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The most dreaded complication of atrial fibrillation is stroke, and 70-80% of patients
with AF-related stroke die or become disabled. The mechanisms of thromboembolism in
AF are multifactorial, with evidence demonstrating that all three criteria of Virchow’s triad
are satisfied in AF: abnormal stasis of blood, endothelial damage, and hypercoagulability.
Mechanistic insights into the latter two limbs have resulted in effective stroke prophylactic
therapies (left atrial appendage occlusion and oral anticoagulants); however, despite
these advances, there remains an excess of stroke in the AF population that may be
due, in part, to a lack of mechanistic understanding of atrial hypocontractility resulting in
abnormal stasis of blood within the atrium. These observations support the emerging
concept of atrial cardiomyopathy as a cause of stroke. In this Review, we evaluate
molecular, translational, and clinical evidence for atrial cardiomyopathy as a cause for
stroke from AF, and present a rationale for further investigation of this largely unaddressed
limb of Virchow’s triad in AF.

Keywords: atrial cardiomyopathy, atrial fibrillation, atrial contractility, stroke, Virchow’s triad

INTRODUCTION

The atria play an integral role in the initiation of the cardiac cycle, maintenance of sinus
rhythm, ventricular filling, and cardiac output (1). First, the atria house both the sinoatrial
and atrioventricular nodes, which are responsible for initiation of normal cardiac rhythm and
its transduction to the ventricles, respectively. Second, the atria are a reservoir for venous
return during systole, and a conduit and booster pump for ventricular filling during diastole.
In addition to its unique function in the cardiac cycle, the atria have specialized structural and
electrophysiologic characteristics that are distinct from ventricular myocytes and which include:
the expression of connexin-40, the presence of Ixyr and Iga, channels, smaller Igx; current and
less negative resting cell membrane potential, and expression of unique myofilament proteins
(such as atrial myosin light chain 2, MLC2a). Yet, despite the significant differences in structure,
function, and molecular/cellular content between atria and ventricles, there is comparatively much
less known about atrial cardiomyopathy (AC) than is known about ventricular heart failure
and cardiomyopathy.

This gap in knowledge is clinically significant in patients with a high risk of atrial fibrillation
(AF) and stroke. AF, the most common sustained arrhythmia, increases stroke risk five-fold and
is an independent risk factor for thromboembolism, heart failure and impaired quality of life
(2). Stroke remains the most dreaded and deadly complication of AF, as 70-80% of patients
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with AF-related stroke die or become disabled (3). The
mechanisms of thrombogenesis related to AF are multifactorial,
and there is evidence to suggest that all three criteria of Virchow’s
triad are satisfied in AF: abnormal stasis of blood, endothelial
damage, and hypercoagulability (4). Specific pro-thrombotic
conditions in AF include atrial dilation, atrial hypocontractility,
endothelial hypertrophy and fibrosis, and secretion of pro-
thrombotic factors including IL-6 and von Willebrand factor
(5, 6). Current stroke prophylactic therapies in AF include
oral anticoagulants and left atrial appendage (LAA) exclusion,
which address two of the three factors of Virchow’ triad,
namely hypercoagulability of blood and exclusion of the most
thrombogenic portion of the left atrium, the LAA (7). However,
both therapies have significant side effects and risks that
limit their use. Direct oral anticoagulants (DOACs) increase
bleeding risk, have significant drug-drug interactions, are limited
by renal function, and are difficult to reverse. Warfarin has
a narrow therapeutic window, high hemorrhage rate, and
monitoring/compliance issues (8). Likewise, LAA exclusion has
significant intraoperative risk, and recent reports have shown a
thrombus formation rate of 3.7% (9, 10).

Importantly, there is no prophylactic agent against stroke that
addresses atrial hypocontractility as a primary mechanism. This
is likely due to lack of mechanistic understanding of how atrial
contractility is regulated in AF. Given the importance of atrial
hypocontractility in thromboembolism formation, elucidation
of the mechanisms underlying atrial hypocontractility in AF
remains a major research priority.

Atrial hypocontractility is well-described on
echocardiography where spontaneously coagulating blood
fills the left atrium during AF (11). Detailed echocardiographic
measurements of atrial wall velocities in human AF patients
show that there is a significant reduction of atrial contractility
(12, 13). Likewise, atrial hypocontractility and atrial dilation
are associated with increased risk of stroke (1). Several clinical
observations suggest that in addition to electrical ion channel
remodeling in AF, atrial contractile dysfunction forms a substrate
for stroke risk: (1) atrial hypocontractility persists for 6-8 weeks
following conversion from AF to sinus rhythm (14, 15); (2) atrial
dilation and hypocontractility may progress despite catheter
ablation of AF, leading to stroke (16, 17); (3) there is a temporal
dissociation between the occurrence of AF and the development
of stroke (18); and (4) atrial hypocontractility alone is an
independent risk factor for stroke (19, 20). These observations
support the emerging concept of AC as a cause of stroke, and
which may have both mechanical (contractile) and electrical
(AF) manifestations. Recently, to address these observations, a
consensus document was published to establish the definition
and clinical implications of AC; AC is defined as: “any complex
of structural, architectural, contractile, or electrophysiological
changes affecting the atria with the potential to produce
clinically-relevant manifestations” (1). Thus, the concept of AC
as a contributor to cardiovascular disease, and as a separate
but related entity from ventricular cardiomyopathy, has gained
momentum as of late. This review article discusses AC and the
investigations underlying our increasing understanding of the

atrial myopathic substrate as a risk factor for thromboembolism
and stroke.

INITIAL OBSERVATIONS SUGGESTING
THE ATRIAL CARDIOMYOPATHY
PHENOTYPE

In 1972, Nagle et al. were the first to describe the term
“atrial cardiomyopathy” in reference to a family in which
three of five siblings demonstrated first degree heart block and
ectopic supraventricular tachycardia, progressing to persistent
atrial standstill with complete loss of response to direct
atrial stimulation (21). Over a decade later, Stables et al.
described a similar family cohort with reduced atrial contractility,
intermittent atrial standstill, diffuse atrioventricular block, and a
systemic embolism (22). This observation was important because
for the first time it linked atrial contractile dysfunction with
thromboembolism formation. In 1997, Jais et al. described nine
patients with paroxysmal AF who were found to have a focal
source primarily in/near the pulmonary veins (23); these findings
and others led Zipes et al. to recognize that AF and other
supraventricular tachycardias cause AC and vice versa (24, 25).
Further work by Hoit et al. and Sun et al. demonstrated that
atrial tachypacing in dogs is associated with atrial enlargement,
atrial contractile dysfunction, and reduced Ca?T transients
from remodeling of intracellular Ca?* handling proteins such
as phospholamban (26, 27). These seminal observations set
the stage for subsequent genetic, cellular, and translational
investigations into the mechanisms of atrial cardiomyopathy.

GENETIC INPUTS INTO THE ATRIAL
CARDIOMYOPATHY PHENOTYPE

As the consensus definition of AC is broad, it is useful to sub-
divide genetic determinants of AC into primary and secondary
causes. Primary genetic AC refers to atrial genes that are
functionally active in the atria and which contribute either
atrial development and/or the maintenance of atrial structural,
electrical, and metabolic properties (28). MYL4, the gene that
encodes a fetal isoform of atrial myosin light chain 2 (MLC2a),
is an example of a structural myofilament gene that is uniquely
expressed in the atria, and in which genetic mutations can
manifest in atrial contractile dysfunction and AF. Peng et al.
described a family with a rare missense loss-of-function MYL4
variant resulting in a phenotype demonstrating progressive
atrial-selective electromechanical dysfunction, tachyarrhythmias,
and bradyarrhythmias requiring pacemaker implantation (29).
In this study, the group also created a knock-in rat model to
demonstrate the mutation causes proapoptotic and profibrotic
signaling, along with increased atrial cardiomyocyte terminal
deoxynucleotidyl transferase dUTP nick end labeling staining,
suggesting enhanced apoptotic cell death. More recently, Zhong
et al. described a single-nucleotide polymorphism (rs4968309)
in MYL4 which is associated with atrial dilation, increased
AF, and AF recurrence after cryoballoon AF ablation (30).
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Another example of a primary genetic input to AC is the
NPPA gene, which encodes for atrial natriuretic peptide (28).
Disertori et al. described NPPA variants in three families
from Northern Italy who developed giant biatrial dilatation,
supraventricular arrhythmias, atrial standstill, and cardiac
thromboembolism (31).

Secondary genetic AC refers to atrial structural and
electromechanical dysfunction in gene mutations known to
contribute to other cardiovascular diseases such as: Brugada
Syndrome, genetic AF syndromes (PITX2 gene), and genetic
muscular dystrophies. Table1 lists the genes, mutations,
phenotypes, and references for relevant primary and secondary
inputs to genetic AC. Although these insights have been
important for elucidating the genetic inputs into AC and
subsequent AF, the majority of patients with AF have significant
acquired risk factors affecting atrial cellular function and which
are described below.

AC IN THE BASIC SCIENCES AND CELL
METABOLISM

Recent basic science studies into the cellular mechanisms of
AC have provided significant insights into atrial Ca’* handling,
contractility, metabolism, and apoptosis. First, disorders of
Ca’* handling, resulting in intracellular Ca** overload, are
associated with reduced atrial contractility and increased atrial
fibrosis. Endothelin-1 (ET-1) is a vasoconstrictor peptide and

TABLE 1 | Primary and secondary genetic inputs into atrial cardiomyopathy.

Gene Mutation Phenotype References
PRIMARY GENETIC INPUTS
MYL4 p. (E11K) Atrial tachyarrhythmias, atrial (29)
standstill, severe
bradyarrhythmias
MYL4 SNP (rs4968309)  Atrial dilation, increased AF, (30)
AF recurrence after
cryoballoon PVI ablation
NPPA p. (R150G) Giant biatrial dilatation, (31)

supraventricular arrhythmias,
atrial standstill, cardiac
thromboembolism

SECONDARY GENETIC INPUTS

SCN5A Multiple Brugada Syndrome, giant (32)
biatrial dilatation, early

arrhythmias with progression

to atrial standstill,

thromboembolic

complications
PITX2
DMD

M207V
Multiple

Early onset AF, atrial dilation (33)

Duchenne and Becker (1)
muscular dystrophies

DMPK
LMNA

Multiple Type 1 muscular dystrophy

=

Multiple Lamin A/C cardiomyopathy
with conduction system

disease

=

a biomarker of endothelial damage, cardiac fibrosis, and
decreased atrial contractility. Increased ET-1 in atrial fibrillation
is associated with atrial pre-excitation, inappropriate Ca®"
leak, and intracellular Ca?>* overload associated with left atrial
(LA) dilation and fibrosis (34). Liver kinase Bl (LKB1), is
highly expressed in the heart, and is responsible for cell
signaling responses regulating myofilament response to Ca*,
or Ca** sensitivity. Ozcan et al. demonstrated that mice
with a cardiac-specific knockout of LkbI developed early-onset
atrial myocarditis, associated with severe bi-atrial enlargement,
atrial thrombus, and early spontaneous AF (35). p-calpain,
an intracellular Ca®*-activated protease which mediates the
actions of calcium, was shown to be elevated in 16 patients
with paroxysmal AF vs. sinus rhythm, and leads to the
destruction of contractile filaments in fibrillating atria, thereby
enhancing atrial remodeling and reducing atrial contractility
(36, 37). Second, primary electrical (ion channel) remodeling of
the atria has been associated with AC. The two-pore-domain
potassium channel TASK-1 helps regulate atrial action potential
duration. Wiedmann et al. demonstrated that decreased TASK-
1 expression in AF-prone Crem-IbAC-X transgenic mice is
associated with both AC and AF (38, 39). Likewise, mutations
in the voltage-gated sodium channel have been reported
to be associated with severe left atrial dilation and atrial
standstill (40). Third, progressive atrial contractile dysfunction
has been demonstrated in diseases affecting cardiac metabolism.
Obesity and diabetes are common diseases involving myocardial
inflammation and expansion of epicardial adipose tissue; several
groups have described a strong correlation between epicardial
adipose tissue and atrial myopathy leading to atrial dilation and
AF (41-44). In particular, diabetes has been associated with
significantly reduced global atrial strain rate and LA volume,
independently of AF status (45). Additionally, mitochondrial
dysfunction resulting from atrial oxidation in AF has been
associated with mitochondrial DNA damage and contributes
to a “vicious” cycle of oxidative stress and progressive atrial
myopathy in AF (46). These studies firmly link AC to disorders of
Ca** handling, both in the release and reuptake of intracellular
Ca’* and the myofilament response to cytosolic (Ca?"), and
present a rationale for future study of molecular targets that may
preserve Ca’" homeostasis in diseases that introduce metabolic
or oxidative stress.

However, beyond these strictly myocardial inputs, the AC
substrate also favors AF development from the progressive
development of atrial fibrosis, which serves as a nidus for focal
electrical slowing within the atria and as an anchor point for
micro-reentrant circuits within the atria.

FIBROSIS AND STRUCTURAL ATRIAL
REMODELING

Closely related to atrial contractile dysfunction in AC is the
occurrence of atrial fibrosis, which is an integral part of atrial
remodeling in AF. The majority of patients with AF and
without known structural heart disease have atrial fibrosis as a
substrate (47). Fibrosis is also a prominent histopathologic and
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mechanistic feature of early persistent AF (48). Despite these
insights, the burden of atrial fibrosis does not always directly
correlate to AF burden; patients with very low atrial fibrosis
may have persistent AF, while patients with higher fibrosis
may or may not manifest in higher AF burden (48). Clearly,
atrial fibrosis is just one piece of the complex mechanistic
puzzle of AF.

Several causes for enhanced atrial fibrosis have been described.
Aging is the most common risk factor for atrial fibrosis. Given
that aging is associated with oxidative stress, Ca’>" dysregulation,
and apoptosis, it is not surprising that age is directly associated
with the extent of both atrial fibrosis and apopotosis (49).
Matrix metalloproteins are highly expressed in AF and positively
correlate to extent of atrial fibrosis in AF; in particular matrix
metalloprotein 9 (MMP-9) has been described as a circulating
serum biomarker suggestive of atrial fibrosis (47). Additionally,
alcohol consumption is associated with progressive fibrosis of the
atria. McManus et al. analyzed data from the Framingham Heart
Study and determined that for every 10 g of alcohol consumed
daily, a 0.16 mm enlargement of the left atrium occurred
with progressive fibrosis (50). Thus, atrial fibrosis is highly
correlated with AC and is a marker of progressive atrial dilation,
hypocontractility, and AF susceptibility. The combination of
these risk factors contributes to the complex interplay of atrial
movement and inflammation and hypercoagulable milieu at the
atrial endocardial border.

HYPERCOAGULABILITY MAY
CONTRIBUTE TO THE AC PHENOTYPE

Multiple studies have shown increased thrombogenesis and
platelet activation in patients with atrial dysfunction, as is seen
in AC (51, 52). Tsai et al. demonstrated that fibrinopeptide
A, a prothrombotic marker, is associated with marked left
atrial appendage (LAA) spontaneous echo contrast (SEC), a
marker of atrial contractile dysfunction (53). Sakurai et al.
later showed that among patients with atrial flutter, those with
LAA SEC were associated with increased serum D-dimer and
reduced B-thromboglobulin, biomarkers of platelet activation
(54). Igarashi et al. confirmed this association in patients with
atrial fibrillation, demonstrating that LAA SEC was associated
with increased D-dimer and thrombin-antithrombin III
complex (55).

The hypercoagulable state found in AF contributes to
stroke risk through two primary mechanisms: (1) increased
clot formation which is an independent limb of Virchow’s
Triad, and (2) through progressive atrial remodeling that
drives formation of the AC substrate. Recently, Spronk et al.
demonstrated that in isolated rat atrial fibroblasts, thrombin
enhances the phosphorylation of pro-fibrotic signaling molecules
Akt and Erk, and increases expression of transforming growth
factor Bl (TGF-B1) and the pro-inflammatory monocyte
chemoattractant protein-1; all of these effects were attenuated by
the direct thrombin inhibitor dabigatran (56). Furthermore, in
six goats with persistent AF, treatment with nadroparin, which
targets Factor Xa-mediated thrombin generation, reduces the

complexity of the AF substrate as measured by LA maximal
activation time differences and quantification of endomysial
fibrosis (56). Similarly, Hasan et al. showed in porcine
endothelial cells, thrombin induced death and contributed to
adverse angiotensin II signaling (57). Treatment with thrombin
resulted in increased oxidative stress via NADPH oxidase,
cyclooxygenases and the mitochondrial respiration complex,
as well as enhanced expression of: vascular cell adhesion
molecule 1 (VCAM-1), TGF-B, and matrix metallopepditases
2 and 9 (MMP-2 and-9). This treatment also resulted
in overexpression of angiotensin converting enzyme and
angiotensin-1 receptors, a signaling pathway that is known to
contribute to remodeling of the myocardium (57). Importantly,
this adverse angiotensin II signaling was reversed when treated
with angiotensin converting enzyme inhibitors (ACEI) or
angiotensin receptor blockers (ARB) (57). Combined, these
results suggest that inhibition of coagulation may reduce
stroke risk not only by reducing thromboembolism, but
also by limiting progression of the AC substrate for AF.
Conversely, inhibition of the renin-angiotensin pathway with
ACEI may reduce the pro-coagulant milieu at the atrial
endothelial border.

ATRIAL IMAGING AND PROGNOSTIC
IMPLICATIONS

Atrial fibrosis is a hallmark imaging finding seen in structural
remodeling that results in AC. Fibrosis can be measured non-
invasively by delayed gadolinium enhancement on cardiac
magnetic resonance imaging (cMRI). The burden of fibrosis
is evaluated as a percentage of total LA wall volume and
then categorized into Utah stages I (<10% fibrosis), II (10-
20% fibrosis), III (20-30% fibrosis), and IV (>30% fibrosis)
(58). Measurement of atrial fibrosis can assess mechanical
function, as greater fibrosis is associated with LAA dysfunction
(59) and reduced atrial systolic function (60). Importantly, its
measurement can also provide insight into the predicted clinical
course, as greater atrial fibrosis is also associated with stroke (61)
and arrhythmia recurrence post-ablation (62).

Atrial strain by speckle-tracking echocardiography provides
similar functional and clinical information through a more
readily available imaging modality. Atrial strain measurements
directly reflect the structural and electrical remodeling driving
the development of atrial cardiomyopathy. Decreased atrial
strain is inversely correlated with atrial fibrosis (63) and
prolonged conduction time (64). Furthermore, atrial strain can
predict clinical course and response to treatment modalities.
Reduced atrial strain is associated with LAA dysfunction, LAA
thrombus, and stroke independent of the presence of AF (65—
67). Patients with reduced atrial strain are more likely to have
poor response to treatments including unsuccessful electrical
cardioversion (65), and arrhythmia recurrence after ablation
(68). Interestingly, reduced atrial strain is also associated with
increased mortality after stroke, and new onset AF after stroke,
supporting AC as a primary driver of stroke risk independent of
arrhythmic burden (20, 69).
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AC AND DEMENTIA

The relationship between AF and dementia has long been
established (70). However, recent insights have demonstrated
that there may also be an association between AC and dementia
(71). For example, in a subgroup analysis of the Atherosclerosis
Risk in Communities Study (ARIC) O’Neal et al. demonstrated
that advanced intra-atrial block on ECG, a strong indicator of
left atrial remodeling present in AC, is associated with increased
stroke risk and dementia risk (72). However, AF has also been
independently correlated with increased risk for cognitive decline
and dementia (hazard ratio 1.23) independent of cardiovascular
risk factors including ischemic stroke (73).

One proposed mechanism for this association is non-uniform
cerebral blood flow in patients in persistent AF. Physiologic
studies of cerebral perfusion demonstrate the variable cardiac
output produced during AF results in critical hypoperfusion
at the arteriolar level and excessive hypertension at the
capillary level (74). Mouse models have demonstrated that
chronic cerebral hypoperfusion is associated with decline in
learning and memory. For example, compared with controls,
mice with bilateral occlusion of common carotid arteries had
greater amyloid-beta deposition in the hippocampus (75).
This study also identified higher concentrations of soluble
amyloid precursor proteins and their myloidogenic processing
proteins. This could be a possible mechanism explaining the
association between AF-related cerebral hypoperfusion and
Alzheimer’s Disease. This data suggests there may be an
indirect link between AF-related cerebral hypoperfusion and
Alzheimer’s Disease.

Dementia risk may be reversible when sinus rhythm can be
maintained using AF ablation. Bunch et al. demonstrated that
in patients that underwent catheter ablation of AFE, incidence of
dementia at 3 years was reduced to the level of patients without
AF (occurrence rate: 1.9% AF without ablation, 0.4% AF with
ablation, 0.7% no AF; p < 0.0001) (76). These data suggest
that early intervention into AF may alter the AC substrate and
may collectively reduce long-term risk of dementia as well as
stroke risk. Further prospective, randomized controlled trials
are necessary to validate these results and provide a stronger
indication for early AF substrate modification.

AC IN ELECTROPHYSIOLOGY STUDIES
AND EP INTERVENTIONS

The concept of AC has been translated not only to cardiovascular
imaging, but also to inform decision-making in interventional
electrophysiology procedures. First, regarding the substrate for
AF ablation, substrate progression is now seen as a multifactorial
response of cardiomyocytes to electrical, mechanical, and
metabolic stressors (77). While some components of these
changes to the LA are reversible (or adaptive), others such
as progressive fibrosis are more permanent, or maladaptive
(77). Currently, there is a lack of standard techniques to pre-
operatively assess the degree of atrial fibrosis and to identify
the potential rotors for AF, which could theoretically improve

the results of catheter ablation, especially in patients with long-
standing and persistent AF (78). Regarding mapping and AC,
there has been significant progress in developing multi-modality
inputs into standard electroanatomic mapping techniques to
achieve a greater understanding of arrhythmic substrate. One
example of a multi-modality approach includes the focal impulse
and rotor (FIRM) mapping technique, which takes advantage
of re-entrant driver “rotors” which are mostly localized in the
patchy zones bordering areas of dense fibrosis seen on atrial MRI
(79). MRI coupled with electroanatomic mapping has been useful
for defining the arrhythmogenic substrate in patients with rare
genetic causes of familial AF, such as a recently described family
with a mutation in NPPA, as discussed above (31, 80).

For ablation of supraventricular arrhythmias, focal (fibrotic)
AC has been a challenge. Women appear to show fibrotic AC
at a higher rate than men as recently reported in a Swiss
study of box isolation of fibrotic areas (BIFA) for AF (81).
Although the cause for this higher rate is incompletely known,
older age and circulating galactin III biomarkers in the female
population (ratio: 1 female: 1.4 male) undergoing the procedure
was postulated to contribute to this observation (81, 82). While
the distribution of LA fibrosis is variable among AF patients,
the anterior LA is especially pronounced and vulnerable to
both fibrosis and focal drivers of AF. In patients with complex
atrial anatomy, such as patients with prior valve surgery,
history of atrial ablation procedures, and fibrotic AC, complex
ablation lesions may result in lateral RA isolation or even
complete sinus exit block with bradycardia requiring pacemaker
implantation (83). Regarding recurrence of arrhythmias, atrial
fibrosis is an independent risk factor for AF recurrence after
pulmonary vein isolation without LA substrate modification
(84). Employment of substrate modification techniques or repeat
ablations paradoxically increase the burden of fibrosis. Under the
new perspective of AC as a driver for AF, increasing atrial fibrosis
through ablation techniques could expedite disease progression.

There are no reliable serum biomarkers that predict both
the burden of atrial fibrosis and also the recurrence of AF
after ablation (78). Thus, insights into the AC substrate
with cardiac imaging and catheter-based approaches allow
for optimal prognostication and treatment of AF and other
supraventricular arrhythmias.

FUTURE DIRECTIONS: FROM VIRCHOW’S
TRIAD TO NEW TREATMENTS FOR AC

Whereas, Virchow’s Triad has set the stage for the understanding
of vascular thrombosis, and has implicated AC as a significant
driver of thromboembolic stroke, the insights discussed above
(Figure 1) present a rationale for an updated model of stroke
which includes both intracardiac factors (such as atrial and
ventricular contractility) and extracardiac factors (including
traditional CHADS-VASc and liver/coagulopathy) as well. First,
despite the link between AF and stroke, maintenance of sinus
rhythm with anti-arrhythmic drugs (AAD) has not been shown
to reduce stroke risk and overall CV mortality vs. rate control
therapy (1). Second, many AAD (such as Vaughn-Williams Class
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FIGURE 1 | Atrial cardiomyopathy risk factors increase risk for stroke.
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1 AAD flecainide, Class III Sotalol, and Class IV diltiazem) are
contraindicated in patients with reduced cardiac contractility and
heart failure. Catheter ablation of AF often results in impairment
of LA systolic function, with both a decrease in atrial ejection
fraction, and also a lack of meaningful “a” waves on pressure
tracings, suggesting prolonged impairment of atrial mechanical
function (85). Furthermore, catheter ablation may “influence
ongoing pathologies” such as increased atrial size, structure, and
mechanical atrial function, and thus affect future risk for atrial
thrombogenesis (1). Given these limitations, efforts are underway
to address reduced atrial contractility in AF.

For example, dysregulation of the myofilament response to
Ca?" release, or Ca’" sensitivity, is a significant contributor
to contractile dysfunction in AF (51, 86). Contractility and
intracellular Ca®T homeostasis rely upon phosphorylation
processes, which in AF are pathologically altered (87). In patients
with chronic AF there is an increase in total protein phosphatase
1 (PP1) activity, which is associated with dephosphorylation
of key regulatory proteins involved in Ca*" homeostasis and
Ca’* sensitivity (86, 88). Additionally, experimental evidence
supports the role of PP1 subunit expression in the dysregulation
of Ca?* handling in AF. Chiang et al. performed a detailed PP1
interactome analysis in human paroxysmal AF, and determined
that alterations in PP1 regulatory subunit (PP1R) and catalytic
subunit (PP1c) binding underlie pathologic signaling for several
atrial Ca®* handling proteins (89). Of these interactions, only one
regulatory subunit—protein phosphatase 1 regulatory subunit
12C (PPP1R12C)—targets the sarcomere at a key regulatory site
for myofilament Ca’" sensitivity: Atrial myosin light chain 2
(MLC2a). Previously, Perike et al. have shown that human AF
patients experience a 3.5-fold increase in PPP1R12C protein
expression in AF. In a genetic mouse model overexpressing the
PPP1R12C protein to similar levels, we observed a 150% increase
in atrial diameter, reduced atrial strain, and an increase in AF

susceptibility, ultimately contributing to the AC substrate (90).
Future studies are needed to determine whether reduction in
PPP1R12C expression or inhibitors of PPP1R12C protein activity
are sufficient to suppress the AC substrate in AF and ultimately
prevent stroke.

Another therapeutic target of interest in improving atrial
contractility is the Ca®"- sensitizing agent levosimendan.
Initially, levosimendan was shown to increase AF in both
the second Randomized Multicenter Evaluation of Intravenous
Levosimendan Efficacy (REVIVE II) and the Survival Of
Patients with Acute Heart Failure in Need of Intravenous
Inotropic Support (SURVIVE) studies (91, 92). However,
more recent studies have shown that levosimendan increases
cerebral blood flow, decreases NT-pro-BNP (a contributor to
adverse atrial remodeling), improves atrial booster function on
echocardiography (93). Furthermore, experimental observations
in rabbits suggest that predisposition to AF in levosimendan-
infused hearts may be attenuated (and nearly abolished) by
concomitant treatment with ranolazine, an inhibitor of the late
inward sodium current (94). These new data offer an opportunity
to “revive” the potential use of levosimendan for both atrial and
ventricular contractility, with the help of an AF-limiting agent,
ranolazine; further clinical studies will be needed to confirm the
efficacy of this approach in human patients.

In addition to approaches that increase atrial contractility,
there have been efforts to use existing cardiovascular drugs to
preserve remaining atrial myocardial function and limit the
progression of atrial fibrosis. The most notable example has
been in the area of renin-angiotensin system (RAS) inhibition.
Pathologic secretion of angiotensin IT occurs both in AF and heart
failure (HF) and contributes to atrial structural remodeling and
promotes atrial fibrosis, both of which cause AC and AF (95).
Experimental evidence in dogs shows that treatment with ACEI
drug enalapril reduces tachypacing-induced atrial remodeling,
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in vivo (96, 97). Post-hoc analyses from several randomized
controlled clinical trials have shown that ACEI and ARB may
have a role in preventing new-onset AF (98-100); a recent meta-
analysis of nine relevant clinical trials showed that ACEI and
ARB had an 18% overall effect in risk reduction for new-onset
AF, although this effect was most pronounced (43%) in patients
with heart failure (101). Following this analysis, a prospective
randomized placebo-controlled multicenter trial with ARB drug
olmesartan (ANTIPAF) did not show that 1 year of ARB therapy
could reduce the number of AF episodes in patients without
structural heart disease (102). Additionally, in a Swedish cross-
sectional study of post-hospitalization outcomes from HF and/or
AFE, RAS inhibition with ACEI or ARBs was associated with a
lower risk of all-cause mortality, but was not associated with a
lower incidence of new-onset AF (103). These results show that
treatment of hypertension, a modifiable risk factor for AF, may
affect the AC substrate, and suggest that partial modification
of the AC substrate is possible in hypertensive patients at risk
for AF.

Finally, recent efforts have also focused on the clinical
interaction between obesity and AC contributing to AF. An
experimental model of sheep being fed a high-calorie diet showed
left atrial enlargement, increase in inflammatory biomarkers,
reduction of AERP, and an increase in AF susceptibility (104). In
human patients, body mass index (BMI) is an independent risk
factor for both atrial remodeling and AF risk (105). Additionally,
reduction of BMI is shown to be protective both to AC and
AF risk. The Swedish Obese Subjects (SOS) study demonstrated
that a 20% weight reduction with bariatric surgery significantly
reduced AF risk vs. those with traditional non-surgical treatment
(106). Importantly, the distribution of fat may also play an
important role in AF risk. Several observational studies have
shown that epicardial fat volume, but not pericardial or intra-
abdominal fat volume, was independently associated with AF
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