0.1mV. Figure 2 shows similar results for bipolar vs.
unipolar voltage maps acquired during AF. Additionally, the
three-dimensional distribution patterns of LVA in unipolar
and bipolar voltage maps are illustrated for all 28 patients
in Supplementary Figures 1, 2. In these figures, the Pearson
correlation coefficient between the bipolar and unipolar voltage
maps prior to applying a threshold is shown for each patient.
For both rhythms the correlation was found to be 0.88 ± 0.05,
indicating a strong positive correlation between the mapping
modalities independent of a specific threshold.

3.3. Spatial Correlation Between Unipolar
vs. Bipolar Voltage Mapping—Regional
Analysis
The overall three-dimensional distribution patterns of LA LVA
during SR and AF (Supplementary Figures 1, 2) reveal a very
high spatial concordance with very similar localization of LVA
when comparing bipolar and the best correlated unipolar
voltage thresholds. Further detailed regional quantification of
the amount of concordant LVA classification between unipolar
vs. bipolar voltage mapping is reported in Figure 3. The figure
shows regional correlation results when splitting the LA into
11 anatomical regions. The mean percentage of concordantly
categorized electrograms for each anatomical region divided by
the number of electrograms within the same region (across all
patients) is presented on an example geometry. Additionally,
the mean and standard deviation values for each region can be
seen in Table 3. For both rhythms, the LAA was one of the
regions showing the highest agreement between the unipolar
and bipolar voltage maps with 98% match in SR and 95% in
AF. The pulmonary veins also display high agreement (93–96%
SR and 94–97% AF). A slightly lower but still high regional
similarity between the unipolar and bipolar maps was found
within the body of the LA: LA posterior wall, anterior wall
and the septum (90, 90, and 91% in SR and 87, 87, and 91%
in AF). The high regional correlation between unipolar and
bipolar voltage maps is well-reflected by the distribution of
LVA patterns on the high-density interpolated electro-anatomical
voltage maps (Supplementary Figures 1, 2). Independently of
the underlying rhythm, the three-dimensional localization of the
arrhythmogenic LVA is highly concordant and designates the
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FIGURE 1 | Voltage mapping in sinus rhythm: Three-dimensional distribution of bipolar and unipolar LVA in a patient during SR with a bipolar threshold <0.5mV. The

top row indicates the bipolar map, the middle row shows the unipolar map, and the bottom row is a map of the point by point comparison between the two maps: if

both points are below their indicated voltage thresholds (LVA), the point is colored red, if both are above [high voltage areas (HVA)] in white and with different

classification (bipolar low voltage, unipolar high voltage) in dark-blue and (bipolar high voltage, unipolar low voltage) in turquoise. In the left column, the anterior view is

shown and on the right the posterior view. Each geometric shape represents a point on the map where the corresponding signal is shown in the middle column. The

upper unipolar threshold values were obtained by determining which threshold provided the best match of points between unipolar and bipolar. For visualization, the

lower value was manually optimized to obtain the best visual match.

same regions as potential ablation targets in unipolar and bipolar
voltage mapping mode.

3.4. The High Correlation Between Unipolar
and Bipolar Voltage Maps Is Independent
of the Underlying Extent of Low Voltage
Substrate
The LA voltagemaps of all 28 patients were categorized according
to the extent of their LA low voltage substrate <0.5mV in SR, as
mentioned in section 2: seven patients in stage I, eight in stage II,
five in stage III, and eight in stage IV. The low voltage surface
area in SR at <0.5mV bipolar threshold (mean ± standard
deviation) in each group was: stage I: 3 ± 2%, stage II: 12 ±

5%, stage III: 27 ± 4%, stage IV: 37 ± 4%. The percentage of
points that matched in the bipolar and unipolar voltage maps
for patients with different levels of low voltage substrate is
shown in Supplementary Figure 3. For all low-voltage substrate
stages in both rhythms, the percentage of mapping points that
matched was >85% (mean). The maximum difference between
categories was 4%.

3.5. Specific Unipolar Voltage Thresholds
Are Associated With High Correlation
Between Unipolar vs. Bipolar Low Voltage
Substrate
Figure 4 illustrates the ROC curves for the optimal unipolar
voltage thresholds that result in the highest concordance of
electrogram classifications to high and low voltage areas in both
unipolar and bipolar maps for four previously described bipolar
voltage thresholds. For each rhythm and voltage threshold, there
was a high percentage of agreement (sensitivity and specificity
>80% in all cases). The highest sensitivity and specificity values
(93, 81%) were obtained when comparing the maps in SR using
a bipolar threshold of 1mV and a unipolar threshold of 1.31mV.
Sensitivity and specificity values were as follows for the other
cases: SR with bipolar threshold of 0.5mV (unipolar threshold
0.83mV, 89%, 84%), AF 0.5mV (unipolar 0.71mV, 91%, 79%),
and AF 0.35mV (unipolar 0.54mV, 85%, 82%).

To further examine the relationship between the bipolar
and the unipolar voltage threshold, a set of SR and AF ROC
curves were created for each bipolar threshold between 0.1 and
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FIGURE 2 | Voltage mapping in atrial fibrillation: Three-dimensional distribution of bipolar and unipolar LVA in the same patient as Figure 1 during AF with a bipolar

threshold <0.35mV. The top row indicates the bipolar map, the middle row shows the unipolar map, and the bottom row is a map of the point by point comparison

between the two maps: if both points are below their indicated voltage thresholds (LVA), the point is colored red, if both are above [high voltage areas (HVA)] in white

and with different classification (bipolar low voltage, unipolar high voltage) in dark-blue and (bipolar high voltage, unipolar low voltage) in turquoise. In the left column,

the anterior view is shown and on the right the posterior view. Each geometric shape represents a point on the map where the corresponding signal is shown in the

middle column. The electrogram marked with a triangle is an example of “voltage cancelation” in the bipolar recording (0.13mV), while the voltages on both unipolar

recordings are high (0.98 and 0.91mV); this occurs because the unipolar electrograms have the same shape and same timing and their subtraction results in a

near-zero bipolar voltage value.The upper unipolar threshold values was obtained by determining which threshold provided the best match of points between unipolar

and bipolar. The lower value was selected manually to obtain the best visual match.

1mV, in steps of 0.1mV. In this way, the optimal unipolar
threshold for each bipolar threshold was identified, which gave
the highest classification match between the mapping modalities.
The unipolar threshold values were then plotted against the
bipolar threshold values, as shown in Figure 5. Linear regression
yielded the following relations: y = 1.06x + 0.26mV for SR and
y = 1.22x + 0.12mV for AF, where y is the unipolar threshold
and x is the bipolar threshold in mV. The correlation coefficient
between the two variables (bipolar and unipolar threshold) shows
a strong positive correlation for both rhythms (0.994 in SR
and 0.998 in AF). However, as there is spread between values
for individual patients, the y-intercept cannot be as reliably
determined as the slope of the relation. A simplified calculation of
the corresponding unipolar threshold is provided by the addition
of 0.3 vs. 0.2mV to the bipolar voltage threshold in SR vs. AF,
respectively (unipolar threshold error <0.07mV in the bipolar
threshold range between 0.1 and 1mV).

3.6. Comparison of Unipolar and Bipolar
Low Voltage Areas Using a Common vs. a
Patient-Specific Unipolar Threshold
The difference between using one universal unipolar threshold

for all patients (Figure 4), vs. patient-specific thresholds were

evaluated to assess the variability in identifying low voltage areas.

Figure 6 illustrates that the increase in electrogram classification

accuracy with the use of patient-specific vs. a common unipolar

threshold is marginal (1–2%). For SR with a bipolar threshold

1mV, the improvement in substrate classification changed from

median of 92.7% using a common unipolar threshold to 92.9%

using a patient-specific unipolar threshold. Using a Wilcoxon

rank sum test, the difference between using one common
threshold or individual thresholds was found to be not significant

for either rhythm or bipolar threshold used. From Figure 5

the best unipolar threshold for each patient can be seen in a
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FIGURE 3 | Regional agreement of unipolar and bipolar substrate

classification. Eleven anatomical regions were annotated in all 28 patient

geometries and analyzed in SR and AF. Each region visualized on this example

geometry is colored according to the mean percentage of concordantly

categorized mapping sites (unipolar vs. bipolar voltage mapping) with regard

to LVA.

TABLE 3 | Mean and standard deviation for the percentage of points that match

in different anatomical regions of the LA [bipolar threshold of 0.5mV in SR and

0.35mV in AF and the best corresponding unipolar threshold for each patient,

which range from 0.62 to 1.1mV (SR) and 0.45 to 0.99mV (AF)].

Anatomical region SR (%) AF (%)

LIPV 95 ± 6 97 ± 6

LSPV 93 ± 6 96 ± 3

RIPV 96 ± 6 97 ± 4

RSPV 95 ± 6 94 ± 7

MV 94 ± 5 96 ± 6

LAA 98 ± 3 95 ± 7

Anterior wall 90 ± 7 87 ± 8

Posterior wall 90 ± 8 87 ± 10

Lateral wall 93 ± 6 89 ± 7

Roof 92 ± 5 90 ± 7

Septum 91 ± 7 91 ± 7

range of 0.3mV. However, the similarity between unipolar and
bipolar mapping remains high regardless if a common threshold
is used or a patient-specific one. This shows that within each
patient, a classification margin exists of at most,± 0.15mV from
the common threshold. Therefore, only a few data points have
voltage values within this margin and are affected by changing
the threshold in this range.

3.7. Impact of Bipolar Inter-electrode
Distance on the Identified Low Voltage
Substrate
We analyzed the impact of different inter-electrode distances on
bipolar LVA distribution and its correlation to the corresponding
unipolar voltage map. Therefore, LA electrograms were analyzed
using each bipolar electrode distance (2, 6mm and both)
separately (see Figure 7). For both SR and AF, we found that

when considering only the small bipoles (2mm), 3–6% more
mapping sites matched than when using the large bipoles (6mm)
or both together. Although the differences in LVA categorization
remained small, they are statistically significant. Agreement of
LVA categorization using the small bipoles was higher (SR 91%,
AF 89% of mapping sites) than for mapping with the large or all
bipoles in SR (88 and 87%) and in AF (83 and 85%) (p <0.001
for all cases). The optimal common unipolar threshold for each
bipole distance is given in Table 4. The unipolar threshold for
the all bipoles is slightly higher than reported in Figure 5 (0.87
vs. 0.83 and 0.64 vs. 0.54mV). This discrepancy is because
this analysis was performed on the electrode signals directly
rather than on the interpolated voltage map data. Only a 1%
discrepancy in the median percentage of points that matched
was seen when using the measured electrograms directly than the
interpolated map data.

The best unipolar threshold for bipolar voltage maps (SR
<0.5mV) acquired with the small 2mm distant electrode
pairs was found to be higher (1.09mV SR and 0.76mV
AF) than when using the large 6mm distant electrode
pairs (0.72 and 0.52mV). Supplementary Figure 4 shows the
relationship between the bipolar and unipolar threshold when
only using 2mm bipoles (Supplementary Figure 4A) and 6mm
(Supplementary Figure 4B).

4. DISCUSSION

4.1. Main Findings
The current study on bipolar vs. unipolar voltage mapping

reveals three main findings:

1. There is a high correlation in the spatial distribution of uni-
and bipolar low voltage areas in sinus rhythm and atrial
fibrillation.

2. Over 90% of LA electrograms are concordantly classified as
high or low voltage using uni- or bipolar mode independently
of the selected bipolar threshold. The remaining discordant
electrograms locate to low voltage border zones without
change of identified LVA.

3. Bipolar electrode distance has little impact on the agreement
between unipolar and bipolar voltage maps.

Previous studies have suggested that diseased tissue can be
identified in SR as bipolar voltage areas below 0.5 or 1mV
and similarly for AF with voltages below 0.35 or 0.5mV
(Jadidi et al., 2016; Yang et al., 2016; Rodríguez-Mañero et al.,
2018). Our results reveal that for any given bipolar voltage
threshold, a universal unipolar voltage threshold can be found
that results in a highly similar unipolar voltage map with
a spatial distribution of LA LVA that corresponds to the
bipolar LVA. For a bipolar threshold of 0.5mV in SR, a
unipolar threshold of 0.83mV was optimal. In AF, a unipolar
threshold of 0.54mV was found for a bipolar threshold of
0.35mV. More generally, the unipolar threshold for identifying
the same low voltage regions can be obtained by applying a
linear transformation to the bipolar threshold being used. This
threshold is dependent on the size of the bipolar electrode spacing
(Figure 5, Supplementary Figures 4A,B). The linear regression
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FIGURE 4 | ROC curve regarding identification of LVA for each rhythm and bipolar threshold. Each line represents the sensitivity and specificity for varying unipolar

thresholds for the four different bipolar voltage thresholds that are reported in literature for SR and AF. The optimal unipolar thresholds for the corresponding bipolar

thresholds were found for each patient and the median value of these patient specific thresholds is given in the figure.

lines describing the relationship differ between SR and AF, where
lower unipolar thresholds were identified in AF than in SR. One
possible reason for this can be that in AF, the propagation arrives
at the electrodes from different directions. Therefore, the lower
voltage values due to the catheter orientation are reduced in the
bipolar AF map. Since there are fewer low voltage points, a lower
unipolar threshold is needed to match the smaller bipolar low
voltage areas.

Using patient-individual thresholds increases the agreement
between unipolar and bipolar maps by up to 2%. In order to
identify the optimal patient-specific unipolar threshold to a pre-
selected bipolar threshold in clinical practice, the bipolar and
unipolar voltage maps can be visualized side by side and the
unipolar threshold can manually be adapted to a level at which
the distribution of LVA show the best concordance/correlation
to the bipolar voltage map. Our study revealed a very similar
distribution of LVA during both mapping modes. Therefore, the
utility of a unipolar voltagemap beyond the bipolar map has to be
assessed in future studies, eventually evaluating these correlations
for other mapping catheters.

These high levels of correlation between the unipolar and
bipolarmapwere seen in all four patient subgroups defined by the
low voltage substrate extent with only little variation in accuracy
of 5% between subgroups. Therefore, regardless of the low voltage
substrate extent in a patient, the LVAwill be identified in the same
locations in both the bipolar and unipolar map.

Previous studies have shown that AF driver sites with
acute AF termination frequently occur within LVA in bipolar
mapping (Jadidi et al., 2016, 2020). Considering our findings,

atrial sites displaying low voltage in the bipolar map will also
display these regions in the unipolar map, thus indicating
that an important criterion for AF source localization during
high-density Lasso mapping is reduced electrogram voltage
irrespective of the mapping modality (uni-/bipolar).

4.2. Impact of Electrode Spacing and Atrial
Anatomical Region on Voltage Mapping
In this study, we split the voltage information into groups
depending on the bipole pair that the signals were obtained
from. Small bipolar inter-electrode distance (2mm) yielded a
significantly higher percentage of points being matched correctly
in bipolar vs. unipolar voltage mapping, both in SR and AF.
When using only the small bipoles, the signal collected from
the bipolar pair is more localized, i.e., the region covered by the
electrodes is smaller. The signal is less susceptible to influences
of far-field, as presented by Takigawa et al. (2019). Therefore,
mapping with the small distance electrode pairs improves the
correlation between unipolar and bipolar mapping at 4% of
mapping sites. Importantly, the optimal unipolar threshold has to
be set to a higher value when bipolar mapping is done with small
bipoles, resulting in larger LVA than mapping with large bipoles.
In contrast, voltage maps acquired with large-spaced bipoles
integrate high-voltage far-field signals from adjacent healthier
myocardium and therefore, large-spaced bipolar maps under
detect low voltage tissue. The unipolar voltage map, therefore,
has to be set to a lower threshold to display the smaller LVA of
the large-spaced bipolar map.
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FIGURE 5 | Relationship between the bipolar and unipolar threshold in SR (blue) and AF (red). The unipolar threshold with highest concordance to the bipolar map is

shown for different bipolar thresholds and each individual patient (blue and red dots for SR and AF, respectively). Standard deviation is represented by bars. The optimal

unipolar threshold is identified as the optimal point on the ROC curve of each bipolar threshold using all patients. Linear regression shown as dotted lines, depending

on the rhythm (SR blue, AF red). Pearson correlation coefficient (r) is provided. For every unipolar threshold, >89% of points matched in SR and >86% in AF.

FIGURE 6 | Violin plot showing the percentage of points which match between unipolar and bipolar classification. The results are shown for each rhythm and

corresponding bipolar threshold over all patients. Results for a common unipolar threshold for all patients are shown in blue. Results for patient-individual unipolar

thresholds are shown in pink. The green squares indicate the median value for each set.
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FIGURE 7 | Histogram and corresponding boxplot showing the percentage of points matched in SR (A) and AF (B) for each of the three electrode distance

categories. Each category is shown in a different color: 2mm (blue), 6mm (red), all (green). p-value calculated with paired-sample t-test.

TABLE 4 | Rhythm-specific unipolar threshold corresponding to each bipolar

threshold for each group of bipolar electrode distance.

SR Threshold (mV) AF Threshold (mV)

Distance (mm) Bipolar Unipolar Bipolar Unipolar

2 0.5 1.09 0.35 0.76

6 0.5 0.72 0.35 0.52

All 0.5 0.87 0.35 0.64

Recent studies revealed a preferential anatomical distribution
of LA LVA that more frequently affects the LA antero-septal
area, followed by the LA roof and LA posterior wall (Corradi
et al., 2005; Marcus et al., 2007; Müller-Edenborn et al., 2019).
Therefore, it is more likely that LVA are present in these regions.
From our analysis of assessing the different LA regions separately,
we see that some of the lowest similarity between bipolar and
unipolar signals exist in the posterior wall (90% SR, 87% AF
match), the anterior wall (90% SR, 87%AF), and the septum (91%
SR, 91% AF). This finding can be explained by the higher rate of
occurrence of LVA in these regions, as this also means that more
border zones are present and mismatch between unipolar and
bipolar classification mainly occurred in border zones (Figure 1).
In other areas such as the pulmonary veins, we typically have
low voltage across the entire region and, therefore, fewer border
zones, which leads to less mismatch in these regions.

4.3. Possible Reasons for the High
Similarity Between Unipolar and Bipolar
Low Voltage Distribution Patterns
Our findings show a high agreement between the bipolar
and unipolar mapping when using high-density multi-electrode
mapping with a 20-pole Lasso catheter. However, from
simulation studies, it is known that the angle of the bipolar
electrode pair in relation to the propagation direction and

the size and distance between the electrodes are known to
affect the bipolar voltage amplitude (Schuler et al., 2013;
Beheshti et al., 2018). A recent study has shown that for 2
and 6mm distant electrodes in simulated and clinical data, the
amplitude of the bipolar electrogram goes from a maximum
value at 0◦ to the propagation of a planar wavefront to
close to 0mV at 90◦ (Gaeta et al., 2019). Therefore, one can
hypothesize that the bipolar voltage map would not present
the same information as the unipolar voltage due to the
direction dependence. Despite these factors, in our study,
the majority of points (90%) were consistently categorized as
either low or high voltage in both unipolar and bipolar. Small
differences, which are clinically irrelevant, only exist at the
border zones of the low voltage to high voltage threshold.
Therefore, it is crucial to understand why the majority of
points on the map have the same classification in both maps
when the bipolar electrograms are influenced by various factors
of the catheter. Here we discuss potential reasons why the
theory-based expectations about the effects of using a bipolar
catheter are hardly met by what was empirically identified in
this study.

The simulation studies show that when the electrode
orientation is perpendicular to the propagation, the bipolar
voltage is 0mV. This situation is shown in Figure 2 by the
electrograms marked with a triangle. However, the high overall
correlation between the high-density unipolar vs. bipolar maps
indicates that this situation rarely occurs in practice. One
explanation may be the following: In the clinical setting of the 1–
5mm thick atrial wall with multiple layers of myocardial fibers,
it may be extremely rare that the wavefront is uniformly parallel
to the mapping bipole. Instead, the waves always contain some
degree of curvature in the three-dimensional space, so that the
electrodes do not receive the signal at the same time point, which
would result in a voltage >0mV. Thus, the effect of the bipolar
orientation is likely to be less pronounced in clinical mapping
settings than what is presented in idealized simulations with
homogeneous tissue and (almost) perfectly planar wavefronts.
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Another possible explanation for obtaining such a high
correlation is due to the maps containing a high density
of points. Thus, points in close proximity can be obtained
from the catheter at various bipole orientations. Therefore,
when interpolation of voltages is applied in the electro-
anatomical maps, areas with low and high voltage points
caused by the orientation of the catheter may result in an
averaged value. Thus, some points which are affected by
the catheter orientation may cancel out by near-by adjacent
mapping points with different orientations to the wavefront. The
use of interpolated vs. non-interpolated voltage maps yielded
similar levels of agreement, suggesting that this effect does
not notably contribute. During ongoing AF with changing
wavefront directions, the direction dependency of the bipolar
voltage maps should be further reduced (in comparison to
regular rhythms).

Additionally, if the unipolar voltages at points in the diseased
tissue are much smaller than the threshold or much larger than
the threshold in healthy regions, then there is a substantial
classification margin. This would result in the distortion of the
bipolar voltages due to the unknown orientation of electrodes
to still be within this margin and the classification to be
the same for the bipolar and unipolar map. For the points
in which the voltages are close to the threshold values, the
classification is more susceptible to changes in the voltage
due to the orientation or the distance between the electrodes.
Furthermore, if the two electrodes used to calculate the bipolar
voltage have slightly different distances to the endocardium,
the bipolar voltage would be reduced. However, for unipolar
voltages with a large amplitude, then this difference would cause
the bipolar voltage to be reduced but not substantial enough
to cause the value to fall below the threshold. In Figure 1,
the bipolar voltage maps show more patchy/irregular areas
than the unipolar map. This shows that the bipolar map may
be affected by factors such as wavefront-to-bipole orientation
in these areas. However, most regions are far enough from
the threshold for the orientation of the catheter to affect
the classification.

Finally, the unipolar threshold was identified to provide the
best correlation between the unipolar and the bipolar map
based on the standard bipolar threshold used in practice. This,
however, may not lead to the best unipolar threshold for
identifying true areas of fibrotic tissue. Future investigations
will help to unravel which of the aforementioned potential
reasons contribute most to the agreement between both
mapping modalities. Nevertheless, this study has shown that
with appropriate settings and the identical catheter, the
same LVA can be identified when using the bipolar or
unipolar map.

5. LIMITATIONS

In this study, CARTO-3 was used for electro-anatomic voltage
mapping, with a Lasso catheter of 2 and 6mm inter-electrode
spacing. Since only one type of catheter was used, it may be
that our results are not applicable when using other catheters or

mapping systems. However, we expect similar results with high-
density maps acquired using a PentaRay or OctaRay catheter,
where the mapping conditions such as electrode size, inter-
electrode distance, and the parallel orientation of bipoles to
endocardium are similar as in the current mapping study. We
aimed at having high-density maps with a sufficient number
of data points across the entire atria. For some patients, more
points were taken at specific areas of interest; therefore, the
distribution of points was not always equal between patients.
However, it was ensured that themapping density was sufficiently
high (17 and 22 mapping sites per cm2 for SR and AF
maps, respectively) to allow for regional analysis of the voltage
maps. In this work, only one atrial beat was considered per
mapped LA site (without averaging of multiple consecutive
beats). However, due to the high density of the acquired
maps, the atrial tissue was characterized by numerous mapping
points that were recorded within a short distance from each
other and contributed to the final voltage distribution maps
in CARTO-3.

6. CONCLUSION

Bipolar and unipolar voltage maps are highly correlated both
in SR and AF. Both mapping modes identify the same atrial
sites as low voltage substrate. Small differences in low voltage
classification may occur at the border zone of low voltage
areas, without relevant impact on their spatial distribution
patterns. Voltage mapping using small (2mm) bipoles slightly
improves the agreement between unipolar and bipolar low
voltage areas. While bipole orientation and inter-electrode
spacing are theoretical confounders, their impact is not of clinical
importance, when mapping is performed at high density with a
20-polar Lasso catheter.
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Background: First pass pulmonary vein isolation (PVI) is associated with durable
isolation and reduced recurrence of atrial fibrillation (AF).

Objective: We sought to investigate the relationship between left atrial electrogram
voltage using multielectrode fast automated mapping (ME-FAM) and first pass isolation
with radiofrequency ablation.

Methods: We included consecutive patients (pts) undergoing first time ablation for
paroxysmal AF (pAF), and compared the voltage characteristics between patients with
and without first pass isolation. Left atrium (LA) adjacent to PVs was divided into 6
regions, and mean voltages obtained with ME-FAM (Pentaray, Biosense Webster) in
each region and compared. LA electrograms with marked low voltage (<0.5 mV) were
identified and the voltage characteristics at the site of difficult isolation was compared
to the voltage in adjacent region.

Results: Twenty consecutive patients (10 with first pass and 10 without) with a mean
age of 63.3 ± 6.2 years, 65% males, were studied. Difficult isolation occurred on the
right PVs in eight pts and left PVs in three pts. The mean voltage in pts without first pass
isolation was lower in all 6 regions; posterior wall (1.93 ± 1.46 versus 2.99 ± 2.19;
p < 0.001), roof (1.83 ± 2.29 versus 2.47 ± 1.99; p < 0.001), LA-LPV posterior
(1.85 ± 3.09 versus 2.99 ± 2.19, p < 0.001), LA-LPV ridge (1.42 ± 1.04 versus
1.91 ± 1.61; p < 0.001), LA-RPV posterior (1.51 ± 1.11 versus 2.30 ± 1.77, p < 0.001)
and LA-RPV septum (1.55 ± 1.23 versus 2.31 ± 1.40, p < 0.001). Patients without first
pass isolation also had a larger percentage of signal with an amplitude of <0.5 mV for
each of the six regions (12.8% versus 7.5%). In addition, the mean voltage at the site of
difficult isolation was lower at 8 out of 11 sites compared to mean voltage for remaining
electrograms in that region.
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Conclusion: In patients undergoing PVI for paroxysmal AF, failure in first pass isolation
was associated with lower global LA voltage, more marked low amplitude signal
(<0.5 mV) and lower local signal voltage at the site with difficult isolation. The results
suggest that a greater degree of global and segmental fibrosis may play a role in ease
of PV isolation with radiofrequency energy.

Keywords: first pass isolation, voltage mapping, atrial fibrillation, pulmonary vein isolation, atriopathy

INTRODUCTION

Pulmonary vein isolation (PVI) with catheter ablation is
an effective therapy for paroxysmal atrial fibrillation (pAF)
and is recommended for drug refractory symptomatic pAF
(January et al., 2014). Durability of PVI is important and
reconnection of previously isolated pulmonary veins (PVs) is
associated with higher risk of recurrent AF (Callans et al.,
2004; Lemola et al., 2004; Nilsson et al., 2006; Natale et al.,
2010; January et al., 2014). There are several factors responsible
for reconnection of pulmonary veins, including non-contiguous
lesions, transmurality of lesion, and presence of scar based on
electroanatomic mapping. In patients undergoing ablation for
pAF, a left atrial scar can be reproducibly identified in the
sinus rhythm using a voltage range of 0.2–0.45 mV, correlating
with delayed enhancement abnormalities identified on cardiac
magnetic resonance imaging (Sanders et al., 2003; Verma et al.,
2005; Kapa et al., 2014; Squara et al., 2014). Previous studies
have reported that in patients with pAF, there is wide range (2–
15%) of low voltage (<0.5 mV) areas (Anter et al., 2015; Liang
et al., 2017). Some reports suggest that the left atrium with a
bipolar voltage between 0.5 and 1.3 mV can also be considered
as a transitional zone with moderate atrial fibrosis (Lin et al.,
2014; Saini et al., 2017). First pass isolation during initial catheter
ablation has been shown to be associated with durable PVI and a
lower risk of recurrence (Sandorfi et al., 2018; Yamaguchi et al.,
2020). The impact of presence of low electrogram voltage on
first pass isolation has not been investigated. In this study, we
aimed to determine the relationship between the left atrial bipolar
electrogram voltage obtained with multielectrode fast automated
mapping (ME-FAM) in sinus rhythm and first pass isolation with
radiofrequency catheter ablation.

MATERIALS AND METHODS

Study Population
We identified consecutive patients who underwent first time
ablation with radiofrequency for symptomatic pAF with a
standard ablation technique. Patients with complete ME-FAM
performed in sinus rhythm were included. Patient demographics,
clinical and procedural characteristics were assessed. All patients
provided written informed consent for both the ablation

Abbreviations: PVI, pulmonary vein isolation; AF, atrial fibrillation; ME-FAM,
multielectrode fast automated mapping; LA, left atrium; LPV, left pulmonary
vein; RPV, right pulmonary vein; CMR, cardiac magnetic resonance; LGE, late
gadolinium enhancement.

procedure we well as inclusion of demographic information
and procedural data in a medical research registry that was
approved by the University of Pennsylvania Health System’s
Institutional Review Board.

EAM Technique
Our technique of AF mapping and ablation has been previously
described (Squara et al., 2015; Liang et al., 2017). Briefly,
7 Fr- decapolar catheters were advanced into the coronary
sinus and posterior right atrium along the crista terminalis.
A 64-element phased-array intracardiac echocardiography (ICE)
catheter (AcuNav, ACUSON, Mountain View, CA, United States)
was used to assist for transseptal access, catheter manipulation,
and real-team monitoring of complications. Intravenous heparin
with a target activated clotting time of >350 s was administered
before obtaining left atrial access. Two transseptal punctures were
performed through which the ablation and a multipolar mapping
catheter with 2-6-2 inter electrode spacing (PentaRay, Biosense
Webster) were advanced into the left atrium. ME-FAMs were
created for each patient during sinus rhythm, using CARTO 3
(Biosense Webster) prior to ablation (Figure 1).

Atrial electrograms were captured by setting the window
of interest as the cycle length of sinus rhythm and using
the proximal coronary sinus electrogram as a reference. Only
patients with detailed LA mapping with >1000 points uniformly
distributed were included in the study. Points were acquired in
the auto-freeze mode if the stability criteria in space (6 mm)
and local activation time (0.5 ms) were met. Mapping was
performed with an equal distribution of points using a fill-
threshold of 5–10 mm. Routinely, the regions adjacent to
the PVs including the posterior wall, the roof between the
superior veins, and the anterior aspect of the PV antrum
were more densely sampled. Intracardiac echocardiography,
orthogonal fluoroscopy, electrogram characteristics (far field
appearing signals), and a dedicated impedance-based tissue
proximity algorithm (TPI, Biosense Webster) were utilized to
monitor for adequate contact. Signals were filtered at 30–400 Hz
and displayed at 100 mm/s.

The PVI was performed by an experienced operator with
coronary sinus and/or right ventricular pacing under general
anesthesia, with high frequency low volume (JET) ventilation
to optimize stability, and a target contact force of 10–25 gm.
Ablation was performed utilizing an open irrigated contact
force catheter (Thermocool SmartTouch SF, Biosense Webster)
routinely with wide antral circumferential ablation with a power
of 30–40 W for 30 s anteriorly and 30 W for 10 to 15 s posteriorly
while carefully monitoring electrogram amplitude change and
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FIGURE 1 | Example of left atrial bipolar voltage maps (0.20–0.45 mV) in the anterior (left) and posterior (right) views recorded with the multielectrode catheter prior
to catheter ablation.

impedance. An esophageal temperature probe was used during
ablation on the posterior wall with careful monitoring of the
temperature and power/duration titration when any increase in
temperature was observed. All ablation lesions were labeled as
3 mm VisiTags and the interlesion distance was <5 mm with
no visible gap on electroanatomic map. First pass isolation was
considered as entrance and exit block of a PV after completion of
index wide antral circumferential ablation around the vein.

LA Regional Electrogram Voltages
Left atrial electrogram voltages were reviewed offline from
ME-FAM maps obtained prior to the administration of any
ablation lesions during the index procedure. To compare the
regional voltage characteristics, the LA adjacent to the pulmonary
veins was divided into six distinct regions (Figure 2). These
regions included the posterior wall between the PV antrum,
the adjacent LA roof, the posterior wall adjacent to the left
pulmonary veins (Post LPV), the LPV ridge, the posterior wall
adjacent to the right pulmonary vein (Post RPV), and the
LA septum adjacent to the septal RPV. Each region extended
approximately 5–10 mm in width. All points with ME-FAM
in each of the LAs were collected and the mean voltage
with standard deviation was calculated for each region. The
site of difficult isolation was identified based on a review of
the electroanatomic maps. All the bipolar electrogram signal
amplitudes at sites (∼ 0.5–1.0 cm2) of difficult isolation during
the initial mapping and prior to ablation were assessed and
mean voltage was calculated for comparison with mean voltage
for the remaining points in that LA region. Based on prior
work (Sanders et al., 2003; Kapa et al., 2014), a voltage cutoff
of <0.5 mV was considered abnormal and consistent with
increase LA fibrosis.

Statistical Analysis
Patient clinical and demographic characteristics were compared
using χ2 or t-tests, as appropriate. Results are reported as
percentages for categorical variables or means ± standard
deviations for continuous variables. Mean LA segments voltages
were calculated using all abstracted voltages in ME-FAM maps
for both groups (Group 1: First pass isolation and Group 2:
No first pass isolation). Paired t-tests were used to compare
mean segment voltages between the two groups. All statistical
analyses were performed using IBM SPSS Statistics 26.0 (IBM
Corp, Armonk, NY, United States). All P-values were 2-sided with
a significance threshold of 0.05.

RESULTS

Patient Characteristics
Sixty consecutive patients who underwent catheter ablation for
paroxysmal AF were screened. Of these, 20 patients (10 in each
group; Group 1: First pass isolation and Group 2: No first pass
isolation) had detailed ME-FAM obtained during sinus rhythm
over all six regions and were included in the analysis. The
baseline patient characteristics are summarized in Table 1 and
were comparable in two groups. Only the mean age was greater
in patients with first pass isolation (65.4 years in group 1 versus
61.2 years in group 2; p = 0.026).

Segmental Bipolar Voltage
Characteristics and Site of Difficult
Isolation
A total of 1986 electrograms were sampled in patients with
first pass isolation compared to 2984 electrograms in the group
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FIGURE 2 | Regionalization of the left atrium. Schematic of six regions of pulmonary vein antrum sampled for voltage comparisons is provided.

TABLE 1 | Patients’ baseline characteristics at the time of ablation.

Characteristics First pass (n = 10) No first pass (n = 10) p-value

Age (years) 65.4 ± 4.4 61.2 ± 11.3 0.026

Male (%) 7 (70%) 6 (60%) 0.639

BMI (kg/m2) 29.3 ± 3.2 30.2 ± 6.2 0.119

Paroxysmal AF 5 (50%) 5 (50%) 1

CHADSVASC 1.7 ± 1.3 2.4 ± 1.4 0.851

HTN 4 (40%) 6 (60%) 0.371

Diabetes 1 (10%) 2 (20%) 0.136

OSA 2 (20%) 1 (10%) 0.531

CAD 2 (20%) 3 (30%) 0.606

Stroke 0 (0%) 1 (10%) 0.305

CHF 2 (20%) 3 (30%) 0.606

Atrial flutter ablation 5 (50%) 6 (60%) 0.653

Mean LVEF 55.0 ± 9 55 ± 7 0.279

LA diameter (cm) 4.2 ± 0.7 4.7 ± 0.9 0.459

without first pass isolation during sinus rhythm. The number
of points sampled per LA region is summarized in Table 3.
The mean segmental voltage characteristics are summarized in
Table 2. Mean bipolar voltages obtained with ME-FAM were
lower in all 6 segments in patients without first pass isolation
compared to patients with first pass isolation; posterior wall
(1.93 ± 1.46 versus 2.99 ± 2.19; p < 0.001), roof (1.83 ± 2.29
versus 2.47 ± 1.99; p < 0.001), LA-LPV posterior (1.85 ± 3.09
versus 2.99 ± 2.19, p < 0.001), LA-LPV ridge (1.42 ± 1.04 versus
1.91 ± 1.61; p < 0.001), LA-RPV posterior (1.51 ± 1.11 versus
2.30 ± 1.77, p < 0.001), and LA-RPV septum (1.55 ± 1.23
versus 2.31 ± 1.40, p < 0.001). The patients without first
pass isolation also had a higher percentage of low voltage
electrograms (<0.5 mV) in all 6 LA regions as depicted
in Table 3.

Out of 10 patients who had no first pass isolation, the site
of difficult isolation was located on the RPVs in eight patients
(Posterior carina in 6 and septal carina in 2) and the LPVs were
reconnected in three patients (posterior carina/roof). The mean
voltage at the site of the difficult isolation was numerically lower
compared to mean voltage for rest of same region at 8 of the 11
sites (Figure 3).

TABLE 2 | Comparison of mean segmental bipolar voltage in two groups.

Segment First pass isolation No first pass p-value

Posterior wall 2.99 ± 2.19 1.93 ± 1.46 <0.001

Roof 2.47 ± 1.99 1.83 ± 2.29 <0.001

RPV-septum 2.31 ± 1.40 1.55 ± 1.23 <0.001

LPV-ridge 1.91 ± 1.61 1.42 ± 1.04 <0.001

LPV posterior 2.5 ± 4.7 1.85 ± 3.09 <0.001

RPV posterior 2.30 ± 1.77 1.51 ± 1.11 <0.001

DISCUSSION

In patients undergoing initial catheter ablation for pAF, we
documented that patients without first pass isolation have lower
mean left atrial electrogram voltage as well as more scar burden
as indexed by the percent signals <0.5 mV compared to patients
who had first pass isolation. Mean voltage at the site of a difficult
isolation was also typically lower compared to the mean voltage
for the rest of the electrograms in that region. These observations
have clinical implications and suggest that indices of global
and segmental increases in fibrosis may identify patients with
more difficulty achieving first pass isolation with radiofrequency
ablation. This came as somewhat of a surprise because we had
originally believed that more difficult to isolate segments might
actually have larger amplitude signals because of the associated
increase in LA thickness or muscle bundle size.

Pulmonary vein isolation is the most effective ablation strategy
for AF management. With advances in technology and experience
with catheter ablation, durability of PVI has improved over
the past decade. However, PV reconnection continues to be a
common occurrence accounting for the majority of recurrent AF
ablation procedures. First pass isolation, defined as an entrance
and exit block of a PV after the completion of wide antral
circumferential ablation around the vein appears to be a reliable
index for achieving long-term chronic PV isolation. Various
techniques such as ablation index, contact force, overlapping
lesions to minimize inter lesion distance, closing visual gaps in
lesion sets, etc., have been proposed to increase the rate of first
pass isolation (Taghji et al., 2018). When first pass isolation is
not achieved, further mapping and ablation of the persistent
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TABLE 3 | Number of electrograms in each region and comparison of percentage of low voltage electrograms (<0.5 mV) based on ability to achieve first pass isolation.

First pass isolation Without first pass isolation

Number of electrograms
(Mean ± SD)

Low voltage
electrograms

Number of electrograms
(Mean ± SD)

Low voltage
electrograms

Posterior wall 68 ± 51 49/685 (7.1%) 93 ± 70 103/933 (11.0%)

Roof 27 ± 21 15/263 (5.7%) 46 ± 40 66/451 (14.6%)

LA-RPV septum 28 ± 17 17/281 (6.0%) 35 ± 23 64/348 (18.4%)

LA-RPV posterior 20 ± 7 22/311 (7.0%) 47 ± 36 54/395 (13.6%)

LA-LPV ridge 26 ± 15 22/193 (11.4%) 39 ± 14 95/473 (20.0%)

LA-LPV posterior 31 ± 22 25/253 (9.9%) 40 ± 26 46/384 (12.0%)

FIGURE 3 | Mean voltage at the site of failure of first pass isolation compared to mean voltage at the remaining sites from same LA-PV junction region. Descriptive
analysis and comparison performed and illustrated by bar graphs of mean voltage showing lower baseline voltage at 8 of 11 sites of persistent PV connections.
Typical location of persistent PV connection at posterior or anterior carina after first pass isolation highlighted by circles.

PV connection site can be challenging due to local edema from
prior ablation lesions. Various factors such as catheter stability,
respiratory variations, power delivered, and tissue characteristics
affect optimal lesion delivery. In this context, low atrial bipolar
voltage as a marker of left atrial fibrosis is proposed as a
potential contributor that may affect the biophysics of energy
delivery during RFA.

Specific voltage thresholds to define atrial scarring have not
been histologically validated (Sim et al., 2019). In a study of
20 patients with paroxysmal AF, Kapa et al. (2014) evaluated
thresholds for atrial scarring and reported different cut offs for
different segments of the left atrium. A threshold of <0.2 mV
for the posterior wall and pulmonary vein/left atrial junctions,
and <0.45 mV for all other atrial segments correlated best with
scarring defined by late gadolinium enhancement on cardiac
magnetic resonance imaging. In a study of atrial voltage in
non-AF patients presenting for left sided accessory pathway
ablation, Lin et al. reported a threshold of 0.4 mV to represent
low voltage (Lin et al., 2014). However, these studies were
performed with point by point mapping using a 3.5 mm bipolar
electrode at the tip of an ablation catheter. In the current era

of multipolar mapping, voltage thresholds to define abnormal
substrate vary considerably. Liang et al. (2017) compared point
by point mapping to ME-FAM in assessing left atrial voltage in
patients presenting for repeat AF ablation, using a voltage cut off
of <0.2 mV to define a dense scar. In that study, mean voltage
in multiple segments of the left atrium (septum, posterior wall,
right PV-LA junction) were significantly higher with ME-FAM
compared to point by point mapping (Liang et al., 2017). Higher
mapping resolution with multipolar catheters such as PentaRay
(Biosense Webster) has been shown to identify higher voltage
segments within an area of scarring (Anter et al., 2015).

In this relatively small number of patients, we also noted that
difficulty in achieving first pass isolation is more common in the
RPVs compared to LPVs, with the RPV carina being the most
common site of difficulty. The RPVs have also been shown to
have higher rates of spontaneous and provoked reconnection
after achieving first pass isolation in prior studies (Andrade
et al., 2020). Importantly, patients with acute PV reconnections
also have lower arrhythmia-free survival long-term. The RPV
carina presents a particularly challenging region during PVI. The
presence of an epicardial connection between the RPV carina
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and the RA has been postulated as a potential mechanism of
difficulty to achieve successful ablation (Yoshida et al., 2019).
The septopulmonary bundle which is a broad band of epicardial
fibers tends to connect at the RPV carina. Sites of difficult
ablation of the RPV in our study showed that mean voltage at the
site of difficult isolation along the RPVs was significantly lower
compared to mean bipolar voltage of the remaining sites in that
region segment, pointing toward scar/fibrosis in these regions
that impede energy delivery at least on the posterior aspect of the
carina. Early identification of these sites on sinus rhythm voltage
could help direct energy delivery targeting higher ablation indices
in these regions and more redundancy of lesions. This hypothesis
will require additional investigation.

Limitations
The cohort size for our study was relatively small and included
only patients presenting for first time catheter ablation for
pAF and may not apply to patients with persistent forms
of AF. All maps were created in sinus rhythm; the results
might not be reproducible if voltage maps are created in AF
or atrial flutter. There was heterogeneity and large standard
deviation in LA-LPV posterior despite adequate sampling. Some
of this variability may be related to the gaps in myocardium
noted posteriorly. The sampling was greater in patients without
first pass isolation, however, low voltage regions were diffuse
and involved all regions. We do not routinely assess for late
gadolinium enhancement (LGE) with pre-ablation cardiac MRI,
therefore we were unable to make comparisons between ME-
FAM derived low voltage regions versus LA scar as seen on
CMR in this patient series. We have previously reported a
correlation between LGE on CMR and voltage <0.5 mV with
point by point mapping (Kapa et al., 2014). Further studies
are required to compare an LA scar identified by ME-FAM
and LGE abnormalities on CMR. Finally, we only included
cases performed with PentaRay catheter in this series, our
findings may not apply to LA voltage abnormalities identified
using other multipolar mapping catheters or the larger tipped
ablation catheter.

CONCLUSION

This study established that lower global LA voltage, and more
low voltage signals (<0.5 mV), which suggest an increase in

LA fibrosis, may identify patients with anticipated difficulty
in achieving first pass isolation using radiofrequency ablation.
Antral PV segments with difficult first pass isolation appear to
be associated with lower rather than higher signal amplitude.
The identification of relative low voltage areas could potentially
guide optimal ablation energy delivery to achieve durable first
pass isolation. Additional study is required to determine if there
is a global voltage threshold effect which identifies risk and
whether energy titration in higher risk patients can be used to
improve the likelihood of first pass isolation and its relationship
to long term success.
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Atrial Fibrillation (AF) is the most common supraventricular tachyarrhythmia that
is typically associated with cardiovascular disease (CVD) and poor cardiovascular
health. Paradoxically, endurance athletes are also at risk for AF. While it is well-
established that persistent AF is associated with atrial fibrosis, hypertrophy and
inflammation, intensely exercised mice showed similar adverse atrial changes and
increased AF vulnerability, which required tumor necrosis factor (TNF) signaling, even
though ventricular structure and function improved. To identify some of the molecular
factors underlying the chamber-specific and TNF-dependent atrial changes induced
by exercise, we performed transcriptome analyses of hearts from wild-type and TNF-
knockout mice following exercise for 2 days, 2 or 6 weeks of exercise. Consistent with
the central role of atrial stretch arising from elevated venous pressure in AF promotion,
all 3 time points were associated with differential regulation of genes in atria linked
to mechanosensing (focal adhesion kinase, integrins and cell-cell communications),
extracellular matrix (ECM) and TNF pathways, with TNF appearing to play a permissive,
rather than causal, role in gene changes. Importantly, mechanosensing/ECM genes
were only enriched, along with tubulin- and hypertrophy-related genes after 2 days of
exercise while being downregulated at 2 and 6 weeks, suggesting that early reactive
strain-dependent remodeling with exercise yields to compensatory adjustments.
Moreover, at the later time points, there was also downregulation of both collagen
genes and genes involved in collagen turnover, a pattern mirroring aging-related fibrosis.
By comparison, twofold fewer genes were differentially regulated in ventricles vs.
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atria, independently of TNF. Our findings reveal that exercise promotes TNF-dependent
atrial transcriptome remodeling of ECM/mechanosensing pathways, consistent with
increased preload and atrial stretch seen with exercise. We propose that similar preload-
dependent mechanisms are responsible for atrial changes and AF in both CVD patients
and athletes.

Keywords: atrial fibrillation (AF), RNA sequencing (RNA-seq), tumor necrosis factor, inflammation, collagen,
mechanotransduction, heart, exercise

INTRODUCTION

Atrial fibrillation (AF) is the most common supraventricular
tachyarrhythmia seen in clinical practice (Calkins et al., 2018),
with its prevalence predicted to double by 2060 (Krijthe et al.,
2013). AF is easily identified in electrocardiographic (ECG)
recordings by the presence of rapid rates (typically > 110
beats/min) coupled with regular-irregular QRS complexes and
is associated with impaired cardiac output regulation, non-
pumping “quivering” atria, and an increased risk of stroke.
The etiology of AF is complex, with most patients being
elderly and also suffering from cardiovascular diseases (esp.,
hypertension, heart failure, valve disease) or having increased
risk for cardiovascular disease (sleep apnea, hyperthyroidism,
obesity, and diabetes) (Odutayo et al., 2016; Staerk et al.,
2017). A common physiological feature of all these conditions,
including aging, is increased filling pressures (De Jong et al.,
2011; Park et al., 2014) which is believed to drive the atrial
fibrosis, inflammation and hypertrophy invariably seen in AF
patients. The importance of addressing the AF epidemic is
highlighted by the > twofold increase in all-cause mortality seen
in patients with AF.

Paradoxically, the risk of AF is also increased in veteran
endurance athletes (Mont et al., 2002; Redpath and Backx, 2015),
despite well-established evidence of beneficial physiological
remodeling of the ventricles. Although the underlying basis for
exercise-induced AF and its differential effects on the atria and
ventricles are unclear, it is well known that intense exercise is
associated with marked elevations in filling pressure (Reeves
et al., 1990). Moreover, rodent models have established that
endurance exercise causes atrial fibrosis, inflammation, and
hypertrophy (Guasch et al., 2013; Aschar-Sobbi et al., 2015),
as seen in persistent AF patients (Oakes et al., 2009; Qu
et al., 2009; Gramley et al., 2010). We previously demonstrated
that the exercise-induced atrial changes were prevented by
pharmacological and genetic blockade of tumor necrosis factor
(TNF), a mechanosensitive and pro-inflammatory cytokine
(Aschar-Sobbi et al., 2015; Lakin et al., 2019). However, when
TNF blockade was introduced 3 weeks after the beginning
of intense exercise, cardioprotection was lost, suggesting that
pathways linked to exercise-induced adverse atrial remodeling
occur early in the response to exercise.

In this study, we performed bioinformatic analyses of
transcriptomic changes in atria and ventricles induced by
endurance exercise in wild-type and TNF knockout mice.
Our results demonstrate that exercise induces TNF-dependent
differential activation (enrichment) of pathways associated with

mechanosensitive ECM remodeling that are time-dependent
and differ between atria and ventricles, in a manner consistent
with preferential stretch of atria in response to exercise-induced
elevations in venous pressure. Our findings provide insight into
the chamber-specific roles of TNF and mechanical strain in
cardiac changes induced by exercise and support the general
conclusion that exercise-induced adverse atrial remodeling is
preload-dependent as seen in AF associated with aging and poor
cardiovascular health.

MATERIALS AND METHODS

Experimental Animals and Endurance
Exercise Training Models
This study was carried out in accordance with the
recommendations of the Canadian Council of Animal Care. The
protocol was approved by the Division of Comparative Medicine
at the University of Toronto and York University Animal Care
Committee. Mice swam for 2 days (4-sessions), 2 or 6 weeks
against water currents in containers, as described previously
(Aschar-Sobbi et al., 2015). For the 6 week group, 6 week old CD1
male mice (body weight = 28–34 g, Charles River Laboratories)
were acclimatized by swimming twice daily for 30 min (separated
by 4 h) after which the duration of the swims was increased
by 10 min per day until the duration reach 90 min per swim.
Thereafter, the mice swam 2 times per day for 90 min/session
for 6 weeks. The swim protocol was similar for the 2 week
group, except mice only swam for 2 weeks after acclimatization.
These 2 week mice were bred in-house after backcrossing TNF
knockout (TNF-KO) mice (c57b, Taconic model #1921) into a
CD1 background a minimum of 8 times. After reaching 10 weeks
of age, wild-type (WT) mice and their TNF-KO littermates were
acclimatized as described for the 6 week mice and swam for 2
weeks. The breeding and housing for the 2 day group were as
described for the 2 week group. At 10–12 weeks of age, these
mice were familiarized for 3 days with a 10 min swim per day,
followed by two consecutive days of twice daily, 90 min swims.
The sedentary mice for all groups consisted of the age-matched
animals who were placed in swim containers without a water
current for 5 min each session to ensure similar handling.

Tissue Harvesting
Prior to harvesting of atrial and ventricular tissue, 0.2 ml of
heparin was injected intraperitoneally to prevent blood clotting.
After 5 min, mice were anesthetized using 2.5% isoflurane and
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sacrificed via cervical dislocation. Hearts were quickly excised
and placed into cold phosphate-buffered saline (PBS) to prevent
protein or RNA degradation as well as cell apoptosis. In cold
PBS, the left atrial appendage (LAA) and left ventricular (LV) free
wall were separated and collected for RNA extraction. For our
2 day swim protocol, tissue was harvested 2 h after last swim.
For 2 and 6 week studies, tissue was harvested 24 h after the
last swim session.

RNA Extraction
Total RNA was extracted for both atria and ventricles
using RNeasy Mini Kit (Qiagen), where the silica membrane
used for this protocol removes RNA shorter than 200
nucleotides, including 5S/5.8S rRNAs, microRNAs and all
tRNAs. All RNA samples were stored at −80◦C until use.
Initial RNA quantity and quality analyses were done using the
Nanodrop2000 spectrophotometer (Thermo Fisher Scientific).
The integrity and concentration of the RNA was determined with
capillary electrophoresis by Agilent 2100 (Bioanalyzer, Agilent
Technologies, Santa Clara, CA, United States) and was performed
by the UHN Princess Margaret Genomics Centre (MaRS Centre,
TMDT, Toronto, ON, Canada).

RNA Library Preparation and Sequencing
(RNAseq)
Both cDNA library generation and RNA sequencing were
performed by the Donnelly Sequencing Centre at the University
of Toronto (Toronto, ON, Canada) using Illumina’s TruSeq
stranded mRNA enrichment for library preparation. cDNA was
generated from amplified mRNA, which was purified from
total RNA. To purify mRNA, oligoT and 3′ poly A tails were
hybridized to mRNA only during transcription in the nucleus.
Magnetic beads linked to poly T oligo were used to selectively
isolate mRNA. The purified mRNA was then fragmented by
chemical shear and size selection was performed to generate
mRNA fragments > 100 bps. Fragmented mRNA was reversed
transcribed by reverse transcriptase and random primers to
generate first strand cDNA. Second strand cDNA generated using
DNA polymerase I and RNase H. Adapters were ligated on cDNA
fragments, followed by enrichment using PCR to generate the
final mRNA-derived cDNA library. For 2 week study samples,
HiSeq2500 single-end sequencing was performed at 51 cycles.
For 2 day study samples, NextSeq500 single-end sequencing
was performed at 75 cycles. Technical replicates were generated
by running each sample across 2 lanes to ensure there is no
technical variability.

Analysis of RNA-Sequencing and
Microarray Data
For RNA sequencing (RNA-seq), raw sequencing data were
processed using the UseGalaxy server (Afgan et al., 2016). Quality
control assessments were performed using FastQC version
0.11.7 (Wingett and Andrews, 2018). Technical replicates were
concatenated, then aligned to the mus musculus 10 (mm10)
reference genome and quantified using Salmon 0.9.1 with default
options (Kim et al., 2015; Patro et al., 2017; Srivastava et al., 2019).

A gene was considered differentially expressed if the p-value
was less than 0.05 using Student’s t-test. Principal component
analysis (PCA) was performed to identify the variance that
lies between samples. R script was used for PCA analysis
(Ringner, 2008; Jolliffe and Cadima, 2016). An example analysis is
shown in Supplementary Figure 1. For our microarray analysis,
normalized and processed microarray datasets from sedentary
and 6 week exercise left atrial appendages (LAA) were acquired
from ArrayExpress (E-MTAB-3106) (Aschar-Sobbi et al., 2015).

Gene Set Enrichment Analysis (GSEA 4.0.3) was used
to identify differentially expressed gene sets (p < 0.05 and
FDR < 0.20) (Subramanian et al., 2005). The C2 curated gene
sets (c2 Canonical pathways) and C5 GO gene sets were used
for the GSEA analysis. Weighted enrichment statistic was used
and Signal2Noise metric was used for ranking genes. Nominal
P-values of each gene set were given using 10,000 and 1,000
permutations of gene sets for analysis using c2 canonical pathway
database and c5 GO database, respectively. Gene sets with fewer
than 15 genes or more than 500 genes were excluded. Enrichment
maps were generated to visually identify clusters of gene sets on
Cytoscape 3.4.0 using the gene sets that were statistically different
(p < 0.05 and FDR < 0.20) between two groups. Edge and node
cut-off values were set to 0.375 (default) and 0.1, respectively.
Wordcloud version 3.1.3 was used to annotate clusters. The
“difference-of-the-difference” analysis was conducted to identify
TNF-dependent pathways by subtracting the gene sets that
were significantly differentially regulated between sedentary and
swim in WT samples from those differentially regulated between
sedentary and swim in KO samples.

Heat maps and hierarchal clustering of genes were performed
with MATLAB (version 2016a), using all genes belonging to
ECM, focal adhesion, integrin and cell-cell communication-
related gene sets. Comparisons of transcripts per kilobase million
(TPM) expression for individual genes from RNA-seq between
two groups utilized unpaired (two-tailed) t-test, and genes with
P-values of less than 0.05 were considered significant. All genes
in the heat maps are significantly different between sedentary and
swim WT (p < 0.05).

Telemetric Hemodynamics
Radiofrequency emitting hemodynamic telemetry devices (Data
Sciences International, Inc.) were implanted sub-dermally into
the interscapularis region. A fluid-filled catheter was inserted
into the right common carotid artery and advanced into the left
ventricle. After 7 days of recovery, a 30 min baseline recording
preceded an acute, 90 min swim exercise bout. Left ventricular
end-diastolic pressure (LVEDP) was used as an index of left
atrial pressure. Data were analyzed using Ponemah Physiological
Platform analysis software (Data Sciences International, Inc.).

Cardiac Electrical Remodeling and
Arrhythmia Vulnerability
Electrical properties and arrhythmia inducibility were assessed
as previously described (Aschar-Sobbi et al., 2015). For these
measurements, mice were anesthetized (1.5% isoflurane and
oxygen mixture) followed by isolation of the right jugular
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vein and insertion of a 2.0F octapolar recording/stimulation
EP catheter (CI’BER Mouse, Numed), which was subsequently
advanced into the right ventricle. Programmed electrical
stimulations were delivered to the right atria or right ventricle
to assess arrhythmia inducibility. All stimulations were delivered
at a magnitude of 1.5 times capture threshold and 1 ms pulse
duration. Effective refractory periods (ERPs) were determined
by delivering nine pulses at 20 ms below the R-R interval
followed by an extra stimulation. The S2 coupling interval was
initially delivered above capture (∼40 ms) and reduced by 5
ms increments and adjusted until capture was achieved. For
arrhythmia induction, 27 pulses at 40 ms intervals were applied
to each chamber and reduced at 2 ms decrements to 20 ms. In
the absence of inducibility, a second protocol of 20 trains (every
1.5 s) of 20 pulses (2 ms duration) at a 20 ms interpulse interval
were applied. Only reproducible episodes of rapid, chaotic, and
continuous atrial or ventricular activity of more than 10 s were
defined as a sustained arrhythmic event.

Histology and Macrophage Infiltration
For histology, hearts were perfused with PBS containing 1%
KCl followed by 4% paraformaldehyde (PFA) in 0.01 M PBS
and stored overnight in 4% PFA in 0.01 M PBS at 4◦C. Hearts
were then embedded in paraffin and 5 µm thin sections were
stained with Picrosirius red (PSR) for collagen visualization and
quantification. Collagen expression was quantified using ImageJ
software as the ratio of positively stained tissue area to total tissue
area of each section using the threshold method (Hadi et al.,
2011). To quantify macrophage infiltration, antibodies against
mouse Mac-3 (1:200, BD Pharminogen, Cat.#553322) were
used with the streptavidin-biotin diaminobenzidine chromogen
detection method (Vector Laboratories). Mac-3-positive cells
were counted in at least three different left atrial appendage
sections (100 µm apart) in each replicate and normalized to
the total tissue area of each slice. Images were acquired using
Metamorph software (Molecular Devices) and analyzed using
ImageJ software.

In vitro ADAM17 Enzymatic Activity
Assay
In vitro ADAM17 enzymatic activity was measured, as previously
described (Shen et al., 2018). Briefly, atrial protein was
extracted using a lysis buffer with a high yield of membrane-
bound proteins (Cacodylic acid 10mM, NaCl 150 nM, ZnCl2
1 µM, CaCl2 20 mM, NaN3 1.5 mM, Triton X-100 1%,
pH 5.0). Mca-Pro-Leu-Ala-Gln-Ala-Val-Dpa-Arg-Ser-Ser-Ser-
Arg-NH2 fluorogenic peptide substrate III (R&D Systems,
ES003) was used as the substrate for ADAM17. Mca-Pro-Leu-
OH (Bachem, M-1975) calibration standard was used to calculate
the conversion factor, and recombinant mouse ADAM17 (R&D
Systems, 2978-AD) served as a positive control. The ADAM17
activity assay was carried out per the R&D systems protocol.
A total amount of 5 µg protein was used for ADAM17 enzymatic
activity assay, which was run as a kinetic assay mode for 2 h. Each
sample was run in triplicates. ADAM17 activity is expressed as
pmol/min/µg tissue protein.

Gelatin Zymography
MMP2 and MMP9 activity levels were assessed by in vitro gelatin
zymography, as previously described (Jana et al., 2020). In brief,
equal amounts (20 µg) of non-reduced atrial tissue lysate were
run on 8% SDS-PAGE gel containing 1 mg/ml gelatin. Following
electrophoresis, gels were renatured with 2.5% Triton X-100
buffer for 60 min (room temperature). The gels were then put
in calcium assay buffer (50 mM Tris-Cl, pH 7.5, 5 mM CaCl2,
150 mM NaCl) and incubated overnight (37◦C). Gels were then
stained with 0.05% Coomassie Blue G-250, and grayscale images
were scanned and inverted for densitometric quantification.
Band intensity was quantified using the inbuilt ImageQuant
TL software (Version 7.0 GE Healthcare) and normalized to a
loading control.

Immunofluorescent Analyses
Left atrial tissue from each heart was flash-frozen in mounting
compound (OCT). Immunohistochemical staining was
performed on 5 µm sections (all other staining). Immunostaining
for OPN (ab8448; Abcam), SPARC (MAB941, R&D Systems),
and GAPDH (#2118. Cell Signaling Technology) were
performed on frozen OCT sections, as previously described
(Sakamuri et al., 2016).

Protein Extraction and Western Blot
Analyses
Flash-frozen atria were freeze-crushed in tissue lysis buffer
containing EDTA-free protease inhibitor cocktails and
processed for protein extraction and immunoblotting as
previously described (Sakamuri et al., 2016). Antibodies used
for immunoblotting were as follows: OPN (ab8448; Abcam),
SPARC (MAB941, R&D Systems), and GAPDH (#2118, Cell
Signaling Technology). Band intensities were quantified using
densitometry analysis software (ImageQuant TL 7.0; GE) and
values were normalized to GAPDH expressions for each sample.

Statistics
Statistical analyses of transcriptional changes are described above.
Unpaired (two-tailed) t-test was used to assess differences in
ADAM17 activity, gel zymography, and western blot analyses.
P-values of less than 0.05 were considered significant.

RESULTS

Consistent with previous work (Aschar-Sobbi et al., 2015),
6 weeks of swimming increased (P < 0.001) AF inducibility
(Figure 1A), which was associated with increased (P < 0.003)
left atrial (LA) inflammatory (Mac-3+) cell infiltrations
(Figures 1B,C) and fibrotic remodeling (Figures 1D,E), as well
as hypertrophy (not shown) in left atrial appendages (LAA).
By contrast, the left ventricle (LV) showed enhanced function
without fibrosis (Figures 1D,E), inflammation (data not shown)
nor increased arrhythmia vulnerability in response to exercise,
consistent with a chamber-specific effect of intense exercise.
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FIGURE 1 | Intense exercise-induced adverse atrial remodeling and atrial fibrillation (AF) vulnerability. (A) 6 week swim exercise training is associated with increased
atrial fibrillation (AF) inducibility, with no evidence of left ventricular (LV) arrhythmia vulnerability, compared to sedentary mice. (B,C) Swim exercise was associated
with increased inflammatory cell infiltration (macrophage, Mac-3+) compared to sedentary mice. (D,E) Increased fibrosis (%tissue collagen) was observed in the left
atrial appendage (LAA) with 6 week swim exercise compared to sedentary mice, with no elevations in fibrosis observed in the LV. Data presented as mean ± SEM.
*P < 0.05.

Our previous microarray data from atria of mice after
6 weeks (Aschar-Sobbi et al., 2015) revealed exercise-
induced transcriptional changes consistent with increases
in inflammatory genes. As shown in Supplementary Figures 2,3,
additional bioinformatics analyses verified enrichment in
exercised atria of gene sets/clusters associated with inflammation
(P < 0.05, FDR < 0.2) along with pathways involved in cell cycle
regulation, mitochondrial fatty acid, and biological oxidation
as well as metabolism/processing of DNA, RNA, and amino
acids. Additionally, gene sets linked to mechanosensitive
pathways (i.e., focal adhesion kinases (FAK), integrins, cell-
cell communication) as well as extracellular matrix (ECM)
remodeling (i.e., collagen formation, degradation, biosynthesis,
assembly, cross-linking, and matrisome enzymes) were also
differentially regulated between WT exercised and sedentary
atria. However, despite the elevations in atrial fibrosis after 6
week of exercise, transcriptional levels of individual collagen
genes (i.e., Col1a1, Col3a1, and Col4a1) were paradoxically
reduced in WT exercised atria.

The unexpected lack of transcriptional elevations in collagen
genes, combined with the inability of TNF blockade to prevent
atrial fibrosis when started 3 weeks after exercise initiation
(Aschar-Sobbi et al., 2015), suggests that pathways driving
fibrosis are engaged early following exercise initiation. Therefore,
we investigated the transcriptome responses after 2 weeks
of exercise. In order to get greater gene coverage, we used

deep RNA sequencing (RNA-seq) for these studies. Since TNF
gene disruption prevented adverse atrial changes and exercise-
induced AF in a chamber-dependent manner, RNA-seq was
performed on atria and ventricles from both WT and TNF-
KO mice. We first present the transcriptome changes with
exercise in atria and discuss the ventricular results thereafter.
For clarity, we illustrate our bioinformatic results by displaying
each differentially regulated gene set as an individual dot (blue
for enriched in swim and red enriched in sedentary). All closely
related gene sets were represented by lines using Cytoscape
3.4.0 which allowed gene sets to be grouped into “gene clusters”
with common and overlapping function and/or genes. To help
focus our discussion, our graphic representations did not include
clusters of gene sets with 2 or fewer related gene sets. The total
number of differentially regulated gene sets and the number of
gene sets in each cluster are presented in each figure.

Transcriptional Responses in Atria After
2 Weeks of Exercise
Principal component analysis (PCA) showed (an expected)
distinct separation between atria and ventricles (Supplementary
Figure 1). Surprisingly, there was little separation between
WT and TNF-KO, regardless of chamber or exercise status.
A remarkable feature of PCA results is the much larger effect
of exercise on atrial vs. ventricular transcriptomes, for either
genotype. These findings establish that exercise has a far greater
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impact on atrial vs. ventricular transcriptomes while TNF
ablation has a relatively minor impact on exercise-induced
changes in either chamber.

The specific gene sets that were differentially affected in WT
atria by 2 weeks of exercise are represented in Figure 2 and
Supplementary Table 1. The 2 week results in the TNF-KO mice
are presented later. These analyses identified 112 differentially
regulated (P < 0.05 and FDR < 0.2) gene sets, with 64 of these
falling into clusters with common function (Figure 2A). Of these,
gene sets linked to ATP synthesis and oxidative phosphorylation
were enriched with swimming, which is not unexpected given
the known cardiac bioenergetic adaptations to exercise (Vega
et al., 2017). More interesting perhaps, was the finding that
∼28% of the differentially regulated gene sets were linked to
mechanosensing (i.e., integrin/focal adhesion signaling), cell-cell
communication, and ECM (i.e., collagen turnover, cross-linking,
and matrisome remodeling), compared to only 15% after 6 weeks
of exercise. As discussed later, differential regulation of these
gene sets seems highly relevant because atrial stretch is central
to AF pathogenesis (Vranka et al., 2007; Remes et al., 2008).
Nevertheless, these gene sets were enriched in sedentary atria of
WT mice (see Supplementary Table 2 for separation of these
gene sets into different functional categories). Importantly, the
expression levels of the major cardiac collagen types did not vary
between the groups, suggesting that fibrotic responses to exercise
after 2 weeks are limited to collagen turnover and stability
(discussed below). Consistent with this notion, notch as well as
the closely related Ephrin-related pathways were also enriched in
the atria of WT sedentary compared to swim mice, which both
play central roles in early embryogenesis (Sanz-Ezquerro et al.,
2017) and are associated with hypertrophy and fibrosis in the
heart as well as other tissues (Su et al., 2017).

Despite the protective effects of TNF blockade on the atrial
changes induced by exercise, the 2 week WT exercised atria
did not show clear evidence of differential regulation of genes
related to inflammation or TNF signaling, although several TNF-
related pathways were just beyond our cut off criteria [NFκB-IKK
(P = 0.04, FDR = 0.327), RelA (P = 0.06, FDR = 0.329), TNFR1
(P = 0.08, FDR = 0.384), and IL1R (P = 0.10, FDR = 0.384)].
By contrast, TNF-related gene sets [e.g., Toll-like receptor,
interleukin, and TNF-related pathways (NF-κB and p38 MAPK)]
were differentially regulated between swim and sedentary atria
from TNF-KO mice, with enrichment in the sedentary group
(Figure 2B and Supplementary Table 1). It is important to note
that the number of gene sets related to ECM/mechanosensing
was far less (i.e., 2 vs. 30) and did not form clusters in TNF-
KO compared to WT mice, which aligns with the absence
of exercised-induced atrial fibrosis when TNF is inhibited.
Although at first glance this pattern of differential regulation
with exercise in TNF-KO atria seems unexpected, we provide
additional data below supporting the conclusion that TNF plays
a permissive, rather than a primary role, in exercise-mediated
atrial remodeling.

The TNF-dependence of the gene sets that are differentially
regulated with exercise are summarized in Figure 2C as
the “difference-of-the-difference” results (see section “Materials
and Methods”). These analyses reveal, not unexpectedly, that

exercise induces TNF-dependent changes in gene sets involved
with ECM/mechanosensing, collagen production/turnover, fatty
acid metabolism, oxidative phosphorylation as well as notch
and ephrin signaling, with all these gene sets being enriched
in the atria of WT compared to TNF-KO mice. To better
understand the involvement of TNF in exercise-induced atrial
remodeling, we further assessed the TNF-dependence of specific
differentially regulated genes by generating heat maps of genes
related to mechanotransduction and ECM (Figure 3). For these
purposes, genes were separated into TNF-dependent (cluster
1 genes, whose expression differed in WT only) vs. TNF-
independent genes (cluster 2 genes whose expression differ
in both genotypes). As shown in Figure 3, far more genes
were regulated in a TNF-dependent than a TNF-independent
manner. Since TNF-KO abrogates atrial fibrosis as well as AF
inducibility, we focused our attention initially on TNF-dependent
collagen/ECM/mechanosensing genes (Supplementary Table 2).
Of these, Mmp2 and Mrc2 are reduced in atria after 2 weeks
of exercise which is of particular interest because these genes
are also reduced in the age-related fibrosis of multiple tissues
(Podolsky et al., 2020) and AF is strongly linked to aging
(Heeringa et al., 2006).

It is also worth stating that many specific
ECM/mechanosensing-related genes whose expression was
downregulated in TNF-dependent manner with exercise have
been linked previously to AF and ECM remodeling, including
Comp (Zou et al., 2018; Thomas et al., 2019), Thbs2 (Yang et al.,
2000), Ltbp1 and Fbn1 (Zhang et al., 2020; Figure 3 and Table 1).
On the other hand, most genes linked to collagen production (i.e.,
Col1a1, Col1a2, Col3a1) were TNF-independent. Since TNF-KO
abrogates fibrosis and AF inducibility, these results suggest (see
section “Discussion”) that the cluster 2 genes are not central to
the adverse atrial changes induced by exercise. In light of the
impact of TNF on atria induced by exercise, it is worth pointing
out that only two genes, Comp (TNF-dependent) and PIK3R2
(TNF-independent) are upregulated with exercise in swim WT
vs. swim TNF-KO atria (see Discussion). Additional gene sets
and individual genes linked to ECM/mechanosensing and/or AF
are listed in Table 1 and Supplementary Tables 1–3, respectively.

Transcriptional Responses in Atria After
2 Days of Exercise
The observation that ECM/FAK/integrin gene sets pathways
were generally enriched in sedentary atria at 2 and 6 weeks,
despite atrial fibrosis at 6 weeks in exercised mice, prompted
us to perform RNAseq measurements in hearts after only 2
days of exercise (i.e., 4-sessions of 90 min swims). Consistent
with 2 week data, PCA showed the expected separation between
atria and ventricles (Supplementary Figure 1). Surprisingly,
while there were distinct separations between exercise and
sedentary atrial samples, this was not true in ventricles,
suggesting a much smaller effect of exercise on ventricular
transcriptomic remodeling. Moreover, there was overlap between
WT and TNF-KO, regardless of chamber or exercise status,
suggesting TNF ablation may have a minor impact on acute
exercise-induced changes.
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FIGURE 2 | Differentially regulated pathways in the atria of 2 week swim exercised wild-type (WT) and tumor necrosis factor (TNF) knockout (KO) mice. (A) Gene set
enrichment analysis (GSEA) and enrichment mapping showing clusters of differentially regulated pathways in the left atrial appendage (LAA) between WT 2 week
swim (blue dots) and sedentary (red dots) mice. (B) Enrichment map showing clusters of differentially regulated pathways in the left atrial appendage (LAA) of
TNF-KO 2 week swim and sedentary mice. (C) Enrichment map of the difference of the difference analysis revealing clusters of exercise-induced differentially
regulated pathways in WT (blue dots) vs. TNF-KO (orange dots) mice. Only gene sets that form clusters are shown for clarity, with connecting lines indicating gene
set overlap. Nominal P-value < 0.05, false discovery rate (FDR) < 0.20.
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FIGURE 3 | Heat map and clustering analysis of the tumor necrosis factor (TNF)-dependence of extracellular matrix (ECM)-, integrin-, and cell-cell
communication-associated genes in 2 week swim exercised mice. Heat map and cluster analysis of individual genes belonging to ECM-, integrin-, and/or cell-cell
communication-associated gene sets that are TNF-dependent (cluster 1) or TNF-independent (cluster 2). Note that all individual genes were enriched in sedentary
(Sed) vs. swim mice. TNF-dependent (cluster 1) is: SedWT vs. SwimWT (P < 0.05) and SedKO vs. Swim KO (not P < 0.05). TNF-independent (cluster 2) is: SedWT
vs. SwimWT (P < 0.05) and SedKO vs. SwimKO (P < 0.05).

The results of our GSEA analyses for mice after 2 days
of exercise are summarized in Figure 4 and Supplementary
Table 4. The data reveals that 101 gene sets were differentially
regulated (P < 0.05, FDR < 0.2) between swim (total of 61
differentially regulated gene sets) vs. sedentary (40 gene sets)
atria in WT mice, with 60 sets clustering into common pathways
(Figure 4A). Importantly, unlike what was seen after 2 and 6
weeks of exercise, ECM/mechanosensing gene sets were now
more enriched in exercise vs. sedentary atria (Supplementary
Table 4). Acute exercise also induced enrichment in gene sets
related to actin/tubulin folding, which cross-talks to many
hypertrophic signaling pathways (i.e., MAPK/FGFR1/2) linked
to dilated and hypertrophic cardiomyopathy (Caporizzo et al.,
2019), as well as IQGAPs, PAKs, and AMPK activation (see
section “Discussion”) (Hedman et al., 2015; Daskalopoulos et al.,
2016). On the other hand, TNF-related gene sets in acute
exercise were only differentially regulated in TNF-KO atria
(Figure 4B) with reductions in many specific pro-inflammatory
genes in exercised mice [i.e., toll-like receptor 10 (p < 0.008,
FDR = 0.178), IL-2 (p = 0.018, FDR = 0.187), IL-2-STAT5
(p = 0.018, FDR = 0.240), TAK1 (P < 0.037, FDR = 0.278), and
NFκB (P < 0.005, FDR = 0.124)].

The difference-of-the-difference analyses after 2 day exercise
clearly establish that gene sets involved in mechanosensitive
pathways are uniquely differentially enriched in exercised WT

atria, while TNF-related signaling and DNA replication/repair
pathways are uniquely enriched in sedentary KO mice
(Figure 4C). Heat maps of differentially (P < 0.05) regulated
genes revealed (Figure 5) a distinct pattern after 2 days of
exercise compared to 2 weeks. Now, many TNF-dependent genes
linked to ECM remodeling as well as AF are upregulated with
exercise in WT atria compared to sedentary, including Mmp14
(Simmers et al., 2016), Fgf2 (i.e., fibroblast growth factor 2,
which activates p38 and induces cardiac hypertrophy as well
as fibrosis) (Itoh and Ohta, 2013), Gsk3β (Sugden et al., 2008),
and Tln1 (Manso et al., 2013). On the other hand, only Fgf2 was
upregulated (P = 0.0142) in WT vs. KO exercised atria, suggesting
TNF-dependent activation of FGF signaling pathways may be
important early responses that regulate exercise-induced atrial
remodeling. Nonetheless, these results suggest that acute exercise
leads to TNF-dependent and TNF-independent transcriptome
changes affecting ECM remodeling. Additional genes and their
links to ECM/mechanosensing and/or AF are listed in Table 2.

Transcriptional Changes in Ventricles
With Exercise
As mentioned, after 2 weeks of exercise, PCA showed
relatively small effects of exercise on ventricles (compared
to atria) at all-time points. Before directly comparing LV
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TABLE 1 | Differentially regulated genes with 2 weeks exercise of the ECM-receptor, integrin, and cell-cell communication pathways associated with hypertrophic
remodeling and/or atrial fibrillation (AF).

Gene Gene product Directional change with
swim exercise

Tumor necrosis factor
(TNF) dependent?

Link(s) to fibrotic and/or hypertrophic
remodeling and AF vulnerability

Adam10 A disintegrin and
metalloprotease (ADAM) 10

↓ No Processes membrane bound TNF to a
soluble form, which in turn can induce
MMPs and drive ECM remodeling (Manso
et al., 2006; Murphy, 2008)

Adam12 A disintegrin and
metalloprotease (ADAM) 12

↓ Yes Regulator of MMPs and linked to prevention
of cardiac hypertrophic and fibrotic
remodeling through reductions in TGF-β-
and integrinβ1-mediated FAK/Akt, ERK, and
Smad signaling (Frangogiannis, 2012;
Nakamura et al., 2020)

Adam17 A disintegrin and
metalloprotease (ADAM) 17

↓ No A metalloprotease and disintegrin, also
known as TNF-α converting enzyme (TACE),
that cleaves TNF to its soluble form and has
been implicated in pressure
overload-induced hypertrophic and fibrotic
remodeling (Xu et al., 2016) and AF
vulnerability (Weeke et al., 2014)

Adamts2 Adamts2 ↓ Yes Extracellular enzyme that activates
pro-collagens I, II, III, and V (Wang et al.,
2017b), and is a regulator of MMPs linked to
cardiac hypertrophic and fibrotic remodeling
in pressure-overload (Dong et al., 2013)

Bcl2 B-cell lymphoma 2 ↓ No Increased expression of
BCL-2/BCL-2-associated X protein (BAX)
linked to fibrosis and apoptosis in AF (Xu
et al., 2013; Diao et al., 2016)

Bmp1 Bone morphogenetic protein 1 ↓ Yes A peptidase that cleaves the C-terminal
pro-peptides of procollagen I, II, and III and
mediates the proteolytic activation of lysyl
oxidase LOX (Rodriguez and
Martinez-Gonzalez, 2019)

Col4a4, Col5a1, and Col5a3 Collagen type IV, alpha 4 chain;
collagen type V, alpha 1 chain;
and collagen type V, alpha 3

chain

↓ No Collagen transcripts linked to AF and rhythm
outcome following ablation (Husser et al.,
2016)

Col6a6 Collagen type VI Alpha 6 Chain ↓ No Collagen protein encoding gene containing
multiple von Willebrand factor (vWF)
domains. Linked to extracellular matrix
(ECM)-receptor interactions and is
upregulated in AF (Zou et al., 2018)

Ctsb Cathepsin B ↓ Yes Lysosomal cysteine proteases localized in
lysosomes and endosomes that function to
degrade cellular substrates (Turk et al.,
2000). Stimulated by TNF and linked to
hypertrophic and fibrotic cardiac remodeling
(Cheng et al., 2012b). Upregulated in AF
(Thomas et al., 2019)

Erbb2 HER-2; receptor tyrosine kinase ↓ No A receptor involved in physiological cardiac
adaptations and hypertrophic remodeling
through the activation of MAPK, PI3K/Akt
and Src/FAK signaling pathways (Vermeulen
et al., 2016)

Fbln2 Fibulin-2 ↓ Yes ECM glycoprotein involved in
angiotensin-II-mediated TGF-β signaling and
cardiac hypertrophy (Zhang et al., 2014)

Fbn1 Fibrillin 1 ↓ Yes Large ECM glycoprotein and constituent of
the myocardial ECM that is linked to reactive
and reparative fibrotic remodeling
(Bouzeghrane et al., 2005) and is
upregulated in AF (Zhang et al., 2020)

Igf1 Insulin-like growth factor-1 ↓ Yes A hormone that has pleiotropic actions in the
heart and mediated eccentric hypertrophy
through PI3K- and MAPK-dependent
mechanisms (Lavandero et al., 1998)

(Continued)
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TABLE 1 | Continued

Gene Gene product Directional change with
swim exercise

Tumor necrosis factor
(TNF) dependent?

Link(s) to fibrotic and/or hypertrophic
remodeling and AF vulnerability

Itga4, Itgb1, Itgb6 Integrin alpha-4, beta-1, and
beta-6 precursors

↓ No ECM proteins involved in mechanotransduction
linked to AF incidence and rhythm outcome
following ablation (Husser et al., 2016)

Ltbp1, Ltbp3, and Ltbp4 Latent transforming growth factor
(TGF)- β binding proteins

↓ Yes Family of secreted multidomain proteins that bind
to and regulate TGFβ-dependent activation and
pro-fibrotic remodeling (Goumans and Ten Dijke,
2018) as well as AF (Thomas et al., 2019; Zhang
et al., 2020)

Mfap4 Microfibril-associated protein 4 ↓ Yes A matricellular protein associated with AF and
atrial fibrotic remodeling (Zhang et al., 2019)

Pgf Placental growth factor ↓ Yes A member of the VEGF (vascular endothelial
growth factor) family known to induce cardiac
fibroblasts to secrete TNF and other
pro-hypertrophic factors (Accornero and
Molkentin, 2011)

Pdgfb Platelet-derived growth factor
subunit B

↓ No Increased PDGF-B expression linked to focal
cardiac fibrosis and moderate cardiac hypertrophy
(Gallini et al., 2016)

Pdgfra Platelet-derived growth factor α

receptor
↓ Yes Cardiac mast cells synthesize and release

PDGF-A and mediates both fibrosis and AF in
pressure-overloaded hearts (Liao et al., 2010;
Wang et al., 2017a)

Plod2 Procollagen-lysine,
2-oxoglutarate 5-dioxygenase 2

(PLOD2)

↓ No Lysyl hydroxylase linked to both TNF- and
TGFβ1-mediated pyridinoline cross-linking
inherent to fibrotic cardiac remodeling (van der
Slot et al., 2005)

Pten Phosphatase and tensin
homolog (PTEN)

↓ No A protein linked to increased pathological
hypertrophy and progression to heart failure in
response to biomechanical stress (Oudit et al.,
2008)

Reln Reelin ↓ No A large secreted ECM glycoprotein that regulates
pathways associated with ECM-receptor
interaction and focal adhesion and its expression
is linked to AF (Husser et al., 2016; Zhao et al.,
2018; Zou et al., 2018)

Sdc4 Syndecan-4 ↓ Yes A transmembrane (type I) heparan sulfate
proteoglycan that interacts with the ECM and is a
primary determinant in collagen cross-linking and
LOX induction in pressure-overload hearts (Herum
et al., 2015)

Serpinh1 Heat shock protein 47 (HSP47) ↓ Yes A chaperone protein for collagen involved in
cardiac injury-induced fibrosis and reductions in
hypertrophy in cardiac pressure-overload (Khalil
et al., 2019)

Sparc Secreted protein acidic and
cysteine rich (Sparc)

↓ Yes A matricellular protein that is activated by several
MMPs (i.e., MMP-2) and is elevated in cardiac
hypertrophy and fibrosis in pressure-overload
(Bradshaw et al., 2009) and aging (Bradshaw
et al., 2010)

Src Proto-ongogene tyrosine-protein
kinase Src

↓ No A tyrosine kinase that phosphorylates FAK (Frame
et al., 2010) and is activated in response to
integrin clustering and activation as well as
LOX-mediated ECM remodeling (Schneider et al.,
2008)

Thbs2 Thrombospondin-2 ↓ Yes A matricellular protein involved in myocardial
matrix integrity (Schroen et al., 2004) and linked to
protection against inflammatory-induced cardiac
injury and dysfunction (Papageorgiou et al., 2012)

Tln1 Talin-1 ↓ Yes A ubiquitously expressed protein localized to
costameres that become more prominent during
mechanical stress-induced cardiac hypertrophy
and fibrosis (Manso et al., 2013) and is
upregulated in AF (Weeke et al., 2014)

Vwf von Willebrand factor ↓ Yes A prothrombotic plasma marker and index of
endothelial damage and dysfunction that is
prominently linked to AF incidence, rhythm
outcome following ablation (Husser et al., 2016)
and stroke risk (Zhong et al., 2018; Ye et al., 2020)
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FIGURE 4 | Differentially regulated pathways in the atria of 2 day swim exercised wild-type (WT) and tumor necrosis factor (TNF) knockout (KO) mice. (A) Gene set
enrichment analysis (GSEA) and enrichment mapping showing clusters of differentially regulated pathways in the left atrial appendage (LAA) between WT 2 day swim
(blue dots) and sedentary (red dots) mice. (B) Enrichment map showing clusters of differentially regulated pathways in the LAA of TNF-KO 2 day swim (blue dots)
and sedentary (red dots) mice. (C) Enrichment map of the difference of the difference analysis revealing clusters of exercise-induced differentially regulated pathways
in WT (blue dots) vs. TNF-KO (orange dots) mice. Only gene sets that form clusters are shown for clarity, with connecting lines indicating gene set overlap. Nominal
P-value < 0.05, false discovery rate (FDR) < 0.20.
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FIGURE 5 | Heat map and clustering analysis of the tumor necrosis factor (TNF)-dependence of extracellular matrix (ECM)-, integrin-, and cell-cell
communication-associated genes in 2 day swim exercised mice. Heat map and cluster analysis of up- or down-regulation of individual genes belonging to ECM-,
integrin-, and/or cell-cell communication-associated gene sets that are TNF-dependent (cluster 1) or TNF-independent (cluster 2) in 2 day swim mice.
TNF-dependent (cluster 1) is: SedWT vs. SwimWT (P < 0.05) and SedKO vs. Swim KO (not P < 0.05). TNF-independent (cluster 2) is: SedWT vs. SwimWT
(P < 0.05) and SedKO vs. SwimKO (P < 0.05).

and LA transcriptomic remodeling, we present the effects
of exercise on LV genetic plasticity. After 2 weeks, genes
sets associated with oxidative phosphorylation and ribosome
translation were enriched in exercised WT mice while the
genes sets related to ECM/mechanosensing (as in atria)
and cardiomyopathy (i.e., HCM, DCM, ARVC), as well
as notch, ephrin/Rho GTPases, and MAPK signaling were
enriched in sedentary atria (Supplementary Figure 4A).
By comparison, TNF-KO mice showed enrichment of gene
sets linked to amino acid metabolism and TCA cycle with
exercise while gene sets associated with ECM/mechanosensing,
chemokine, interleukin, and T-cell/B-cell receptor pathways were
enriched in the sedentary group (Supplementary Figure 4B).
Interestingly, after performing the difference-of-the-difference
analyses (Supplementary Figure 4C) the majority of gene
sets that remained were related to TNF-mediated signaling
with differential regulation in TNF-KO mice, suggesting that
TNF also serves a role in LV remodeling with exercise, albeit
less than in LA.

The results above establish that the gene sets inked to
ECM/mechanosensitive pathways are quite similar after 2 weeks
of exercise between the LA and LV (i.e., Figure 2C and
Supplementary Figure 4C), even though the exercise-induced
remodeling is different between the chambers. To more directly
assess the differential effects of exercise and TNF on chamber-
specific transcriptomic remodeling at 2 weeks, a modified
difference-of-the-difference analysis was performed in which
TNF-dependent pathways were determined by subtracting the
gene sets that were significantly differentially regulated between
swim in WT and KO samples within each chamber from

those differentially regulated between LA and LV samples.
As shown in Figure 6A, the number of TNF-dependent
differentially regulated gene sets with exercise is far smaller
for LVs (i.e., 4) vs. LAs (i.e., 43) at 2 weeks, with little
overlap between the gene sets between chambers (i.e., 12).
Indeed, while ECM/mechanosensitive pathways were enriched
in both the LAs and LVs of sedentary mice at 2 weeks, direct
comparisons between chambers highlight the predominance of
TNF-dependent differentially gene sets (Figure 6B), including
ECM/integrin signaling, dilated/hypertrophic cardiomyopathy,
and actin/tubulin folding, in the atria, which reinforces
the chamber-specific effects of both exercise and TNF on
transcriptome remodeling.

The differential impact of exercise on the LA and LV is
also apparent in 2 day acutely exercised mice. Indeed, while
we found clear evidence of ECM/mechanosensitive pathway
enrichment in WT mice at 2 days in the atria (discussed
above), when we assessed ventricular changes after 2 day acute
exercise, only 16 gene sets were differentially regulated in WT
LVs with most of the pathways linked to cell cycle and DNA
replication processes (Supplementary Figure 5A). By contrast,
exercised LV from TNF-KO mice had far greater numbers (211)
of differentially regulated gene sets, including ECM/integrin, gap
junction and actin/tubulin folding, as well as cell cycle and DNA
repair/replication (Supplementary Figure 5B), all of which were
enriched in sedentary mice. The difference-of-the-difference
analysis (Supplementary Figure 5C) confirmed enrichment
of the above pathways in TNF-KO compared to WT mice.
Indeed, heat map and cluster analysis (Supplementary Figure 6)
identified only three genes linked to ECM/mechanosensing,
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TABLE 2 | Differentially regulated genes with acute (2 day) exercise of the ECM-receptor, integrin, and cell-cell communication pathways associated with hypertrophic
remodeling and/or atrial fibrillation (AF).

Gene Gene product Directional change with
swim exercise

Tumor necrosis factor
(TNF) dependent?

Link(s) to fibrotic and/or hypertrophic
remodeling and atrial fibrillation

Ccnd3 Cyclin D3 ↓ No A protein shown to be upregulated during
hypertrophic growth (Busk et al., 2002) and
linked to the pathogenesis of AF (Li et al.,
2019)

Elk1 Elk-1 ↓ No A transcription factor that is phosphorylated
via MEK/ERK kinases and plays a role in
cardiac hypertrophy (Babu et al., 2000) as
well as regulating stretch-mediated atrial
natriuretic factor (ANF) expression (Mahida,
2013)

Fgf2 Fibroblast growth factor 2 ↑ Yes A multifunctional polypeptide that is
upregulated by stress (Kardami et al., 2004)
and involved in p38 MAPK-mediated
cardiac hypertrophy (Tanaka et al., 1999) as
well as fibrosis (Itoh and Ohta, 2013)

Gsk3β Glycogen synthase kinase 3
beta

↑ Yes An enzyme that serves as a hub for the
regulation of both physiological and
pathological hypertrophic and fibrotic
remodeling (Lal et al., 2015) via TNF-related
pathways (Sugden et al., 2008)

Itga1 Integrin, alpha 1 ↑ Yes Cell-cell and cell-matrix adhesion
(ECM-receptor interactions), upregulated in
AF and linked to rhythm outcome of AF
catheter ablation (Husser et al., 2016)

Lama5 Laminin subunit alpha-5 ↑ Yes A component of the ECM, specifically
basement membranes, that is upregulated
in AF (Husser et al., 2016)

Mmp13 Matrix metalloproteinase 13 ↓ Yes A matrix metalloproteinase and collagenase
that targets collagens I and III and is linked
to cardiac hypertrophy and fibrosis in
pressure overload hearts (Spinale, 2002)

Plod2 Procollagen-lysine,
2-oxoglutarate 5-dioxygenase

2 (PLOD2)

↓ No Lysyl hydroxylase linked to both TNF- and
TGFβ1-mediated pyridinoline cross-linking
inherent to fibrotic cardiac remodeling (van
der Slot et al., 2005)

Tln1 Talin-1 ↑ Yes A protein mediating cell-cell adhesion linked
to AF (Weeke et al., 2014) and becomes
more prominent at costameres during
mechanical stress and modulates
hypertrophic and fibrotic remodeling
(Manso et al., 2013)

Mmp16, Dst, and Reln, that were upregulated in a TNF-
dependent manner with acute swim, compared to the 14 genes
identified in the LA. The absence of enrichment of gene sets
linked to ECM/mechanosensitive pathways in the LV and their
upregulation in the LA with 2 day acute exercise supports our
contention that strain-dependent signaling mediates exercise-
induced atrial remodeling.

Acute Effects of Exercise on Atrial
Pressures and Collagen
Metabolism/Remodeling
Since AF is primarily observed in cardiovascular conditions
associated with elevated diastolic filling pressures (De Jong et al.,
2011), we previously postulated (Aschar-Sobbi et al., 2015) that

elevated filling pressures seen with exercise may explain the
increased incidence of AF in endurance athletes. Consistent
with this conjecture, we found that diastolic filling pressures
increase from 10 mmHg to ∼45 mmHg within the first 10 min
after mice begin swimming exercise (Figure 7). Thereafter the
pressure falls to∼20 mmHg over the next 30–50 min after which
the filling pressure steadily rise to 40–45 mmHg after 90 min.
Such increases in venous filling pressures would be expected
to preferentially stretch the thin-walled and compliant atria,
which may explain our observation of mechanosensitive and
compensatory hypertrophic pathways being disproportionately
activated in LAs compared to LVs.

Taken together, our findings demonstrate prominent
time-dependent transcriptional changes in genes related to
strain-dependent pathways in response to exercise. However,
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FIGURE 6 | Differential roles of TNF in exercise-induced transcriptomic remodeling with 2 week swim exercise in the left atrial appendage (LAA) vs. left ventricle (LV).
(A) Venn diagram of exercise- and TNF-dependent (i.e., Swim WT vs. swim KO) differentially regulated gene sets in the LAA vs. LV. (B) Gene set enrichment analysis
(GSEA) and enrichment mapping showing clusters of TNF-dependent differentially regulated gene sets in the LAA (red dots) and LV (green dots). Gene sets that were
TNF-dependent and differentially regulated in both LAA and LV are indicated by yellow dots. Only gene sets that form clusters are shown for clarity. Nominal
P-value < 0.05, false discovery rate (FDR) < 0.20.

despite the induction of fibrosis by exercise, the absence of
increased collagen expression at all-time points following
exercise led us to explore the potential contribution of factors
that have previously been shown to mediate post-translational
changes in collagen maturation and deposition in the heart.
For these studies, we used the 2 day mice and made the
measurements 2 h following the final 90 min exercise bout,
consistent with our RNA-seq measurements. Given that soluble
TNF is required for exercise-induced atrial changes (Lakin et al.,
2019), we first measured the activity of TNF-converting enzyme
(TACE, or ADAM17), which is upregulated with mechanical
stretch and releases active (soluble) TNF (Zhan et al., 2007).
Indeed, TACE activity tended to be increased (P = 0.211) with

swim (142 ± 4 pmol/min/µg, n = 5) compared to sedentary
mice (129 ± 8 pmol/min/µg, n = 6), suggesting activation. It is
conceivable that earlier assessment would have displayed even
greater TACE activity since we previously found upregulation
of TNF-dependent p38 MAPK signaling within 10 min post-
exercise (Aschar-Sobbi et al., 2015). We also measured MMP2
and MMP9 activity since these are increased with atrial stretch
as well as in CV disease (Yabluchanskiy et al., 2013). We found
that pro-MMP2 activity was increased (P = 0.0003) while
pro-MMP9 activity tended (P = 0.098) to be increased in atria
after swim completion in 2 day swim compared to sedentary mice
(Supplementary Figure 7A), establishing increased collagen
turnover with acute exercise.
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FIGURE 7 | Representative left ventricular (LV) hemodynamic changes measured by implantable pressure-telemetry during an acute swim bout in mice. During a
90 min swim bout, LV diastolic filling pressures (red) increase rapidly from a baseline of ∼10 mmHg to ∼45 mmHg within the first 10 min. Thereafter, the pressure
falls to ∼20 mmHg, only to rise steadily to ∼40–45 mmHg by the end of the 90 min swim.

Since previous studies reported increases in matricellular
proteins that mediate post-synthetic collagen turnover in several
models (Frangogiannis, 2012; McDonald et al., 2018), we also
measured osteopontin (OPN) and SPARC expression levels.
Although SPARC expression in atria was unaffected by acute
exercise (P = 0.562), OPN was decreased (P = 0.006), suggesting
these matricellular proteins contribute minimally to adverse atrial
remodeling in the early response to exercise.

A schematic overview of the time-dependent and atrial-
specific exercise-induced TNF-dependent transcriptomic
changes mediating adverse atrial remodeling and AF
vulnerability in response to increased filling pressures and
atrial stretch are shown in Figure 8.

DISCUSSION

The transcriptional changes in WT atria were generally similar
after 2 vs. 6 weeks of exercise, with about 50% of the differentially
regulated gene sets related to ECM and mechanosensing enriched
in sedentary mice. We believe that changes in gene sets associated
with ECM/mechanosensitive pathways at these time points are
relevant because elevated venous filling pressures (i.e., preloads)
are seen invariably in virtually all AF conditions (Vranka
et al., 2007; Remes et al., 2008), including intense exercise
(Reeves et al., 1990; Aschar-Sobbi et al., 2015). Such elevations
in filling pressure are expected to favor atrial vs. ventricular
stretch and thereby preferentially driving stretch-dependent
atrial remodeling (De Jong et al., 2011). This would help explain
the appearance of fibrosis in atria but not ventricles. Moreover,
the number of differentially regulated genes/gene sets related
to ECM/mechanosensing were ∼twofold greater after 2 weeks
vs. 6 weeks of exercise suggesting that the atrial responses to
exercise adapt and diminish with time, as expected with the
appearance of fibrosis. A puzzling finding, however, is the absence

of increased collagen mRNA levels in exercised atria at either
time point, despite the fibrosis after 6 weeks of exercise. This was
surprising because fibrosis seen in most cardiac conditions (i.e.,
heart failure, hypertension, and cardiomyopathies) is associated
with elevated collagen mRNA (Frangogiannis, 2019). The absence
of elevated collagen mRNA in fibrotic exercised atria is similar
to the discordant pattern seen with age- (Horn and Trafford,
2016; Podolsky et al., 2020) and stress-related (Kandalam et al.,
2011) fibrosis in several tissues. As discussed below, we believe
these findings have important implications on the mechanisms
underlying adverse atrial changes and AF, regardless of the
inciting factors.

Consistent with the TNF-dependence of adverse atrial changes
with exercise, TNF- and inflammation-related gene sets were
differentially regulated after 2 weeks of exercise (similar to 6
weeks of exercise) with the number of differentially regulated
gene sets being ∼twofold less in TNF-KO vs. WT atria. On the
other hand, after 2 weeks of exercise atria from sedentary TNF-
KO mice, but not WT mice, showed enrichment in TNF-related
inflammatory gene sets. Since adverse atrial changes do not occur
in TNF-KO mice, it appears that TNF plays a permissive role
in exercise-induced inflammation rather than being a primary
factor. By contrast, the primary exercise-induced gene changes
in TNF-KO atria are related to DNA replication and repair,
whose significance will require further studies. Collectively, the
differences in atrial transcriptome remodeling after 2 weeks
of exercise are consistent with the pleiotropic actions of TNF
(Tracey and Cerami, 1994).

To gain insight into possible mechanisms underlying
the TNF-dependent atrial changes induced by 2 weeks of
exercise, we examined transcript levels of individual genes
between the 4 groups. Consistent with our enrichment maps,
the bulk of the differentially regulated genes related to
ECM/mechanotransduction had lower expression levels in
exercised atria of both WT and KO mice. Moreover, most
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FIGURE 8 | Schematic overview of the time-dependent and atrial-specific exercise-induced tumor necrosis factor (TNF)-dependent transcriptional responses to
elevated venous filling pressures and atrial stretch mediating adverse atrial remodeling (inflammation, fibrosis, hypertrophy) and atrial fibrillation (AF) vulnerability.

of these genes have been linked to increased tissue fibrosis,
despite the absence of atrial fibrosis and AF inducibility in
exercised TNF-KO mice, which suggests that many of these
gene changes are likely of limited relevance in driving exercise-
induced fibrosis (Chou et al., 1996; Sivasubramanian et al., 2001).
However, it is noted in previous studies that reductions in the
metalloproteinase, Mmp2, and the canonical collagen endocytic
receptor (Engelholm et al., 2003), Mrc2 (which are both TNF-
dependent genes that are reduced in WT exercised atria), are
linked to age-dependent fibrosis (Podolsky et al., 2020). These
TNF-dependent changes are particularly interesting since atrial
fibrosis and AF are generally seen with aging (Gramley et al.,
2009; Ravassa et al., 2019), and AF is especially prevalent in
veteran endurance athletes (Karjalainen et al., 1998; Mont et al.,
2002). Also, these Mmp2 reductions paralleled reductions in
Mmp14, albeit independently of TNF, which has been associated
with AF (Simmers et al., 2016) and shown to activate MMP-
2 (Jr and Nagase, 2000). On the other hand, when we directly
compared WT and TNF-KO swim atria, the majority of genes
were increased in exercised atria from TNF-KO relative to WT,
with the only gene that was increased in a TNF-dependent
manner after 2 weeks of exercise in WT atria was Comp, which
is a biomarker for cardiac fibrosis and hypertrophic remodeling
(Huang et al., 2013; Zhao et al., 2018). Comp is involved in non-
collagen ECM-receptor interaction (Rosenberg et al., 1998) and
appears from multiple studies to contribute to the pathogenesis
of AF (Zou et al., 2018; Thomas et al., 2019).

As the ECM/mechanosensitive pathways did not show
enrichment at 2 and 6 weeks in our exercised mice, we
also performed RNAseq measurements after only 2 days of
exercise. Importantly, at this time point gene sets associated
with ECM/mechanosensitive as well as hypertrophic signaling
pathways were enriched in exercised atria from WT mice,
which would appear to align with the elevated filling pressures

seen in exercise and AF-related conditions (Reeves et al.,
1990; De Jong et al., 2011; Aschar-Sobbi et al., 2015). Of
particular note is the enrichment of tubulin folding and
MAPK pathways in exercised WT (but not TNK-KO) atria.
Tubulin assembly/disassembly in microtubules is involved in
mechanosensing (White, 2011) in a number of cell types
and is interdependent on MAPKs (Samaj et al., 2004),
particularly p38 kinases (Ramkumar et al., 2018). These
results suggest that strain-dependent signaling via microtubule
assembly/disassembly may play a role in driving early atrial
responses to atrial stretch occurring during exercise, possibly in
concert with the recruitment of TNF-dependent transduction,
consistent with TNF’s mechanosensing properties (Kroetsch
et al., 2017). Microtubule involvement is consistent with the
pioneering studies by George Cooper (4th) who showed that p21-
activated kinase-1 (Pak1)-dependent microtubule assembly plays
a central role in the early response to pressure overload and
mechanical stretch in right ventricular cardiomyocytes (Cheng
et al., 2012a). Indeed, Pak1 regulates exercise-induced cardiac
hypertrophy (Davis et al., 2015), which aligns nicely with our
2 day atrial analyses showing exercise-induced upregulation of
Flna (filamen A), a cytoprotective protein that is upregulated
with mechanical stress (D’Addario et al., 2003) and is essential
for actin/cytoskeletal dynamics (Vadlamudi et al., 2002) through
interdependent p38- (D’Addario et al., 2002) and Pak1-mediated
signaling (Zhang et al., 1995; Shifrin et al., 2012). We also found
enrichment of other pathways, including IQGAPs and AMPKs,
in acutely exercised WT atria which are involved in the early
compensatory responses to pressure overload stimuli that may
be harbingers of fibrotic remodeling in the long-term (Hermida
et al., 2013; Hedman et al., 2015; Daskalopoulos et al., 2016).
Taken together, these observations suggest that the loss of TNF
leads to an inhibitory modulation of mechanosensitive signaling
pathways which is consistent with the stretch-dependence of TNF
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activation (Kroetsch et al., 2017) and the regulation of FAK by
TNF (Funakoshi-Tago et al., 2003; Murphy et al., 2019) via MAPK
signaling and IL-6 expression (Schlaepfer et al., 2007). Given
the absence of exercise-induced adverse atrial remodeling and
AF with TNF inhibition, our results suggest stretch-activation
of TNF may tip the scales toward maladaptive compensatory
remodeling that is unique to the atria.

As in the 2 week group, far fewer gene sets (61 vs. 101)
were differentially regulated with 2 day exercise in TNF-
KO vs. WT mice. In particular, TNF-KO mice again showed
enrichment of NF-κB, toll-like receptor, and interleukin pathways
in the sedentary group, further supporting a permissive role
for TNF in regulating exercise-induced atrial changes. With
regards to individual genes, our analyses showed that fewer
atrial genes were differentially regulated between swim WT and
KO mice. Of these, the differentially regulated genes related to
ECM/mechanosensitive include Mmp14, Tln1, Lox, and Gsk3β

as well as Fgf2, the latter being the only gene upregulated in a
TNF-dependent manner exclusively in exercised WT mice. The
presence of only one TNF-dependent differentially regulated gene
in the WT compared to TNF-KO exercise group is unexpected
given the increased filling pressures we observed with swim.
However, exercise is an intermittent hemodynamic overload
stimulus (Moreira-Goncalves et al., 2015), and the nature and
time course of cardiac transcriptomic remodeling in response to
mechanical stretch is highly dependent on stretch duration (Rysa
et al., 2018). Therefore, as we only looked at atrial transcriptomic
remodeling 2 h following the last acute swim bout, and focused
our analysis on genes linked to mechanotransduction and ECM
remodeling, a larger window is likely necessary to capture the
full impact of swim exercise on stretch-induced transcriptomic
remodeling and enzyme activity (i.e., TACE/ADAM17, pro-
MMP2).

Relative to atria, the number of genes sets in ventricles
that were differentially regulated in response to exercise was
much smaller. This is not unexpected because ventricles are
far less compliant than atria due to differences in ECM as
well as wall thickness (La Gerche et al., 2011) in agreement
with our previous studies showing that exercise activates
p38 in atria but not ventricles (Aschar-Sobbi et al., 2015).
Presumably, preferential atrial stretch underlies prominent bi-
atrial enlargement in athletes (D’Andrea et al., 2010; D’Ascenzi
et al., 2016, 2018) as well as pronounced atrial hypertrophy
and fibrosis in our exercised mice. These responses would
be expected to normalize atrial wall stress which explains
nicely the evolving pattern of time-dependent exercised-induced
atrial changes in stretch-dependent signaling pathways in
the current study.

Given the link between TNF and mechanical stress, it is
tempting to speculate that the degree of TNF elevation with
elevated filling pressures and its effects on mechanosensitive
signaling cascades may determine the threshold between
compensatory (i.e., physiological) or maladaptive transcriptomic
activation early in the response to exercise training. This would
be consistent with the pleiotropic functions of TNF (Tracey and
Cerami, 1994). Indeed, TNF and its downstream factors such as
NFκB and p38 can promote protective and pathophysiological

responses (Schumacher and Naga Prasad, 2018). Moreover, time-
dependent adaptations (i.e., hypertrophy and fibrosis) may serve
to blunt or normalize acute elevations in wall stress with exercise,
which would explain enrichment in ECM/mechanosensitive
genes in sedentary mice over time and compensatory deactivation
of stretch-mediated remodeling. This would further promote an
early transition to reduced collagen transcription, mimicking
fibrotic processes seen in aging wherein collagen expression is
also not increased (Podolsky et al., 2020).

Implications
AF increases strongly with age, CVD and conditions associated
with poor cardiovascular health (i.e., diabetes, obesity, and
metabolic syndrome). Even though physical activity reduces
AF risk (Drca et al., 2014; Malmo et al., 2016), endurance
athletes, especially elite veteran athletes, have AF risks rivaling
that seen with hypertension and other CVD conditions (Mont
et al., 2002; Redpath and Backx, 2015; Goodman et al.,
2018). In CVD patients, persistent AF is invariably associated
with atrial fibrosis, inflammation and hypertrophy, along with
variable electrical changes (Daoud et al., 1996; Xu et al.,
2004; Nattel and Harada, 2014). Although historically AF in
athletes has often been referred to as “lone AF” (Calvo et al.,
2016) because of the absence of CVD, the term is no longer
considered appropriate since AF is associated with a multitude
of conditions (Wyse et al., 2014). In this regard, animal studies
have established, and some human studies suggest, that intense
exercise leads to adverse atrial changes resembling those seen
in persistent AF patients. In this regard, our studies reveal that
exercise induces dynamic transcriptional adaptations involving,
in particular, pronounced changes in strain-dependent pathways
related to ECM/integrin/focal adhesion. These observations seem
particularly relevant since elevated filling pressures and atrial
stretch are both prominent features of aging, CVD and exercise.
A novel and remarkable finding of our analyses was the link
between genes associated with collagen turnover, rather than
collagen transcripts, and fibrosis in exercised atria, a pattern
that mirrors aging-related fibrosis (Podolsky et al., 2020). This is
especially interesting because the strongest predictor of AF is age
(Staerk et al., 2018). Moreover, our findings revealed TNF plays
a permissive rather than primary role in exercise-mediated atrial
structural and transcriptomic remodeling.

TNF involvement in exercise-induced structural and
transcriptional adaptations are of particular interest because
TNF has been implicated in the pathogenesis of AF (Ren et al.,
2015) and persistent AF is associated with elevated atrial TNF
levels and inflammatory infiltrates (Li et al., 2010; Guo et al.,
2012). Collectively, the many common atrial features between
persistent AF patients and exercised mice suggests to us that
AF and adverse remodeling seen with intense exercise and
CVD share common mechanisms. Thus, while our findings of
an arrhythmogenic substrate requires confirmation in athletes
presenting with AF, the genetic changes seen in our studies may
have broader implications for the general AF population. By
comparison, ventricular responses to exercise were relatively
muted, although the differentially regulated gene sets were
similar to those in the atria, consistent with clinical and
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epidemiological evidence for exercise-induced arrhythmogenic
remodeling being chamber-specific (Guasch et al., 2018).

Limitations
Obviously the use of whole tissue samples prevents us from
determining the individual contributions of cardiomyocytes,
endothelial cells, and fibroblasts to the transcriptomic remodeling
induced by exercise which would be highly desirable since TNF
is a mechanosensitive cytokine expressed in cardiomyocytes
(Kapadia et al., 1997; Sun et al., 2007), fibroblasts (Yokoyama
et al., 1999), and endothelial cells (Yin et al., 2017).

Although the studies presented here were limited to male
mice, we have plan to examine the effects of exercise on
female mice. It is worth noting that even though female
athletes remain underrepresented generally in previous studies
examining exercise-induced AF (Andersen et al., 2013), several
studies have found a reduced incidence of AF in females
(Mohanty et al., 2016) making our future studies potentially
highly relevant.

Our studies were limited to only three time points leaving
many uncertainties regarding the evolving effects of intense
exercise. Nevertheless, our results showed time-dependent
adaptations to exercise with generally comparable responses
at the 2 and 6 week time points, suggestive of compensatory
adaptations in fibrotic, hypertrophic and inflammatory pathways.
In this regard, we did not extend our swim training beyond
6 weeks given the clear evidence of adverse atrial remodeling
and increased AF vulnerability at this time point. However,
given the presence of inflammatory infiltrates and enrichment
of TNF-mediated inflammatory signaling pathways at 6 weeks
of exercise, it is conceivable that the arrhythmogenic substrate
and the degree of AF vulnerability may be more pronounced if
we were to extend our exercise protocol. We cannot rule out
increased collagen synthesis or mechanisms involved in post-
translational modifications/deposition (i.e., SPARC/OPN, LOXs)
or degradation (i.e., MMPs) as contributing to exercise-induced
atrial remodeling, which might not have been fully captured at 2
day, 2 or 6 week exercise.

While we used microarray analyses for 6 week data and
RNAseq for the other time points to assess exercise-induced
transcriptional changes, our analyses focused on RNAseq data at
the earlier time points. In this regard, it was reassuring to find that
the 6 weeks microarray results align well with the 2 week RNAseq
results, thus robustly supporting the compensatory nature of the
atrial responses to exercise at the later time points.

CONCLUSION

Our results demonstrate clear exercise-induced TNF-dependent
differential activation (enrichment) of pathways associated with
mechanosensitive ECM remodeling, which are both time-
dependent and differ between atria and ventricles in a manner
consistent with preferential stretch of atria in response to
exercise-induced elevations in venous pressure. Our findings
provide insight into the chamber-specific roles of TNF and
mechanical strain in cardiac changes induced by exercise, which

supports the general conclusion that exercise-induced adverse
atrial remodeling and AF vulnerability is linked to elevated
filling pressures, consistent with AF associated with aging and
poor cardiovascular health. The common atrial features between
persistent AF patients and exercised mice suggests that AF
and adverse remodeling seen with intense exercise may share
common mechanisms, which may have broader implications for
the general AF population.
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Introduction: Regional differences in activation rates may contribute to the electrical
substrates that maintain atrial fibrillation (AF), and estimating them non-invasively may
help guide ablation or select anti-arrhythmic medications. We tested whether non-
invasive assessment of regional AF rate accurately represents intracardiac recordings.

Methods: In 47 patients with AF (27 persistent, age 63 ± 13 years) we performed
57-lead non-invasive Electrocardiographic Imaging (ECGI) in AF, simultaneously with
64-pole intracardiac signals of both atria. ECGI was reconstructed by Tikhonov
regularization. We constructed personalized 3D AF rate distribution maps by Dominant
Frequency (DF) analysis from intracardiac and non-invasive recordings.

Results: Raw intracardiac and non-invasive DF differed substantially, by 0.54 Hz [0.13 –
1.37] across bi-atrial regions (R2

= 0.11). Filtering by high spectral organization reduced
this difference to 0.10 Hz (cycle length difference of 1 – 11 ms) [0.03 – 0.42] for patient-
level comparisons (R2

= 0.62), and 0.19 Hz [0.03 – 0.59] and 0.20 Hz [0.04 – 0.61]
for median and highest DF, respectively. Non-invasive and highest DF predicted acute
ablation success (p = 0.04).

Conclusion: Non-invasive estimation of atrial activation rates is feasible and, when
filtered by high spectral organization, provide a moderate estimate of intracardiac
recording rates in AF. Non-invasive technology could be an effective tool to identify
patients who may respond to AF ablation for personalized therapy.

Keywords: atrial fibrillation, driver, dominant frequency, non-invasive mapping, Electrocardiographic imaging,
basket mapping

INTRODUCTION

Pharmacological and surgical therapies for atrial fibrillation (AF) continue to have suboptimal
outcomes despite advances in anatomical mapping and catheter technology. Isolation of the
pulmonary veins (PVI) is the cornerstone of ablation, yet its 1 year success is 40–70% depending
on population, and it is unclear how this can be improved. The identification and elimination of
regions of rapid atrial activity are plausible mechanistic sites and indicate drivers in optical imaging
of human AF (Hansen et al., 2015) and clinical studies (Miller et al., 2017; Honarbakhsh et al.,
2019). These fastest activated regions may lie near scar or fibrosis (Swartz et al., 2009), and can
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be represented by Dominant Frequency (DF) (Atienza et al.,
2014), which identifies the activation rate as the greatest spectral
contribution. It would be useful to identify such atrial regions
non-invasively to characterize AF patients, and potentially to
plan whether ablation should include PVI alone, more extensive
ablation, or potentially other therapeutic strategies.

Electrocardiographic Imaging (ECGI) enables non-invasive
reconstruction of epicardial electrical activity and may non-
invasively characterize AF. ECGI has been used to identify
regions in AF with reentrant and focal patterns to guide ablation
(Haissaguerre et al., 2014), and shows regional differences in rate
and sites of high dominant frequency (DF) (Pedrón-Torrecilla
et al., 2016). Nevertheless, the accuracy of ECGI has been
questioned (Cluitmans et al., 2017; Duchateau et al., 2018), and
the DF of AF estimated from ECGI has never been calibrated
against direct measurements from contact catheters. Finally,
existing commercial ECGI systems use 252 leads which introduce
practical limitations for bedside use, and increase the chance that
electrodes may lose contact at some regions of the torso.

We set out to calibrate ECGI obtained using our published
practical reduced-lead method, against simultaneously recorded
panoramic intracardiac measurements in AF. We also correlated
analyses to the clinical endpoint of acute ablation success
resulting in termination of AF.

MATERIALS AND METHODS

Patient Inclusion
We recruited 47 consecutive patients undergoing AF ablation
with simultaneous intracardiac basket and ECGI torso mapping
at two centers: Stanford Hospital (SH, CA, United States,
N = 17) and Hospital General Universitario Gregorio Marañón
(HGUGM, Madrid, Spain, N = 30). Patients from Stanford
University (N = 17) received PVI and also substrate guided
ablation. In this approach, lesions were applied for 15 to 30 s
at sites of focal or rotational activity in AF (Miller et al.,
2017) identified by a commercial mapping system (RhythmView,
Abbott) from basket recordings. Patients from Spain received
only PVI, regardless of perceived substrate. Both protocols were
approved by each local Institutional Ethics Committee and all
patients gave informed consent.

Electrophysiological Study
Classes I and III antiarrhythmic medications were discontinued
for > 5 half-lives prior to study (> 30 days for amiodarone).
Catheters were advanced to the right atrium (RA), coronary
sinus, and transseptally to left atrium (LA). In patients arriving
in sinus rhythm, AF was induced using burst pacing. Contact
basket catheters (64 poles) were positioned in RA, then LA for
AF mapping, based on 3-dimensional electroanatomic imaging
(NavX, St Jude Medical, Sylmar, CA, United States).

Data Acquisition
Unipolar electrograms (EGM) from basket catheters were
recorded at 1 kHz sampling frequency and filtered at 0.05
to 500 Hz. Raw electrograms comprising 64 basket and

other intracardiac channels (e.g., coronary sinus) and 12-lead
ECG were exported from Bard (LabSystem Pro), Prucka (GE
Cardiolab) or Boston Scientific (ClearsignTM) recorders for off-
line analysis. Basket electrode positions and atrial anatomy
meshes were extracted from the electro-anatomical navigation
system (Ensite NavX System) that enabled atrial anatomy
reconstruction (Figure 1A).

MRI/CT images were acquired 2–3 days prior to the ablation
procedure, and segmented to provide atria and torso anatomy
using ITK-SNAP (Yushkevich et al., 2006; Figure 1B). Surface
ECG positions were registered on torso anatomy as we have
described (Rodrigo et al., 2020). Anatomical models obtained
with the different technologies were co-registered by using an
algorithm based on rigid transformations guided by fiducial
points manually marked in both atrial models (PVs, LAA, RAA,
superior vena cava (SVC) and inferior vena cava (IVC)) or torso
models (anterior and posterior axillae, nipples, low scapula and
xiphoid appendix) (Rodrigo et al., 2020).

Electrocardiographic imaging was recorded with surface
ECG leads at electrophysiological study. ECG electrodes were
distributed as follows: 24 electrodes on the anterior, 24 on
the posterior, 3 on each lateral side of the torso and 3
extra leads to obtain Wilson Central Terminal (Figures 1C,D).
We used the same filtering as for intracardiac electrograms
(0.05 to 500 Hz band-pass at 1 kHz) as previously described
(Rodrigo et al., 2020).

Data Analysis
Simultaneous basket EGM and surface ECG signals were
analyzed from 160 AF episodes (3 [2 – 5] per patient). Signals
with duration 4.9 ± 1.4 s were used for Dominant Frequency
(DF) analysis. A total of N = 4566 pairs of Intracardiac and non-
invasive signals were analyzed. Surface electrode recordings were
discarded if noisy or poor contact defined as those in which QRS
complexes had signal-to-noise ratio < 0 dBs.

For intracardiac analysis, we calculated bipolar electrograms
by subtracting unipolar electrograms for successive pairs of
electrodes along basket splines (for instance A1-2, A3-4).
Intracardiac DFs were then calculated from the Power Spectral
Density (PSD) curves of these bipolar EGM signals using a
convolutional filter composed by a band-pass filter (2 to 20 Hz,
Butterworth) (Rodrigo et al., 2014) and a Botteron and Smith
filter (Botteron and Smith, 1996). The PSD of both filtered
signals was obtained by Welch Periodogram (50% overlapping,
2 s-length Hamming window, 65.536 points) and both PSDs
were multiplied to get the final convolutional PSD (de la Torre
Costa et al., 2016). The dominant frequency was defined as
the maximal contribution in the 3 to 8 Hz band, discarding
peaks whose sub-harmonic contribution (at DF/2) was higher
than 50% of the DF peak amplitude. Spectral organization of
EGM signals was calculated using the regularity index (RI),
which is the cumulative sum of PSD in a 0.5 Hz bandwidth
surrounding the DF peak (± 0.25 Hz) (Skanes et al., 1998;
Li et al., 2017).

For ECGI analysis, a QRST removal algorithm based on
principal component analysis (PCA) was first applied to each
ECG channel (Guillem et al., 2013). Then, the ECG baseline
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FIGURE 1 | Schematic view of the experiment set-up. (A) Atrial anatomy (red) with 2 basket catheters in left (blue) and right (black) atria. (B) Atrial anatomy
segmentation from MRI scan. (C) Surface 57-ECG electrode distribution. (D) 3D meshes of the MRI torso (purple), photogrammetry torso (green), atrial anatomy
(red), and BSPM electrodes (pink).

was estimated by decimation of raw signal (sample frequency of
50 Hz) and a posterior low-pass filtering (Butterworth 10th-order,
cut-off frequency of 2 Hz). This baseline signal was interpolated
to the original sample frequency and then subtracted from the
original signal. ECG signals were then low-pass filtered with a
10th-order Butterworth filter with a cut-off frequency of 20 Hz.
We estimated the inverse-computed Electrogram signals (ic-
EGM) by applying the zero-order Tikhonov’s method on the
filtered surface signals over the torso and atrial anatomy. The
optimal regularization parameter was chosen at the first local
maximum value of the curvature of the L-curve (Rodrigo et al.,
2017a). Non-invasive DFs in ic-EGM signals were identified
on the PSD of raw reconstructed signals, which were already
filtered on the ECG. The PSD of non-invasive signals was
obtained by Welch Periodogram (50% overlapping, 2 s-length
Hamming window, 65.536 points) and DF and RI was calculated
as described for intracardiac recordings.

Median DF value was used to describe the overall DF values
for each patient and/or episode. Highest DF (HDF), calculated
as the 95% percentile of the intracardiac or non-invasive DF
measures, respectively, were used to describe the fastest activation
rate avoiding possible harmonic detection.

Ablation
Radiofrequency energy was delivered via an irrigated catheter
(Cool-Flex/TactiCath/Sapphire-Blue, St Jude Medical) at 25 to
35 W. All patients received standard-of-care pulmonary vein
isolation (PVI). Patients from Stanford center (N = 17) also
received guided ablation, in whom lesions were applied for
15 to 30 s at sites of focal or rotational activity during AF
guided by basket mapping and commercially available software
(RhythmView, Abbott). Such potential driver sites were targeted
if they were present for > 50% of recorded tracings. Ablation
covered areas of 2 to 3 cm2 as described by Miller et al. (2017).
PVI was performed by circumferential point-by-point ablation or
cryoablation of left and right PV pairs (Artic Front, Medtronic
Inc.) with verification of PV isolation using dedicated circular
mapping catheters.

Performance Metrics and Statistical
Analysis
Different measures were included to compare non-invasive vs.
intracardiac DF measures. Relative Difference Measurement Star
(RDMS) and Relative Absolute Error (RAE) metrics were used
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to evaluate the relative difference between intracardiac and non-
invasive DF measurements (Figuera et al., 2016). To evaluate the
accuracy of non-invasive measures to identify sites of Highest DF
(HDF) identified by intracardiac measures, we used the Weighted
Underestimation Indicator (WUI), defined as the percentage of
the intracardiac HDF region not detected non-invasively as HDF,
and the Weighted Over-estimation Indicator (WOI), defined as
the falsely detected non-invasive HDF areas as a percentage of the
total non-invasive HDF region (Figuera et al., 2016). HDF regions
for each AF epoch were defined as regions with DF within 0.5 Hz
of HDF (i.e., > HDF −0.5 Hz), calculated for both invasive and
non-invasive maps.

Continuous data are represented as mean ± SD, when
normally distributed, or median [lower quartile – higher quartile]
otherwise. Normality was evaluated using the Kolmogorov–
Smirnov test. Comparisons between 2 groups were made with
Student t-tests for independent samples if normally distributed,
or if not normally distributed, with the Mann–Whitney U-test.
Nominal values were expressed as n (%) and compared with
χ2 tests. Paired t-test was used for paired comparisons with
continuous variables. A probability of < 0.05 was considered
statistically significant. Repeated-measures one-way ANOVA test
was used to compare patient-specific and global linear fits.

RESULTS

Patient demographics are shown in Table 1. Patients who
underwent PVI and driver ablation had more comorbidities
than other patients in the proportion of persistent AF cases,
duration of AF history and demographics, with a higher rate of
AF termination by ablation.

Non-invasive Identification of Atrial
Activation Rate
An illustrative example of simultaneous intracardiac and non-
invasive DF maps during an AF episode is depicted in Figure 2.
In panel A, the DF values obtained from each basket electrode
are projected onto the atrial surface and color-coded, with warm
colors for higher frequencies. In this unusual episode with 2
basket catheters simultaneously placed in the left and right atria,
the RA showed higher DF values of∼7 Hz in the RA lateral wall,
whereas the rest of the RA showed lower DF values ∼6 Hz and
the LA∼4.5–5 Hz.

The non-invasive ECGI AF rate map simultaneous to the
basket recording (Figure 2B) shows a similarly located fastest
region (7 Hz). This region covers a larger region on ECGI than
on intracardiac maps, extending to much of RA and the septal LA.
Remaining areas had lower frequencies around 5–6 Hz. Examples
of intracardiac and non-invasive traces processed to obtain DF
measures are shown in Panel C for signals #1 and #2 marked
in Panels A and B, respectively. This patient received PVI only
ablation, which did not terminate AF, and this right atrial site
was not targeted.

A higher regularity index (RI) indicates that the frequency
peak under consideration makes a greater contribution to the
selected frequency range. In this study, RI identified intracardiac

and non-invasive signals with more reliable DF measurements.
In Figure 2C: the signal at position #1 on intracardiac and non-
invasive traces showed periodic deflections every 140–150 ms,
indicating 6.9 and 7.1 Hz yet with moderate RI = 0.20 and
0.17, respectively. The intracardiac signal at position #2 showed a
clear spectral frequency of 4.6 Hz with a high RI value of 0.46,
corresponding to observed deflections with period = 220 ms.
Conversely, the ic-EGM trace at position #2 showed 2 similar
spectral peaks at 3.3 and 6.1 Hz with low RI values of 0.07 and
0.08, respectively, which therefore may not faithfully represent
the original signal periodicity. This is observed in the raw ic-EGM
signal, in which no clear trend is observed at period = 300 ms
(3.3 Hz) nor period= 165 ms (6.1 Hz).

Systematic Comparison of Raw
Non-invasive and Basket DF
Supplementary Figure 1 summarizes the ability of non-invasive
DF to estimate intracardiac DF in AF, examined by comparing
4566 non-invasive EGM vs. intracardiac-EGM pairs measured at
the closest nodes of the atrial mesh to each intracardiac electrode
(overall projection distance 4.4 ± 2.3 mm). Points with better
agreement between intracardiac and non-invasive DFs (main
diagonal) had higher values for intracardiac and non-invasive
spectral regularity index (RI) (Skanes et al., 1998). Overall, the
difference between non-invasive and invasive DF was 0.54 Hz
[0.13 – 1.37] in absolute magnitude, or 11.3% [2.7 – 30.3] in
relative magnitude (normalized to the intracardiac DF) with poor
correlation (R2

= 0.11).
Further analysis of RI indices are included in Supplementary

Figure 2, where we provide additional analyses comparing
intracardiac and non-invasive DFs and RIs. Supplementary
Figure 2A shows low correlation between intracardiac and non-
invasive RI, which may reflect different causes for intracardiac
recordings (far field, low contact) than non-invasive recordings
(ventricular contamination, poor surface coverage). Nevertheless,
Supplementary Figures 2A,B show that DF estimated non-
invasively differed from invasive indices less in patients with
higher RI values, and more in patients with lower RI. This
was true for intracardiac (Supplementary Figure 2C) and non-
invasive (Supplementary Figure 3D) RI measurements. This
reinforces our selection of this marker to estimate the reliability
of DF estimates.

Systematic Comparison of Non-invasive
and Basket DF, Filtered Using RI
Threshold
We used RI calculated from spectral analysis, which measures
stability of activation, as a filter to identify more stable signals.
We used a RI threshold > 0.4 (intracardiac) and > 0.2 (non-
invasive). RI thresholds were obtained by maximizing R2 analysis
on our dataset after thresholding. RI thresholds were higher
for intracardiac than non-invasive signals as the total spectral
content was lower for ECGI signals after spectral filtering.

Figure 3 shows intracardiac and non-invasive DF for pairs
of tracings that fulfilled this RI threshold (967 signals from 123
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TABLE 1 | Cohort demographics.

All patients PVI + Driver ablation (Stanford) PVI Only (Spain) P-value (Guided vs PVI)

N 47 17 30 –

Paroxysmal AF (%) 20 (43%) 3 (18%) 17 (57%) 0.009

Male (%) 21 (45%) 14 (82%) 7 (23%) <0.001

Age (years) 63 ± 13 67 ± 9 61 ± 14 0.13

AF history (months) 55 ± 56 85 ± 70 36 ± 32 0.01

Previous ablations 1.1 ± 0.9 0.6 ± 1.0 1.4 ± 0.8 0.004

Acute termination (%) 12 (26%) 7 (41%) 5 (17%) 0.06

CHA2DS2-VASc Score 2.4 ± 1.5 2.5 ± 1.5 2.4 ± 1.6 0.80

Weight (kg) 78 ± 17 93 ± 14 70 ± 13 <0.001

Risk factors

HTA (%) 24 (51%) 12 (71%) 12 (40%) 0.04

Diabetes (%) 8 (17%) 5 (29%) 3 (10%) 0.09

Obesity (%) 8 (17%) 4 (24%) 4 (13%) 0.37

Alcohol/Tabaquism (%) 9 (19%) 1 (6%) 8 (27%) 0.08

Cardiovascular diseases

Valvulopaty (%) 13 (28%) 0 (0%) 13 (43%) 0.001

CAD (%) 6 (13%) 3 (18%) 3 (10%) 0.45

CHF (%) 5 (11%) 2 (12%) 3 (10%) 0.85

Dilated cardiomyopathy (%) 9 (19%) 6 (35%) 3 (10%) 0.04

Medications

Class I/III antiarrhythmics 21 (45%) 7 (41%) 14 (47%) 0.72

Class II/IV antiarrhythmics 39 (83%) 15 (88%) 24 (80%) 0.47

Angiotensin Converting Enzyme Inhibitors
(ACEI)/ Angiotensin Receptor Blockers (ARBs)

14 (30%) 7 (41%) 7 (23%) 0.82

Bold numbers are the statistically significant differences.

episodes and 42 patients). Panel A depicts intracardiac vs. non-
invasive DF comparison, color-coded by patient number. The
absolute and relative deviation between non-invasive and basket
DF measures was 0.10 Hz [0.03 – 0.42] and 2.3% [0.7–8.9],
respectively (Panels C and D), with R2

= 0.62. These measures
provided a Relative Difference Measurement Star (RDMS) of
0.075% [0.034 – 0.125]; and Relative Absolute Error (RAE) of
7.51% [3.77 – 14.4] across patients. We assessed inter-patient
variability in the DF linear fit using repeated-measures one-
way ANOVA to compare individual patients to the global linear
regression fit. Notably, 19 out of 47 patients (40%) showed a
significant difference (p < 0.05) between the patient-dependent
and global trend fits.

Panel B shows median and highest DF (HDF) over both
atria on a per-episode basis, calculated for 160 AF episodes (3
[2–5] per patient, 4.9 ± 1.4 s duration). Absolute and relative
deviation between non-invasive and basket HDF measures were
0.20 [0.04 – 0.61] Hz and 3.5 [1.0 – 11.2]%, and the linear
fitting R2

= 0.46, whereas the deviation for median DF was 0.19
[0.03 – 0.59] Hz and 3.4 [0.7 – 11.8]% (Panels C and D) and the
linear fitting was R2

= 0.52. Highest DF and median DF were
detected by ECGI with a difference from intracardiac electrodes
of < 1.5 Hz except for 12/6 cases, respectively (1.2%/0.6%).
Cases with deviations > 2.5 Hz had a poor number (< 10) of
intracardiac/non-invasive signals to compare after RI threshold
(Supplementary Figures 3, 4).

We also measured the accuracy of non-invasive maps to
identify high DF regions revealed by intracardiac recordings,

using WUI and WOI. High DF regions detected by ECGI
produced a median false positive area of 27.6% [0.0 – 77.8]
(WOI metric), whereas non-HDF regions detected by ECGI
produced a median false positive area of 0.0% [0.0 – 50.0]
of intracardiac high DF area (WUI metric), compared with
intracardiac high DF regions.

Ablation Outcome, Global and Regional
Atrial Rate
We reasoned that patients more amenable to therapy may have
more organized AF, and hence lower median DF. We further
reasoned that within the lower overall DF milieu in such patients,
sites of potential interest for targeted ablation may be the fastest,
i.e., with highest DF.

Figure 4 shows simultaneous intracardiac and ECGI DF maps
for two patients in whom AF did terminated acutely during
ablation (Figures 4A,B) or did not terminate (Figure 4C).
Intracardiac and non-invasive DF measures not fulfilling the
RI threshold are depicted as gray. The first patient with acute
termination during PVI + guided ablation showed slow rates
across the atria: 3.9 Hz and 4.1 Hz of median DF and HDF
in intracardiac maps, and 3.9 Hz and 4.1 Hz in ECGI maps,
respectively. The second patient with acute termination during
PVI only ablation showed also slow rates across the atria: 3.7 Hz
and 4.0 Hz of median DF and HDF in intracardiac maps, and
3.7 Hz and 3.8 Hz in ECGI maps, respectively. Conversely, the
third patient without AF termination during PVI only ablation
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FIGURE 2 | Intracardiac and non-invasive DF map. (A) Intracardiac DF map. (B) Non-invasive DF map. (C) Intracardiac and non-invasive signals and Power Spectral
Density (PSD) from points #1 and #2 marked in panels (A,B).

had higher global activation rate: 6.0 Hz and 6.6 Hz for median
DF and HDF, respectively, slightly faster in RA (∼6.5 Hz) than
LA (∼6 Hz) as also shown on ECGI maps 6.5 Hz and 6.7 Hz,
respectively). PVI ablation did not terminate AF in this patient.

Overall, Figure 5 shows this trend for higher ECGI DF
in patients in whom ablation did not acutely terminate AF
compared to those with AF termination. The resolution of our
maps did not identify high-DF spots at sites where ablation
acutely terminated AF on intracardiac nor ECGI DF maps. It
is not clear if this represents small numbers, an artifact of DF
analysis, map resolution that missed a small site of high DF, or
the actual physiology. Patients with acute AF termination thus
showed slightly lower overall activation rates reconstructed non-
invasively than patients with no acute termination, in median
DF (5.0 ± 1.1 Hz vs. 5.3 ± 1.0 Hz, p = 0.055) and HDF

(5.2 ± 1.1 Hz vs 5.6 ± 1.0, p = 0.044). No significant differences
were found using this approach for classical AF classification
such as paroxysmal and persistent patients (Figure 5B), neither
in median DF (5.2 ± 1.2 Hz vs 5.2 ± 0.9 Hz, p = 0.62) nor in
HDF (5.4± 1.2 Hz vs 5.5± 0.9 Hz, p= 0.53).

Non-invasive DF measures were also calculated between
different patient groups in Supplemental Figures 5, 6.
Differences between terminating and non-terminating
patients where only present in persistent patients (median
DF: 4.9 ± 0.9 Hz vs 5.4 ± 0.8 Hz, p = 0.005; highest DF:
5.1± 0.9 Hz vs 5.7± 0.9 Hz, p= 0.002). Paroxysmal patients did
not show differences in median DF (5.1± 1.4 Hz vs 5.2± 1.1 Hz,
p= 0.98) or Highest DF (5.4± 1.3 Hz vs 5.4± 1.1 Hz, p= 0.90).

Patients in whom AF terminated by ablation showed lower
DF in non-invasive maps than patients in whom AF did
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FIGURE 3 | Intracardiac and non-invasive DF measures filtered by spectral organization (RI). (A) Dispersion plot by patient, using RI (intracardiac) > 0.4 and RI
(non-invasive) > 0.2. (B) Dispersion plot coded by highest DF (blue) and Median DF (red). (C) Absolute and (D) relative (% of intracardiac measure) difference for all
electrodes, Highest DF and Median DF.

not terminate in both AF ablation protocols (Supplementary
Figure 6). In patients receiving PVI+ substrate ablation, median
DF were 5.1± 1.1 Hz vs 5.5± 0.8 Hz, p= 0.035, while highest DF
were 5.3 ± 1.0 Hz vs 5.7 ± 0.8 Hz, p = 0.034. Patients receiving
PVI-only ablation showed a similar (but non-significant) trend
for median DF of 4.7 ± 1.0 Hz vs 5.1 ± 1.0 Hz, p = 0.18 and for
highest DF of 4.9± 1.1 Hz vs 5.4± 1.1 Hz, p= 0.15).

Finally, we examined DF between patients with and without
AF termination from intracardiac data (Figure 6). In intracardiac
recordings, patients with AF termination by ablation showed
lower overall DF than patients without termination, for both
median DF (4.5± 0.9 Hz vs 5.3± 0.8 Hz, p < 0.001) and highest

DF (5.3 ± 1.1 Hz vs 5.8 ± 0.9 Hz, p = 0.0018). Similarly to
non-invasive measures from Figure 5B, no significant differences
were found in intracardiac DFs between paroxysmal and
persistent patients (Figure 6B) in median DF (5.0 ± 0.9 Hz
paroxysmal vs 5.0 ± 0.9 Hz persistent, p = 0.72) nor in highest
DF (5.8± 1.2 Hz paroxysmal vs 5.6± 0.9 Hz persistent, p= 0.27).

DISCUSSION

In this study, simultaneous intracardiac and non-invasive
measures of atrial activation rate in AF were compared in a
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FIGURE 4 | Dominant frequency maps and acute AF termination. Intracardiac
(left) and non-invasive (right) DF map for (A) a patient with acute AF
termination during guided ablation; (B) a patient with acute AF termination
during PVI ablation; (C) no acute AF termination during PVI ablation.

cohort representing diverse clinical types of AF. We found
agreement between intracardiac and non-invasive measures of
dominant frequency during AF, that was dramatically improved
by secondary markers of stability such as regularity index. We
identified spectral signatures, or ‘phenotypes’ for patients who
did and did not achieve the clinical outcome of the acute AF
termination by ablation. Future work should extend this to
endpoints such as long-term freedom from arrhythmias, and
compare these results using different filtering strategies.

Dominant Frequency and Atrial
Fibrillation Management
Optical mapping of explanted hearts shows that atrial activation
rate may play a fundamental role in maintaining AF (Kalifa et al.,
2006; Filgueiras-Rama et al., 2012). In many studies, regions

FIGURE 5 | Non-invasive clinical Dominant Frequency measures between
different patient groups. (A) Median DF and HDF for patients in which ablation
did or did not terminate AF. (B) Median DF and HDF for paroxysmal and
persistent AF patients.

of higher activation rate appeared to drive fibrillatory activity
in the rest of atrial tissue, and in some studies their ablation
terminated AF (Sanders et al., 2005; Atienza et al., 2014). Of note,
this was found in patients with paroxysmal AF but not those
with persistent AF.

Electrical remodeling favoring progression of AF from
paroxysmal to persistent then permanent may be linked with
an increase in atrial activation rate (Martins et al., 2014).
Therefore, patients presenting with lower DF measurements on
the ECG have been linked with better long-term outcome of
ablation procedures (Murase et al., 2020). Therapy based on the
identification and ablation of fastest activated regions based on
intracardiac estimation of DFs have been shown to be equivalent
to pulmonary vein ablation (Atienza et al., 2014) particularly in
relatively early paroxysmal AF.

Comparing the findings of this study to the prior literature,
therefore, one could conclude that both lower global DF
measurements and the existence of DF gradients within the atria
can simultaneously predict ablation success. Further studies are
needed to investigate whether previously reported DF gradients
may be exaggerated by the use of adenosine, which is known to
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FIGURE 6 | Intracardiac clinical Dominant Frequency measures between
different patient groups. (A) Median DF and HDF for patients in which ablation
did or did not terminate AF. (B) Median DF and HDF for paroxysmal and
persistent AF patients.

highlight differences in atrial activation rate (Atienza et al., 2006),
and thus may not be expected in this study.

Early stages of AF exhibit lower activation frequencies and
less complex propagation patterns. Notably, DF may better
discriminate acute outcome in patients with persistent AF than
paroxysmal AF. This supports differential electrical substrate
remodeling detectable by DF, in which earlier AF (paroxysmal)
show lower activation frequencies and less complex propagation
than later stage AF. Lower activation frequency (longer cycle
length) corresponds to larger wavelength and therefore a smaller
number of co-existing wave-fronts (Kneller et al., 2005). These
findings agree with other studies that lower complexity measured
as number of different AF reentrant drivers correlates with better
ablation outcomes (Haissaguerre et al., 2014; Rodrigo et al., 2020).

Non-invasive Identification of AF
Activation Rate
Electrocardiographic imaging has been used to non-
invasively map electrical activity of the whole epicardium.

Haissaguerre et al. (2014) used this technique in 103 persistent
AF patients to guide the ablation procedure, showing acute
termination rate of 75% for persistent and 15% for long-standing
AF patients, and showing that the number of targeted regions
was related to the degree of AF progression, and inversely
related to the probability of AF termination. These results agree
with our findings.

Electrocardiographic imaging may be more robust in
classifying AF patients than in quantifying and mapping specific
propagation patterns in AF. Recent studies raise methodologic
questions on the technical ability of ECGI to reconstruct cardiac
electrical activity. Duchateau et al. showed that local activation
time diverges between non-invasive and catheter-based epicardial
recording (Duchateau et al., 2018). Methodologic factors such
as bipolar vs. unipolar recordings, or biophysical limitations
of the inverse resolution may prevent signals reconstructed
by ECGI from having temporal and/or spatial precision that
accurately represents local activations to reproduce isochronal
maps (Rodrigo et al., 2017b; Rudy, 2019). Our findings show that
non-invasively acquired frequency organization may be used to
improve the accuracy of non-invasive cardiac mapping of AF. DF
analysis in AF is intrinsically more stable than activation times,
since it does not depend on a single fiducial point (activation
time) to define a series of isochrones for activation or phase
mapping. Frequency mapping summarizes a series of temporal
voltage distributions in a single DF value, and thus should be
more robust to biophysical limitations of the inverse problem
than activation time. This was reported in previous studies in
which we found that displacements and rotations greatly reduced
agreement of inverse-solution computed signals with original
signals, yet preserved frequency information as the concordance
of the HDF region remained almost stable (Rodrigo et al., 2017a).

We found that spectral organization indicated by the
Regularity Index (RI) is a useful index of the reliability of a
specific estimated frequency. Lower RI implies lower energy of
that DF peak, and filtering out such peaks improved the accuracy
of non-invasive estimates. Low RI may result from factors that
indicate non-local activity, including far field contributions,
ventricular artifacts, low electrode contact or electrical noise.
Local mechanisms such as wave fractionation or competing AF
mechanisms may also produce low RI. Previous findings of our
group and others suggest that intracardiac DF measurements
can be affected by far-field contributions particularly when the
basket electrodes are at a distance from the atrial wall (Martinez-
Mateu et al., 2019, 2018). In the present study, we used bipolar
recordings in order to diminish such far-field artifacts.

Clinical Perspective of Non-invasive AF
Mapping
To date, non-invasive AF mapping through ECGI has been
used to guide and plan AF ablation, specifically by identifying
those atrial regions harboring reentrant drivers (Haissaguerre
et al., 2014). This study broadens the application of non-invasive
mapping to identify AF ‘phenotypes’ which may be relevant to
acute and long-term success from therapy. Our results suggest
that global measures such as median DF may also be valuable
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markers of AF outcome, and future studies should evaluate
whether this can be obtained from simpler approaches such as
Body Surface Potential Maps or even the classical ECG. The
current high resolution ECGI approach may be ultimately needed
to classify long-term outcomes, a focus of ongoing studies, and to
improve clinical phenotypes such as paroxysmal and persistent
AF. Non-invasive activation rate mapping of AF may also help to
tailor therapies including drugs to electrical phenotypes detected
in specific patients. Clearly, prospective clinical trials are needed
to test each of these hypotheses.

Limitations
Results from this paper were obtained with patients from 2
different institutions and under different AF therapies (PVI
and guided ablation) and demographic differences. Nevertheless,
results obtained for non-invasive DF mapping were consistent
between and within each cohort, showing the robustness of non-
invasive atrial activation rate mapping in different types of AF
patients: paroxysmal, persistent, long-standing and valvular AF.
On the other hand, the specific thresholds we used for RI filtering
may differ in other cohorts. Finally, long-term clinical results of
ablation in these patients vary with different ablation protocols.
We selected AF termination as it is a common acute endpoint
for ablation, and because it is independent on differences in post-
ablation medications, long-term lesion recovery, drug adherence
and AF progression.

CONCLUSION

Non-invasive characterization of atrial rate in AF, filtered by
spectral measures of organization, identifies regional activation
rates on intracardiac mapping. Non-invasive analysis could
provide a mechanistic basis for clinical phenotypes such as
patients who are likely to experience AF termination by ablation,
or ultimately those who may experience long-term arrhythmia
freedom from ablation or drug therapy.
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