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Atrial fibrillation in horses part 1: Pathophysiology
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A B S T R A C T

Atrial fibrillation (AF) is the most common clinically relevant arrhythmia in horses, with a reported
prevalence up to 2.5%. The pathophysiology has mainly been investigated in experimental animal models
and human medicine, with limited studies in horses. Atrial fibrillation results from the interplay between
electrical triggers and a susceptible substrate. Triggers consist of atrial premature depolarizations due to
altered automaticity or triggered activity, or local (micro)reentry. The arrhythmia is promoted by atrial
myocardial ion channel alterations, Ca2+ handling alterations, structural abnormalities, and autonomic
nervous system imbalance. Predisposing factors include structural heart disease such as valvular
regurgitation resulting in chronic atrial stretch, although many horses show so-called ‘lone AF’ or
idiopathic AF in which no underlying cardiac abnormalities can be detected using routine diagnostic
techniques. These horses may have underlying ion channel dysfunction or undiagnosed myocardial
(micro)structural alterations. Atrial fibrillation itself results in electrical, contractile and structural
remodelling, fostering AF maintenance. Electrical remodelling leads to shortening of the atrial effective
refractory period, promoting reentry. Contractile remodelling consists of decreased myocardial
contractility, while structural remodelling includes the development of interstitial fibrosis and atrial
enlargement. Reverse remodelling occurs after cardioversion to sinus rhythm, but full recovery may take
weeks to months depending on duration of AF. The clinical signs of AF depend on the aerobic demands
during exercise, ventricular rhythm response and presence of underlying cardiac disease. In horses with
so-called ‘lone AF’, clinical signs are usually absent at rest but during exercise poor performance,
exercise-induced pulmonary hemorrhage, respiratory distress, weakness or rarely collapse may develop.
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Introduction

Atrial fibrillation (AF) is a type of cardiac arrhythmia common in
humans, dogs and horses. It is considered the most common
pathological arrhythmia causing poor performance in equine
athletes (Reef et al., 2014). The reported prevalence in horses
ranges from 0.3% to 2.5% depending on the population. The overall
frequency of AF on a post-race electrocardiogram (ECG) in
Standardbred racehorses was 0.14%, although the frequency
increased to 2.0% if only horses with poor performance were
considered (Slack et al., 2015). Similarly, the estimated frequency
of AF among Thoroughbred racehorses was 0.29% with an
estimated prevalence of 1.39% among horses which finished
slowly or did not finish (Ohmura et al., 2003). In a mixed-breed
hospital-based population of 3434 horses, the prevalence of AF was
2.3% (Leroux et al., 2013). The incidence of AF was reported to be
2.5% in a mixed population of 2477 horses consisting of equine
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patients (n = 389, AF prevalence 6.2%), army and competition
horses (n = 496, 0.8%) and horses examined at an abattoir (n = 1592,
2.2%) (Else and Holmes, 1971).

Atrial fibrillation is defined as a supraventricular tachyarrhyth-
mia characterized by uncoordinated atrial depolarization due to
multiple chaotic reentry waves, leading to ineffective atrial
mechanical function (January et al., 2014). In humans, AF can be
further categorized as paroxysmal, persistent or permanent
depending on the duration of the arrhythmia and this terminology
is often used in veterinary medicine. Paroxysmal AF spontaneously
converts back to sinus rhythm (SR), usually within 24–48 h after AF
onset. This can be seen in racehorses with AF onset during intense
exercise (Holmes et al., 1986; Ohmura et al., 2003). In most sport
horses, AF is sustained and horses are typically presented with
persistent AF that requires treatment to cardiovert to SR. Some
horses develop permanent AF, which means that it does not
respond to treatment.

AF can also be classified by its cause. In so-called ‘lone AF’, no
underlying disease can be detected using routine diagnostic tests
(Reef et al., 2014), although mild valvular regurgitation without
atrial dilatation is sometimes found in these horses. In human
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medicine, researchers have recommended that the terminology
‘lone AF’ should be avoided as these patients may have
microstructural atrial myocardial abnormalities such as channe-
lopathies or fibrosis (Wyse et al., 2014). Therefore ‘idiopathic AF’
would be a more correct term. A genetic predisposition has been
described in Standardbred racehorses, in which the arrhythmia
was found to be particularly prevalent in the descendants of one
sire family (Kraus et al., 2017, 2018). Secondly, AF can be caused by
underlying cardiac disease. Horses can be predisposed to develop
AF following structural heart disease such as valvular insufficiency
or congenital defects causing atrial enlargement (Reef et al., 1988).
These horses are prone to recurrence if treatment is attempted
(Reef et al., 2014).

Atrial fibrillation should be distinguished from focal atrial
tachycardia or atrial flutter, which may have similarities in clinical
presentation but have a different underlying mechanism. Histori-
cally, atrial tachycardia (AT) was defined as the presence of more
than three consecutive atrial premature depolarizations while
atrial flutter was defined as a single macroreentry wave over a fixed
pathway. However, the criteria for differentiating AT and atrial
flutter from a surface ECG are not clearly defined in horses.
Therefore, it has been proposed to use the general term AT for all
Fig. 1. Schematic overview of the m
rhythms with rapid, regular atrial depolarisations regardless of the
causal mechanism (van Loon, 2019; Van Steenkiste et al., 2019).
Atrial tachycardia is further subdivided into focal AT when
impulses originate from a small, rapidly firing myocardial area
(focus) and macroreentrant AT including different types of atrial
flutter. In macroreentrant AT, the depolarization wave rotates over
the atrial myocardium following a stable pathway around an
anatomical or functional area of slow conduction. In-depth
characterization of the arrhythmia to identify the underlying
mechanism can only be obtained by an advanced electrophysio-
logical study such as electroanatomical mapping.

Initiation of atrial fibrillation

As little information is available about the pathophysiology and
underlying mechanisms of AF in horses, most knowledge is
extrapolated from experimental studies in animal models and
clinical studies in human patients. The electrophysiological basis of
AF is an interplay between electrical triggers and a susceptible
substrate for reentry (Fig. 1). A crucial factor in the development of
AF is functional or structural atrial arrhythmogenic remodelling,
which promotes the occurrence of atrial arrhythmias (Nattel and
echanisms of atrial fibrillation.
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Harada, 2014). The mechanisms for cellular proarrhythmic
remodelling and reentry in the atrial myocardium include ion
channel dysfunction, Ca2+ handling abnormalities, structural
myocardial abnormalities and autonomic nervous system imbal-
ance (Andrade et al., 2014). The initiation of AF may be triggered by
the administration of medication such as sodium bicarbonate
supplements, thyroid hormones or furosemide resulting in
transient potassium depletion (Reef et al., 2014). Atrial fibrillation
in itself leads to further electrical, contractile and structural
remodelling of the atrial myocardium, resulting in AF maintenance
and deterioration of atrial mechanical function. This is often
referred to as ‘AF domestication’ or ‘AF begets AF’ (Wijffels et al.,
1995).

Electrical triggers

Atrial fibrillation is initiated by abnormal electrical activity
originating from the atrial myocardium. The atrial action potential
is generated by similar ion currents as the ventricular action
potential, although the expression of ion channels is slightly
different in the atrial compared to the ventricular cardiomyocytes
(Schotten et al., 2011). The plateau of the atrial action potential is
less pronounced compared to the ventricular action potential,
which has also been shown in horses (Fig. 2) (De Clercq et al.,
2018). In addition, a large spatial dispersion of the atrial action
potential duration was found in experimental studies in other
Fig. 2. Surface electrocardiogram (ECG) and right atrial and right ventricular
monophasic action potential (MAP) recording at rest in a standing unsedated horse
in sinus rhythm.
species, which increases the susceptibility to re-entrant arrhyth-
mias (Schotten et al., 2011).

Atrial premature depolarizations (APDs) are a potential trigger
for AF, especially when they occur at very short coupling intervals
(van Loon et al., 2000, 2002; Reef et al., 2014). The causal
mechanism of these ectopic foci may be either a rapidly firing focus
due to enhanced or abnormal automaticity, triggered activity, or
local (micro)reentry. Triggered activity results from oscillations of
the membrane potential following an action potential. This can be
classified as delayed or early afterdepolarizations, occurring after
full or partial repolarization of the triggering action potential,
respectively (Antzelevitch and Burashnikov, 2011). In human
patients, spontaneous rapid ectopic activity often originates from
myocardial sleeves in the pulmonary veins (Haissaguerre et al.,
1998). These myocardial sleeves have also been identified
histologically in the pulmonary veins in horses (Vandecasteele
et al., 2018) and one case report has shown spontaneous electrical
activity from the pulmonary vein triggering a short run of non-
sustained AF during electroanatomical mapping in standing horses
(Linz et al., 2020). However, the ectopic foci may also originate
from non-pulmonary anatomical locations. Atrial premature
depolarizations may also occur as a result of myocardial damage
or stretch. During exercise, left atrial pressure increases markedly
in horses, causing stretch of the atrial myocardium (Manohar et al.,
1993). Due to the heterogeneous anatomical and histological
properties of the atrial walls, atrial wall stress is not equally
distributed. Areas with high wall stress are probably more
susceptible to the development of APDs. In horses, mitral valve
regurgitation is well described as an additional risk factor for the
development of atrial arrhythmias, as this causes left atrial volume
overload, increased left atrial pressures and stretch of the atrial
cardiomyocytes (Reef et al., 1998; Trachsel et al., 2013). The same
most likely occurs with tricuspid valve regurgitation causing right
atrial volume overload and increased right atrial wall stress,
although this is probably a less common cause of AF.

Focal AT or macro-reentry AT can also act as a trigger for AF.
Atrial tachycardia leads to atrial electrophysiological remodelling
and may as such favour the ‘deterioration’ into sustained AF during
which the original triggering focus can no longer be identified. As
such, when examining a horse with AF, one cannot determine
whether or not the initial trigger was AT. Some horses with AF,
however, develop regular AT during a pharmacological or electrical
cardioversion attempt. In these cases, focal or macro-reentry AT
was most likely the initiating cause of AF (van Loon, 2019). These
horses could benefit from targeted ablation of the rapidly firing
focus or reentry pathway.

Development of reentry waves

Atrial fibrillation is characterized by multiple reentry waves
circling around the atrial myocardium (Waks and Josephson, 2014).
Reentry occurs when a propagating impulse does not follow the
normalpathwaybut insteadloopsbackthrough analternativecircuit
and depolarizes the initially excited myocardial tissue after the
refractory period has ended. Macroreentry is defined as a large
wavefront circling around the entire atrial myocardium or a large
proportion of the atria. Microreentry occurs when the reentry wave
loops on a small area of myocardial tissue (Markowitz et al., 2019).

Different mechanisms of reentry have been described in
experimental studies and in human patients (Schotten et al.,
2011). Circus movement reentry (Fig. 3) consists of an electrical
wave following a circular pathway, often around an anatomical or
functional obstacle, resulting in continuous repetitive propagation
of the excitatory wave, reactivating its site of origin (Andrade et al.,
2014). The minimal pathlength for circus movement reentry is
determined by the wavelength, calculated as the product of the



Fig. 3. Schematic representation of circus movement reentry. The electrical wave
shows a circular movement, often around an anatomical or functional obstacle and
reactivates its site of origin. The circle in dotted lines indicates the pathlength. The
blue arrow indicates the wavelength of the depolarisation wave front, which is
calculated as the product of the conduction velocity and the atrial effective
refractory period. The blue color indicates depolarised myocardial tissue brought in
a refractory state, the white color indicates myocardial tissue which has regained
full excitability. The pathlength should be longer than the wavelength, with a
‘spatial excitable gap’ which is defined as the part of the pathway that is excitable
due to fully (white) or partially (light blue) recovered myocardium. This excitable
gap can be calculated as the product of the conduction velocity and temporal
excitable gap (time between recovery of the tissue and re-excitation).
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conduction velocity and the atrial effective refractory period
(AERP). The pathlength should be longer than the wavelength,
resulting in a ‘temporal excitable gap’ which is defined as the time
between recovery of the tissue and re-excitation. The ‘spatial
excitable gap’ is then defined as the part of the pathway consisting
of excitable tissue, which can be calculated as the product of the
conduction velocity and temporal excitable gap. Reentry can also
occur without an anatomical obstacle. According to the ‘leading
circle concept’, the pathway of the electrical wave forms the
smallest possible loop in which wave propagation is possible, with
a small excitable gap. Other models that have been proposed are
spiral wave reentry or rotors as a source of wavelets (Waks and
Josephson, 2014). The ‘multiple wavelet hypothesis’ implies the co-
existence of multiple chaotic wavefronts which sustain AF (Moe,
1962). These multiple wavefronts could be the underlying
mechanism of AF without localized sources in case of anarchical
organization of AF, or could originate from one or more focal
sources. Although AF by definition consists of a highly irregular
atrial rhythm, it can be maintained by a few individual drivers
(Haissaguerre et al., 2014). Remote fibrillatory propagation from
focal ectopic sources and multiple wavelet propagation usually
follow similar propagation patterns and are therefore hard to
distinguish (Benussi and de Maat, 2018).

The perpetuation of AF requires multiple wave reentry, with
waves of excitation continuously circling around the atria. New
waves originate due to wave division at anatomical structures or
refractory tissue, but waves also die out at atrial boundaries or due
to wave collision or tissue refractoriness. A critical number of
waves is needed for AF to sustain and a high number of wavelets
stabilizes AF. The number of reentry circuits coexisting in the atria
will be higher in large atria and when the conduction velocity is
low and refractory period is short because the latter reduce the
reentry wavelength. The necessity of a critical atrial mass for
reentry explains why AF is more common in large breed horses or
horses with atrial dilatation following valvular regurgitation or
structural heart disease. Sustained AF without structural heart
disease is rare in small horses, ponies and foals (McGurrin, 2015).
Atrial fibrillation perpetuation is also facilitated by heterogeneity
in conduction velocity and refractory period.

Autonomic nervous system

The autonomic nervous system may play a role as changes in
autonomic balance increase the spatial dispersion of cardiomyo-
cyte refractoriness. This is mainly due to the direct effect on the IK,
Ach ion channel. Sympathetic activation by catecholamines also
increases the risk of delayed afterdepolarizations by augmenting
the intracellular Ca2+ concentration (Antzelevitch and Burashni-
kov, 2011). The role of the autonomic nervous system explains the
circadian variation of symptomatic paroxysmal AF in human
patients, with events predominantly occurring in the early
morning and in the evening (Chen et al., 2014). Horses at rest
have a high vagal tone, which has been shown in dogs to increase
the dispersion in refractoriness (Alessi et al., 1958). Autonomic
imbalance occurs most commonly in horses during exercise or
recovery, but could also be induced by tranquilizers or anaesthesia.

In human patients, it has been suggested that epicardial
autonomic ganglia in the pulmonary vein region play an important
role to trigger AF (Stavrakis et al., 2015). The current ablation
strategies for AF treatment might be successful because not only
the pulmonary vein myocardial tissue but also the autonomic
ganglia at the level of the pulmonary ostia are ablated (Schotten
et al., 2011). The histological presence of clustered ganglia at the
level of the dorsal left atrial wall and the veno-atrial junction has
been confirmed in equine pulmonary vein samples, although their
role in the pathogenesis of AF in horses is still unclear
(Vandecasteele et al., 2018).

Maintenance of atrial fibrillation: Electrical, contractile and
structural remodelling

Atrial fibrillation induces electrical, contractile and structural
remodelling which, in turn, favours maintenance of the arrhythmia
(Allessie et al., 2002). A pacing-induced AF model in horses has
been developed to study atrial remodelling in horses in absence of
other cardiac disease (van Loon et al., 2000; van Loon, 2001; van
Loon et al., 2002). This model demonstrated atrial remodelling
during AF, with reverse remodelling after return to SR (De Clercq
et al., 2008, 2019; Hesselkilde et al., 2019).

Electrical remodelling

Electrical remodelling during AF consists of shortening of the
AERP and decreased AERP rate adaptation, allowing more wavelets
to coexist in the atrial myocardium. This further stabilizes the
arrhythmia. The main components of electrical remodelling
identified in experimental animal models and humans include
decreased L-type Ca2+ channel expression, upregulation of the
inward rectifier background current IK1, upregulation of the small
conductance Ca2+ activated K+ channel expression and remodelling
of the gap junction connexin hemichannels (Yue et al., 1999; Nattel
and Harada, 2014; Liu et al., 2020). In addition, alterations of
intracellular Ca2+ handling caused by AF-induced remodelling
result in enhanced triggered activity, which may reinitiate AF in
case of spontaneous cardioversion. The signalling systems
responsible for electrical remodelling include Ca2+ signalling and
the production of microRNAs which negatively regulate target
genes (Nattel and Harada, 2014; Larupa Santos et al., 2020).

Electrical remodelling acts as an acute homeostatic protective
mechanism against intracellular Ca2+ overload due to the high
atrial activation rate by decreasing Ca2+ influx and increasing Ca2+

efflux. However, this shortens the action potential duration and
AERP, which promotes reentry and stabilizes the arrhythmia. In
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horses, shortening of the AERP and an attenuation of AERP rate
adaptation has been demonstrated by programmed electrical
stimulation within the first 24�48 h after the experimental
induction of AF by a burst pacing protocol (van Loon, 2001; De
Clercq et al., 2008, 2019).

The atrial fibrillation cycle length (AFCL) has been used in
horses as an alternative measure of atrial electrical remodelling.
Due to the small excitable gap in AF, the AFCL is related to the AERP.
The atrial fibrillation cycle length can be measured invasively by an
intra-atrial electrogram (Fig. 4) or non-invasively using tissue
Doppler imaging (Decloedt et al., 2014) or by measuring the atrial
fibrillatory rate (AFR) derived from surface ECG (Hesselkilde et al.,
2017). Increased estimated AF duration was associated with
shorter AFCL in horses with naturally-occurring AF (De Clercq
et al., 2014). In a chronic experimental AF model in horses, the AFR
derived by computer-assisted calculation from the surface ECG was
used as a marker of electrical remodelling (Hesselkilde et al., 2019).
The AFR significantly increased over a two-month period of
induced AF, however, no significant alterations of ion channel
expression were observed. The latter finding might be due to the
small number of animals included in the study.

The underlying mechanisms for electrical remodelling during
AF in horses have not yet been completely elucidated. Although the
presence of several ion channels and gap junction connexin
hemichannels in the equine atrial myocardium has been charac-
terized, the mechanism of remodelling during AF is still unclear
(Vandevelde et al., 2016; Hesselkilde et al., 2019).

Contractile remodelling

The left atrial mechanical function consists of three distinct
phases (Blume et al., 2011). The left atrium acts as a ‘reservoir’
during ventricular systole, collecting and storing the incoming
pulmonary venous return. The left atrial reservoir function is
largely dependent on atrial compliance, which can be decreased in
the case of structural remodelling and fibrosis. During the early
phase of ventricular diastole, the left atrium acts as a conduit,
passively emptying into the left ventricle. Finally, the atrial ‘booster
function’ during late diastole consists of active contraction,
augmenting the left ventricular stroke volume. In human patients,
this accounts for approximately 15–30 % of left ventricular filling
under resting conditions (Lang et al., 2015). In experimentally
induced AF in horses, the stroke volume at rest decreased on
average by 22%, while the heart rate at rest increased (Kubo et al.,
1975).

Atrial mechanical function is impaired as a consequence of
sustained atrial fibrillation. The reduced function results from the
shortened action potential duration, reduced inward Ca2+ current
and the alterations of intracellular Ca2+ handling and myofilament
Fig. 4. Surface electrocardiogram (ECG) (upper trace) and right atrial intracardiac
electrogram recording (lower trace) recorded at rest in a standing unsedated horse
with atrial fibrillation. The atrial fibrillation cycle length (AFCL) can be measured
from the right atrial electrogram as the time interval between two successive atrial
depolarisations, as indicated by the black line (AFCL 140 ms corresponding to a
fibrillatory rate of 428/min).
protein phosphorylation (Wakili et al., 2010). The loss of atrial
contractile function increases atrial compliance, leading to
dilatation (Schotten et al., 2004) which further stabilizes AF. In
experimentally-induced AF in horses, the contractile function
measured by echocardiography decreased within the first days
after onset of AF, both in a short-term experimental model (De
Clercq et al., 2008) as well as in long-term experimental models
(van Loon, 2001; De Clercq et al., 2019; Hesselkilde et al., 2019).

In human medicine, an important clinical consequence of AF is
the risk of thromboembolism. This is caused by atrial mechanical
dysfunction due to contractile remodelling, resulting in low blood
flow velocity in the atria, combined with other factors such as atrial
endothelial damage and dysfunction, increased atrial size and
inflammation. In horses with AF, no clinical signs of hyper-
coagulation or thromboembolism have been described although
subclinical activated coagulation has been demonstrated based on
standard coagulation tests (Navas de Solis et al., 2016).

Structural remodelling

Structural remodelling includes atrial enlargement and struc-
tural changes such as cardiomyocyte dedifferentiation and
development of interstitial fibrosis (Ausma et al., 1997; Burstein
and Nattel, 2008). Atrial dilatation promotes AF by maintaining
reentry, while fibrosis causes local conduction disturbances and
may have pro-arrhythmogenic effects. A short-term (seven days)
period of experimentally-induced AF did not result in an increase
of left atrial size (De Clercq et al., 2008). In contrast, in a chronic AF
model the atrial dimensions did enlarge over time (van Loon, 2001;
De Clercq et al., 2019; Hesselkilde et al., 2019). In addition,
increased amounts of collagen were found in the atrial myocardi-
um after a two-month AF period (Hesselkilde et al., 2019). In a
study of experimentally induced AF in horses of one month
duration, a significantly increased number of fibroblasts, which are
the precursor cells for fibrosis, was observed in both left and right
atrium. In addition, capillary density decreased following AF
which is indicative of metabolic hypoxia-induced remodelling
(Fenner, 2019).

Reverse remodelling after cardioversion

Depending on the AF duration, the electrical, contractile and
structural atrial remodelling are reversible and reverse remodel-
ling takes place after cardioversion to sinus rhythm. The electrical
properties of the atrial myocardium recover more rapidly than the
contractile function, which indicates that the loss of atrial
mechanical function is not only associated with the decreased L-
type Ca2+ channel expression (Schotten et al., 2011). The
reversibility of structural myocardial remodelling has only been
described to a limited extent in animal models (Everett et al.,
2000). Electrical and contractile reverse remodelling have been
extensively investigated in both experimentally-induced and
naturally-occurring AF in horses. In a chronic (six months) AF
model in ponies, the electrophysiological values normalized within
10 days after cardioversion while atrial dimensions and contractile
function gradually returned to baseline values over one to two
months (van Loon, 2001). After a four-month period of experi-
mentally-induced AF, atrial contractile function returned to
baseline within one to two months of sinus rhythm (De Clercq
et al., 2019). Reverse remodelling takes less time after a shorter AF
period. The atrial effective refractory period shortening and loss of
atrial mechanical function after a seven day experimentally-
induced AF episode resolved within 24–48 h after cardioversion
(De Clercq et al., 2008).

At 24 h after cardioversion of naturally-occurring AF, the atrial
contractile function was markedly decreased (Schwarzwald et al.,



Fig. 5. Two tissue Doppler velocity curves of the left atrial free wall from a right parasternal four chamber view from the same horse. On each panel, the tissue Doppler image
on the left shows the position of the sample area in the left atrial myocardium. The white arrow on the tissue Doppler curve on the right indicates the peak myocardial velocity
during atrial contraction. (A) One day after cardioversion, low myocardial velocity indicates incomplete reverse contractile remodelling. (B) Seven weeks after cardioversion,
normal myocardial velocity indicates complete reverse contractile remodelling.
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2007). The atrial mechanical function was significantly improved
at 72 h after cardioversion. The rather quick recovery in this study
might be associated with the short duration of AF, as most horses
had AF for less than 10 days. As 4/5 horses were converted using
quinidine sulphate, residual drug effects could be partially
responsible for the impaired atrial contractile function at 24 h
after cardioversion. The effect of treatment modality on atrial
function is unclear and some studies in human medicine
demonstrated more prolonged and severe atrial dysfunction after
electrical cardioversion (Harjai et al., 1997). In horses with
persistent spontaneous AF, the left atrial peak myocardial velocity
during active atrial contraction returned to normal values at 7
weeks after electrical cardioversion (Fig. 5) (Decloedt et al., 2013).
Remarkably, the atrial fractional shortening and fractional area
change remained significantly lower compared to healthy control
horses, even at 7 weeks after cardioversion. Although this might
indicate incomplete reverse remodelling of contractile function or
presence of fibrosis, it could also be associated with the larger atrial
dimensions in AF horses. It is unclear whether this atrial
enlargement is also a consequence of atrial remodelling due to
AF or whether this was the cause of AF.

Cardiac function and clinical signs

Cardiac function is impaired in horses with AF due to the rapid
and irregular rate of atrial activation (usually around 350/min or
more) and atrial contractile remodelling resulting in atrial
contractile dysfunction and reduced ventricular filling. This may
result in a reduction in the left ventricular fractional shortening
and a decrease in the left ventricular ejection time measured by
echocardiography (Marr et al., 1995). These signs of left ventricular
dysfunction usually disappear after cardioversion. The atrioven-
tricular (AV) node plays a crucial role in determining the
hemodynamic effects of AF and the associated clinical signs. As
horses have a high vagal tone at rest, most atrial impulses are
blocked by the AV node by a long AV nodal refractoriness and the
mean ventricular rate remains normal (Hamlin et al., 1972; Reef
et al., 2014). Reduced ventricular filling due to atrial mechanical
dysfunction is largely compensated by the long diastolic interval at
low heart rates (Muir and McGuirk, 1984). Therefore, horses with
‘lone AF’ usually show no clinical signs at rest, although some
owners report subtle behavioural changes when AF occurs. In
horses with AF and high resting heart rates, the possible presence
of an accessory bypass tract should be considered (Jesty et al.,
2011).

During exercise or stress, the sympathetic tone increases
resulting in a shortened AV nodal refractory period and enhanced
AV conduction. In horses with AF, a disproportionate ventricular
response rate develops with heart rates which are 40–60 beats/
min higher than expected for the workload (Buntenkotter and
Deegen, 1976; Verheyen et al., 2013; Buhl et al., 2018). The high
heart rates combined with the absence of active atrial contraction
result in impaired cardiac output. In addition, the authors have
observed pronounced ventricular dyssynchrony in some horses by
echocardiography during these periods of high cardiac frequency,
which again impairs cardiac function. Some horses also present
abnormal QRS morphology and R-on-T phenomenon (Verheyen
et al., 2013; Buhl et al., 2018). Although the abnormal QRS
morphology might be associated with ventricular ectopy, it is
probably supraventricular in origin with aberrant conduction in
the ventricles due to the high heart rate.

Depending on the aerobic demands during exercise, the
presence of AF may or may not result in clinical signs. Horses
working at submaximal intensity such as horses used for
recreational purposes or disciplines such as dressage may show
no or only subtle clinical signs if the heart rate remains relatively
low during exercise. As such, AF is often detected by coincidence in
these horses and they usually present with chronic AF. Racehorses
or horses competing in physically challenging disciplines such as
eventing may show a range of clinical signs such as poor
performance, exercise-induced pulmonary hemorrhage, acute
pulmonary oedema, respiratory distress or prolonged recovery
after exercise. In case of acute AF onset during exercise, the sudden
decrease in cardiac output may cause affected horses to decelerate
immediately, sometimes associated with a brief episode of
incoordination or distress. However, paroxysmal AF may also go
unnoticed, even in racehorses (Slack et al., 2015). However, the
high heart rates, aberrant ventricular conduction and ventricular
dyssynchrony have been associated with collapse or rarely even
sudden death (Lyle et al., 2010; Young and van Loon, 2014; van
Loon, 2019).

In horses with congestive heart failure, the acute onset of AF is
usually associated with a sudden deterioration of the clinical
status. These horses already show a high sympathetic tone caused
by the gradual development of congestive heart failure. The onset
of AF leads to a sudden increase in heart rate with reduced
ventricular filling, impaired cardiac output and augmented atrial
pressures, which results in the sudden development of overt
clinical signs at rest (van Loon, 2019).

Conclusions

Atrial fibrillation is the most common clinically important
arrhythmia in equine athletes. Atrial fibrillation develops as a
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consequence of focal ectopic firing combined with a reentry
maintaining substrate. Timely treatment is indicated as the
arrhythmia itself causes electrical, contractile and structural
remodelling which promotes maintenance of atrial fibrillation.
The time for reverse remodelling depends on the AF duration.
Experimental studies suggest that chronic AF may be associated
with myocardial fibrosis.
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