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Atrial ﬁbrillation (AF) is a common cardiac arrhythmia that is associated with increased mortality. Heart failure, hypertension,
valvular disease, and obstructive sleep apnea are risk factors for
incident AF. A common characteristic of these diseases is that
they increase atrial wall stretch. Multiple experimental studies
conﬁrm a proarrhythmic effect of atrial stretch. Conversely, a reduction in stretch is antiarrhythmic. A therapeutic target for AF, therefore, lies in local reduction of atrial stretch. This review focuses on
atrial stretch and its clinical associations in patients with AF and its
downstream effects on electrophysiology. We discuss the possible
application of targeted atrial stretch reduction in AF prevention.

A. Introduction

Atrial ﬁbrillation (AF) is a common cardiac arrhythmia that
increases morbidity and mortality.1 Ablation therapy is
considered when pharmacological therapy fails to prevent
AF.2 A single ablation treatment prevents AF in w60%
and 40% of patients with paroxysmal AF (subsequent AF episodes shorter than 1 week) and persistent AF (episodes of
AF longer than 1 week), respectively.3,4 Innovative treatment
strategies for AF are, therefore, needed.
The pathophysiology of AF is complex and includes
stretch of atrial tissue (graphical abstract). Common comorbitidies of AF causes atrial stretch and are risk factors for AF.5,6
The proarrhythmic nature of atrial stretch is conﬁrmed by
experimental studies.7–11 Moreover, atrial stretch decreases
the efﬁcacy of preventive AF treatment.12–17 Conversely, a
reduction in atrial stretch is antiarrhythmic.7,18 A potential
therapeutic option for AF, therefore, lies in the reduction of
atrial stretch.
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We conclude that a reduction in local atrial stretch should be
considered an essential element in rhythm control.
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This review focuses on atrial stretch and its clinical
associations with AF and its downstream effects on electrophysiology as well as targeted ablation therapy. Improved
rates of ablation success may be achieved by developing
stretch-reducing ablation lesions.

B. Atrial stretch and AF
Strain and wall stress are indicatives of stretch. Myocardial
strain (deformation) is the change in myocardial wall dimensions during the cardiac cycle, either in thickness (radial
strain) or in length (longitudinal strain).19 Wall stress, deﬁned
by Laplace’s law, is dependent on intracavity pressure, wall
thickness, and cavity size and reﬂects the force present between the adjacent cardiomyocytes.13 Thus, increases in
myocardial stretch occurs with atrial chamber dilatation.

B.1. Atrial dilatation
Both left atrial (LA) dilatation and right atrial (RA) dilatation
are independent risk factors for AF.20,21 A correlation between the LA size and the incidence and complexity of atrial
arrhythmias exists in an asymptomatic elderly population.22
Large atria are associated with a lower success rate of pharmacological and electrical cardioversion as well as ablation
therapy in patients with AF.15–17 Similarly, a high LA
pressure, a high LA wall stress, and a high plasma level of
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natriuretic peptides (secreted after stretch) each predict AF
recurrence after ablation therapy.12–14
Because AF causes atrial and pulmonary vein (PV) dilatation involving loss of contractile ﬁbers and interstitial
collagen accumulation, a positive feedback mechanism is
constituted.23–25

B.2. Atrial wall strain
AF is associated with atrial ﬁbrosis and ﬁbrofatty remodeling.26 Because collagenous tissue is less compliant than the
myocardium, myocardial stress in patients with AF is likely
increased in more compliant (nonﬁbrotic) regions.27 Indeed,
strain of the LA is lower in patients with AF and those who
later develop AF than in control subjects.28,29 There is a parallel to ventricular arrhythmias after myocardial infarction.
The border zone between the infarcted and vital ventricular
myocardium deforms more than the infarcted region, but
less than the vital regions.30 The strain of the border zone
is lower in patients with inducible arrhythmias than in noninducible patients, thereby emphasizing that heterogeneous
myocardial stretch is proarrhythmic.30
In addition to these passive changes in wall movement,
during AF, the atrial contraction is lost, which is also reﬂected in strain curves. This complicates strain evaluation
in patients with persistent AF. However, in such patients,
the maximum passive atrial strain and its timing during the
cardiac cycle may be used.

B.3. Interatrial gradient in pressure
An increased LA pressure, and consequently a larger interatrial pressure gradient, is associated with atrial septal bulging
toward the RA.31 This likely heterogeneously slows interatrial conduction. Conversely, a M€
uller maneuver (forced
inspiration against closed glottis), simulating an obstructive
apneic episode, increases the RA pressure and the interatrial
pressure gradient.32 The latter change may explain, at least in
part, atrial arrhythmogenesis commonly seen in patients with
obstructive sleep apnea (see below).
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result,36 electrophysiological consequences are likely to
ensue. Therefore, atrial and PV stretch depends on the underlying rhythm and its disturbances (including AF).

C. AF and stretch-inducing conditions
Comorbidities that involve wall stress changes in patients
with AF are risk factors for incident AF (Figure 1).5,6,37

C.1. Arterial hypertension
Arterial hypertension is a common comorbidity in patients
with AF, affecting .70% of patients with AF.38 Patients
with arterial hypertension have a 1.7-fold higher risk of AF
development than do normotensive patients.38 The associated arterial stiffening and left ventricular overload cause
retrograde mitral blood ﬂow, thereby increasing LA pressure
and stretch.39 Indeed, arterial hypertension is related to
enlarged PV and PV retrograde blood ﬂow during atrial
contraction is larger in progressive paroxysmal AF than in
stable paroxysmal AF with arterial hypertension.33,40

C.2. Pulmonary hypertension
More than 30% of patients with pulmonary hypertension have
AF.41 Pulmonary hypertension increases RA pressure by
increased afterload. The AF incidence augmented with
increasing RA pressure.42 Similarly, atrial septum defects
augment the RA and pulmonary artery pressures by left-toright shunting, and adult patients with persistent septum defects
often have AF before the occlusion of the shunt.43 AF is likely a
cause of pulmonary hypertension because 25% of 239 patients
with pulmonary hypertension, but without atrial arrhythmias,
develop AF or atrial ﬂutter over a 5-year period.42

B.4. Heart rhythm and atrial stretch
In sinus rhythm, the atrial pressure ﬂuctuates throughout the
cardiac cycle with peaks during atrial contraction (a wave),
after atrioventricular valve closure (c wave), and immediately
before valve opening (v wave). During atrial contraction, a
retrograde ﬂow into the PV occurs.33
Ventricular contraction also acts mechanically on the atria and can alter atrial electrophysiology as is evident from
an acceleration of the atrial ﬂutter frequency after an increase in ventricular rate, even during autonomic nervous
blockade.34 A premature ventricular complex causes a
post-extrasystolic pause, resulting in potentiated ventricular
contraction in the following beat. This could ultimately lead
to even higher PV ﬂow and stretch. Indeed, retrograde blood
ﬂow into the PV has been observed during ventricular
contraction with the patient in AF.35 Because during AF
atrial distensibility is reduced and higher atrial pressures

Figure 1 Conditions that increase atrial stretch. Common cardiovascular
morbidities can increase atrial pre- and afterload. Atrioventricular dyssynchrony leads to atrial contraction against closed valves and thereby temporary atrial stretch. The intrathoracic pressure ﬂuctuates during obstructive
sleep apnea, leading to stretch of the thin-walled atria. A body position
from supine to left lateral recumbent causes an immediate change in pulmonary vein wall stress. Obesity is associated with elevated left atrial pressures.
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C.3. Valvular heart disease
Atrioventricular regurgitation and stenosis are common in patients with AF and cause atrial volume overload by increased
retrograde blood ﬂow.37 Mitral valve disease is associated
with AF recurrence after pharmacological cardioversion in
patients with AF and enlarged LA.16 Similarly, valvular heart
disease is associated with poorer ablation success in the longterm.2 Acute normalization of LA pressure after balloon valvuloplasty is associated with less conduction slowing.18

C.4. Arrhythmias
Premature atrial and ventricular activation and atrioventricular block with concomitant ventricular escape rhythm can
cause atrial contraction against closed valves and thereby increases in atrial stretch.44 Premature atrial and ventricular
complexes are risk factors for AF, and the risk increases
with the increasing frequency of premature complexes.45 In
addition, complete atrioventricular block occurs more often
in patients with AF than in patients without AF, although inverse causality may be the case.46

C.5. Obstructive sleep apnea
Obstructive sleep apnea leads to ﬂuctuating changes in intrathoracic pressure, which modulates atrial stretch, and is a risk
factor for AF.6 An applied negative tracheal pressure in pigs,
resembling that in patients with obstructive apnea, increases
the atrial transmural pressure gradient and atrial distension.47
In patients with AF, concomitant obstructive sleep apnea is
associated with larger LA than in those without apnea.48
Obstructive sleep apnea also causes an imbalance in sympathetic nervous activity favoring AF arrhythmogenesis.49
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D. Electrophysiological response to atrial
stretch
Cellular ionic and extracellular matrix changes after stretch
are described in the Online Supplement.

D.1. Focal origin and automaticity
Inﬂation of a balloon in the LA of explanted guinea pig hearts
causes early afterdepolarizations and spontaneous premature
atrial complexes.56 Stretching of isolated PV increases the
frequency of spontaneous activity and the incidence of early
and delayed afterdepolarization in the PV myocardium in a
stretch intensity–dependent manner.57,58 Focal arrhythmias
from the PV myocardium can trigger AF in patients with
paroxysmal AF.59
AF inducibility by programmed stimulation and the duration of AF increase with RA and LA pressures .5 mm
Hg.7,8,10 Others show that AF is induced only in high atrial
pressures when the pericardium is removed, suggesting that
atrial stretch, rather than atrial pressure alone, exerts the
proarrhythmic effect.60
Also, simultaneous atrial and ventricular pacing (causing
increased atrial dimensions and stretch) initiates AF in 6 of
10 patients with paroxysmal AF, but not during sole atrial
pacing.44 Thus, acute increases in atrial stretch provides triggers and facilitates AF initiation (Figure 2).

D.2. Substrate for reentry
Maintenance of AF depends on reentrant activation in an arrhythmogenic substrate, most often involving the atrial
bodies.61 A short atrial refractory period and slow conduction
promote reentry.

C.6. Positional AF
AF paroxysms are often triggered during sleep.50 In addition
to obstructive sleep apnea, the physiological high vagal tone
during the night and the body position play a role in nocturnal
AF.51,52 Twenty-two percent of patients with symptomatic
paroxysmal AF report that taking a speciﬁc body position
triggers their arrhythmia symptoms, with supine and left
lateral recumbent positions being the most frequent.52 A
change in body position from supine to the left lateral recumbent position increases wall stress in the PV, but not in the
LA.53 Therefore, “positional” AF is likely inﬂuenced by heterogeneous atrial stretch.

C.7. Heart failure and acute ischemia
AF often coexists with heart failure and acute ischemia.37
These are stretch-related morbidities. Heart failure results
in higher intracardiac pressures and atrial dilatation. In the
days after acute ventricular myocardial infarction, AF occurs
in 2%–21% of patients.54 Acute ischemia causes an increase
in LA pressure potentially caused by ventricular dysfunction.55 However, AF vulnerability also appears to depend
on concomitant atrial ischemia.55

Figure 2 Proarrhythmic responses to atrial stretch. Early and delayed
afterdepolarizations occur upon stretching of the atrial myocardium and
can generate triggered activity. Stretch causes heterogeneous conduction
slowing and shortening or prolongation of the refractory period, dependent
on the timing of the stretch stimulus. This ultimately can lead to unidirectional block and reentry. Atrial stretch augments the inducibility of atrial
ﬁbrillation.
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D.2.1. Atrial refractoriness
The effect of stretch on refractoriness is equivocal. A high
atrial pressure shortens refractoriness in the RA and LA of
explanted rabbit hearts.7 However, volume loading in anesthetized animals either prolongs atrial refractoriness (atrial
pressure increase of 1.2 mm Hg) or does not change
refractoriness (atrial pressure increase of 4.5 mm Hg).8,62
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Concomitant hypertension does not have an effect on atrial
refractoriness in pigs with AF.63
High atrial pressures decrease the duration of the
monophasic atrial action potential at 50% and 70% of
repolarization, but increase at 90% repolarization.7,56
Others observe no change in PV repolarization during PV
stretching.58

Figure 3 Pharmacological and interventional therapies for stretch-induced arrhythmogenesis. Pharmacological and interventional therapies can attenuate the
proarrhythmic effects of atrial stretch. The stretch-induced shortening in refractoriness can be counteracted by antiarrhythmic drugs. Antagonism of the reninangiotensin-aldosterone system (RAAS) decreases the interstitial collagen and the circulating volume. Surgical repair and replacement of atrioventricular valves
and continuous positive airway pressure (CPAP) reduce stretch mechanisms in the corresponding pathologies. Cox Maze surgery may reduce atrial stretch by a
stiffening of the atria by scar formation. Similarly, stretch reduction may be gained by catheter-based ablation and subsequent ablation scar formation in the atria.
Ang II 5 angiotensin II; SACK 5 potassium-selective stretch-activated ion channels; SACNS 5 cation non-selective stretch-activated ion channels.
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The diverging stretch-induced changes in atrial action
potential may be explained by the variation in the timing,
duration, intensity, modality, and repetitive pattern of the
experimental stretch stimulus but also by differences in
wall thickness (see below).
The diverging stretch-induced changes in atrial action potential may be explained by the variation in the timing and
duration of the stretch stimulus (related to the reversal potential of stretch-activated ion channels; see Online
Supplement). Moreover, not only the intensity, modality,
Table 1
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and repetitive pattern of the stretch stimulus but also the
wall thickness may play a role (see below).
D.2.2. Atrial conduction
Stretching of atrial tissue in patients with AF and patients
with cardiac disease increases the extent of conduction
block.44,64 Conduction block correlates linearly with the
applied stretch in the isolated rat PV.65 Conduction slowing
in the atrial-PV junction occurs with an increase in atrial pressure (2.5 mm Hg) in patients.66 Similarly, RA dilatation

Pharmacological modulation of stretch-related atrial arrhythmogenesis

Drug class

Name

Mechanism of action

Dosage

Potential antiarrhythmic effect

AAD class I

Mexiletine

TREK-1 channel blocker
1 sodium channel
(late current) blocker
TREK-1 channel blocker
1 sodium channel
(early current) blocker
TREK-1 channel blocker
1 b-receptor blocker

167–501 mg/d*

YHuman TREK-1 current in vitro (173
mmol/L).68 Potentially causing action
potential prolongation
YHuman TREK-1 current in vitro (7.6
mmol/L).68 Potentially causing action
potential prolongation
YHuman TREK-1 current in vitro (20.3
mmol/L).69 Potentially causing action
potential prolongation
YHuman TREK-1 current in vitro (26.7
mmol/L).70 Potentially causing action
potential prolongation

Propafenone
AAD class II

Carvedilol

AAD class III

Dronedarone

Vernakalant

Antibiotics

Streptomycin

Antihypertensives

Enalapril

Diuretics

TREK-1 channel blocker
1 potassium, sodium,
L-type calcium
channel blocker 1
a/b-receptor blocker
TREK-1 channel blocker
1 potassium, sodium,
L-type calcium
channel blocker
Selective SACNS and SACK
blockers at low
concentration in vitro.
L-type calcium
channel also blocked
at higher
concentrations72
Angiotensin-converting
enzyme inhibitor

450–600 mg/d*
12.5–100 mg/d*
800 mg/d*

3–5 mg/(kg$d)*

YHuman TREK-1 current in vitro (13.3
mmol/L).71 Potentially causing action
potential prolongation

20–40 mg/(kg$d)*

YStretch-induced PV ectopy (10–400
mmol/L perfusate concentration)57,58

5–20 mg/d*

YVasoconstriction/Yblood
pressure/Yretrograde blood ﬂow to
the LA
YVasoconstriction/Yblood
pressure/Yretrograde blood ﬂow to
the LA
YAtrial collagen accumulation (10 mg/
(kg$d) in vivo dogs)73
[Diuresis/Ycirculating
volume/Yatrial stretch

Candesartan

Angiotensin II receptor
blocker

8–32 mg/d*

Furosemide

20–500 mg/d*

Elements

Gadolinium (Gd31)

Renal sodium-potassiumchloride channel
inhibitor
Neprilysin enzyme
inhibitor
SACK and SACNS blockers

Peptide

GsMTx-4

Selective SACNS blocker

Sacubitril

98–196 mg/d*
12.5–100 mmol/L
perfusate
concentration.
Unknown safety proﬁle
in humans
0.17 mmol/L perfusate
concentration.
Unknown safety proﬁle
in humans

YANP degradation/[ANP-mediated
diuresis/ Ycirculating volume74
YStretch-induced afterdepolarizations
in the atria and PV57,75
YAF inducibility in a dose-dependent
manner without changes in
refractoriness76
YStretch-induced AF inducibility and
duration10

AAD 5 antiarrhythmic drug; AF 5 atrial ﬁbrillation; ANP 5 atrial natriuretic peptide; GsMTx-4 5 grammastola spatulata mechanotoxin-4; LA 5 left atrium;
PV 5 pulmonary vein; SAC 5 stretch-activated channel; SACNS 5 cation non-selective stretch-activated channels; SACK 5 potassium-selective stretch-activated
channels; TREK 5 TWIK-related potassium channel.
*Approved clinical dosages for on-label conditions.
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decreases the conduction velocity and increases spatial heterogeneity in conduction.9 The dilatation-induced heterogeneity in conduction can be a result of heterogeneous
distribution of wall stress because thinner atrial regions
stretch more than thicker regions during volume expansion.8
Indeed, refractoriness prolongs more in thinner than in
thicker atrial regions when subjected to dilatation.8
Taken together, LA and RA stretch augments heterogeneity in conduction and refractoriness in atrial and PV tissue
while providing a triggering mechanism and facilitating
reentry.

E. Therapeutic reduction in atrial stretch
While an increase in atrial stretch promotes AF, a reduction in
atrial stretch is antiarrhythmic.7,18,67 In addition, increased
atrial stretch decreases the efﬁcacy of AF therapy and therefore the preventive treatment of AF should include reduction
of atrial stretch (Figure 3).12–17 Measures of atrial stretch
(volume, regional strain) can serve to monitor the
effectiveness of AF therapy. Table 1 lists pharmacological
agents that can modulate stretch-related atrial arrhythmogenesis (experimental and clinical).

E.1. Noninvasive interventions
Noninvasive respiratory support by continuous positive air
pressure ventilation in patients with obstructive sleep apnea
decreases the transmural atrial pressure gradient and
stretch.77 It lowers AF recurrence after ablation therapy in patients with AF and concomitant obstructive sleep apnea.78
Avoiding AF-triggered body positions may prevent AF as
well.52

E.2. Surgery
Valve repair and replacement and balloon valvotomy are
obvious therapeutic options for atrioventricular valve disease. LA de-dilatation by mitral valvotomy in patients with
mitral stenosis immediately normalizes atrial conduction.18
Indeed, w20% of patients with AF have spontaneous AF
termination 1 year after mitral valve repair.79 Similarly,
normalization of LA pressure by left ventricular unloading
(by a percutaneous left ventricular assist device) in pigs
with mitral regurgitation reduces AF inducibility.67
Heart failure with preserved ejection fraction and concomitant pulmonary hypertension may be treated with an interatrial shunt to decrease LA pressure.80 Atrial shunting
decreases the heart failure symptoms in 3 early studies, but
the effect on AF prevention still remains to be elucidated.80
An iatrogenic atrial septal defect in patients with AF 3
months after interventional AF ablation may decrease LA
stretch (especially in patients with left ventricular heart failure of hypertension), thereby exerting an antiarrhythmic effect on AF.81 LA to RA shunting may decrease LA stretch
in patients with concomitant left ventricular heart failure or
arterial hypertension, thereby exerting an antiarrhythmic
effect on AF. Subsequent spontaneous closure of the iatrogenic septal defect can reestablish a high LA pressure and

may provide an explanation for the late AF recurrences
(.3 months) often observed after AF ablation in patients
with arterial hypertension.82

E.3. Catheter-based ablation
Targeted delivery of ablative energy in the atrial body and PV
is a common treatment of drug-refractory AF, whereby thermal or other kinds of energy are delivered in order to cease
focal arrhythmias or disrupt reentrant pathways.2 PV isolation aims to electrically isolate the PV origin of the
arrhythmia from the atrial body.2 However, ablation success
is not immediate, but often demands several weeks to
develop.83 It has been posited that ablation success depends
on the formation of a mature noncompliant scar in the course
of several weeks to months.82
Because heterogeneous stretch (and thereby increased heterogeneity in conduction and refractoriness) is proarrhythmic
for AF, not only a reduction but also a homogenization of
stretch is a potential therapeutic target for AF. The success
rate of connecting linear ablation lesions in the LA in addition
to PV isolation is higher than that of sole PV isolation.84–86
Similarly, the previously used Cox maze procedure, which
compartmentalizes both atria and include complete PV
isolation, leads to extensive atrial scar and a success rate in
AF prevention of 93%.87 The antiarrhythmic effect of the
Cox maze procedure was also observed only after 3
months.87
We speculate that a targeted reduction and homogenization of atrial stretch by ablation scar can be considered an
additional concept for improving outcome in patients with
drug-resistant AF.

Conclusion
Atrial stretch contributes signiﬁcantly to the complex arrhythmogenic mechanisms of AF. AF often occurs together
with atrial stretch–increasing comorbidities that attenuate
the efﬁcacy of AF treatment. Therefore, treatment of these
comorbidities should be included in the standard AF treatment. Speciﬁc targeting on the downstream pathway of atrial
stretch, for example, by modulation of ion channels and of
collagen-producing cells, may improve rhythm control but
remains to be investigated in patients with AF. A reduction
and homogenization of atrial stretch can directly be achieved
by ablation therapy and subsequent scar formation. Therefore, a (computer-aided, patient-speciﬁc) alternative design
of stretch-reducing ablation lesions may ameliorate therapy
outcomes.
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