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Abstract

Left atrial (LA) perfusion during disease states has been a topic of much interest, as the clinical
implications and detrimental effects of lack of blood flow to the atria are numerous. In the chronic
setting, perfusion changes may lead to LA ischemia and structural remodeling, a factor implicated
in the self-perpetuation of chronic atrial fibrillation (AF). The association between AF and altered
LA perfusion has been studied; however, a direct causal association between perfusion changes
and AF has not been established. A comprehensive literature search of Medline, Embase and
Google Scholar databases was conducted from 1960 to February 2014. We systematically
analyzed reference lists of physiological articles and reviews for other possible relevant studies.

The aim of this review is to provide a comprehensive discussion of the AF-mediated changes in
LA perfusion and the potential mechanisms underlying the alterations in coronary flow to the LA
in this setting. In addition, we discuss the clinical contexts in which changes in LA perfusion may
be relevant. Finally, this article highlights the need for longitudinal AF studies that would
elucidate the changes in LA perfusion resulting from chronic AF and lead to advancements in
effective treatments to prevent progression of this disease.

Keywords
myocardium; perfusion; sympathetic activity

Atrial fibrillation (AF) is the most common sustained arrhythmia encountered in clinical
practice and is growing as the population ages. AF is associated with increased mortality
(Benjamin et al., 1994), however the etiology of AF is poorly understood. It is possible that
LA ischemia and remodeling play important roles in the pathophysiology of AF. These
factors may initiate and perpetuate AF and may also represent conditions resulting from this
arrhythmia. This review paper will focus on the evidence for LA perfusion abnormalities
during AF and examine possible mechanisms for altered perfusion in this setting. The
clinical importance of the findings to date and future direction of research in this arena will
also be discussed.
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Atrial hemodynamics and perfusion during acute AF

One of the hallmarks of atrial fibrillation, the irregularity of the ventricular response, has
been implicated as an independent contributor to hemodynamic abnormalities observed
during AF. Several investigators have shown that cardiac output is reduced during acute AF
(McHale et al., 1983; Friedman et al., 1987) (Fig. 1). In addition, studies show that acute AF
may cause increased atrial pressure, decreased compliance, and increased atrial metabolic
demand. In the 1980s, several groups examined the effects of AF on atrial blood flow. In a
dog model of acute AF, White et al. (White et al., 1986) used radioactive microspheres to
measure atrial blood flow. At rest, pacing-induced AF increased flow to both atria 2.3-fold
compared to sinus rhythm. Total flow to both atria increased from 6% of total coronary flow
during sinus rhythm to 13% during acute AF. These changes were similar between
electrically maintained and spontaneous AF but were not observed during rapid atrial pacing
without AF (White et al., 1986). McHale and colleagues (McHale et al., 1983) used
microspheres to study the effects of AF on atrial blood flow in conscious dogs with heart
block. They reported a 180% increase in atrial blood flow during AF compared to sinus
rhythm. The authors concluded acute AF induced by electrical stimulation significantly
increases atrial blood flow and this increase may be due in part to the high energy demands
of the fibrillating atria, however metabolic parameters were not examined by the
investigators.

Atrial perfusion reserve during acute AF

Most LA perfusion studies measure the flow in the coronary vessels feeding the left
ventricle; to our knowledge, there are very few studies that have examined perfusion reserve
or reactive hyperemia in the LA during AF. White et al. found a 3.9-fold increase in LA
blood flow during AF under vasodilation with chromonar (White et al., 1986). McHale et al.
(McHale et al., 1983) measured left atrial perfusion reserve in 11 dogs with heart block
using radiolabeled microspheres. The authors found atrial blood flow increased by 146%
during AF with adenosine challenge compared to AF alone and concluded that the atrial
blood flow during resting AF does not represent maximal flow; LA blood flow is regulated
at a level consistent with its metabolic demand. These conclusions are in contrast to those
made by van Braght et al. (van Bragt et al., 2013) who found an increase in lactate
production during acute AF, which suggests blood flow to the LA is not sufficient to meet
its metabolic demands. Future AF studies measuring atrial perfusion reserve in conjunction
with atrial metabolites are warranted, since a reduction in blood flow to the atria does not
necessarily mean there are ischemic conditions.

Mechanisms of perfusion regulation during AF

It is well established that the regulation of coronary flow to the metabolic need of the atrial
myocardium is altered during AF (Neill et al., 1980; White et al., 1982). The mechanisms
regulating coronary flow during AF are multifaceted and less understood. In contrast to the
human studies, some investigators report a decrease in coronary vascular resistance (CVR)
during AF and a concomitant increase or maintenance of local blood flow to the
myocardium in the face of decreased arterial pressure. For example, Wichmann et al.
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(Wichmann et al., 1983b) measured the effects of acute AF on left circumflex (LCX)
coronary flow using a flow probe in 21 anesthetized open-chest dogs. They reported
preservation of coronary flow concomitant with a decrease in CVR and an increase in
coronary oxygen extraction by the myocardial tissue during acute AF. However, when
maximal dilation was induced during AF, CVR was significantly higher and LCX coronary
flow was reduced (Fig. 2) suggesting the coronary regulation of blood flow is impaired.
These results may be attributed to a reflexive neural constrictive component that occurs
concomitantly with coronary vasodilation during acute AF, but may only be unmasked
during maximal coronary dilation.

Neural Mechanisms — sympathetic effects on coronary vasculature

Similar to ischemic events associated with sympathetic activity during sinus rhythm (Heusch
et al., 2000), the sympathetic nervous system has been implicated in the mechanisms for
coronary vasoconstriction during acute AF (Wichmann et al., 1983a; Kochiadakis et al.,
2001). The fall in blood pressure accompanying AF may be offset by a reflexive
vasoconstriction to maintain pressure (Skinner et al., 1964; Wichmann et al., 1983a). For
example, (Wichmann et al., 1983a) examined the effects of acute AF and atrial pacing on
coronary flow before and after a-receptor blockade in 14 dogs with acute AF. They found
an increase in plasma catecholamines and coronary blood flow and an increase in CVR
during acute AF. Following a-receptor blockade, the differences in coronary blood flow and
coronary vascular resistance between AF and atrial pacing were abolished, suggesting that a
reflexive increase in sympathetic activity mediates coronary vasoconstriction during acute
AF but not during atrial tachycardia alone (Fig. 3) (Wichmann et al., 1983a). In addition,
previous work from investigators in our group has shown that sympathetic nerve activity is
elevated in patients with chronic AF (Wasmund et al., 2003) and that this elevation is
dependent on the irregularity of the RR intervals during AF (Segerson et al., 2007).

Humoral Mechanisms

Both Angiotensin-11 (Ang-11) and Endothelin-1 (ET-1) play important roles in the regulation
of coronary blood flow in normal and cardiovascular disease states and may be a potential
link between AF and abnormal LA perfusion. Ang-1l activates a cascade of events, including
oxidative stress (Doughan et al., 2008), that may impair LA blood flow and induce ischemia
(Goette et al., 2009). Goette et al. (Goette et al., 2008) found that plasma concentrations of
Ang-11 were significantly elevated in patients with permanent and paroxysmal AF compared
to controls. These data suggest Ang-11 may play a role in the coronary vasoconstriction
observed during acute AF. Cardin et al. (Cardin et al., 2003) measured tissue concentrations
of Ang-Il in a canine model of congestive heart failure that produced AF and atrial fibrosis
similar to that observed in clinical AF. They found elevated tissue concentrations of Ang-I1
during AF. However, after inhibition of Ang-Il, structural remodeling was only partially
prevented. These results suggest AF-mediated changes in LA structure may involve more
than one humoral pathway.

ET-1 is a strong vasoconstrictor which may cause a decrease in LA perfusion during
maximal dilation and induce ischemia (Goette et al., 2012). Mayyas et al. (Mayyas et al.,
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2010) examined left atrial appendage tissue in patients undergoing cardiac surgery. They
found an association between ET-1 and fibrosis and a positive correlation between ET-1
content and LA size and AF persistence. Literature also suggests a vicious cycle between
perfusion abnormalities and ET-1 release during AF such that AF-mediated changes in
perfusion enhance release of ET-1 which in turn aggravates coronary vasoconstriction and
flow abnormalities (Neubauer et al., 1991; Hiller et al., 1997; Goette et al., 2012).

The relative contributions of altered hemodynamics, neural and humoral factors affecting
coronary flow during AF remain unclear. These data highlight the complexity of the
regulation of coronary blood flow during AF; there is most likely an interaction between
humoral and neural factors mediating coronary flow, vascular resistance and LA perfusion
during AF. It is possible that during acute AF, vasodilatory factors mask vasoconstrictive
mechanisms leading to a net increase in perfusion. It is also possible that during chronic AF,
control of coronary flow is altered, creating a net vasoconstrictive effect and thus decreasing
perfusion.

Pathophysiologic implications of altered perfusion during AF

Many researchers are working to increase our understanding of the consequences of AF. AF
is thought to be a self-perpetuating disease (Kopecky et al., 1987; Wijffels et al., 1995), with
ischemia and fibrosis as the major culprits (Thijssen et al., 2000; Thijssen et al., 2001;
Allessie et al., 2002; Kostin et al., 2002). It is plausible that AF creates a milieu favoring
ischemia and structural changes such as fibrosis (Ausma et al., 1997). It has been postulated
that AF causes an increase in coronary blood flow demand exceeding the perfusion reserve
such that there is a supply/demand mismatch of the atrial myocardium (van Bragt et al .,
2013). In the chronic state, this mismatch might result in recurrent bouts of atrial ischemia.
A deficient oxygen supply to the LA can result in electrical and structural remodeling such
as fibrosis (De Boer et al., 2003), an irreversible structural change that causes an
exacerbation of ischemia due to longer oxygen diffusion pathways through the tissue.
Fibrosis also leads to electrophysiologic changes favoring re-entry pathways (De Boer et al.,
2003).

Autopsy studies report a correlation between the degree of structural damage of the atria and
the duration of AF (Davies & Pomerance, 1972). In addition, new research from our group
has shown that LA fibrosis assessment using magnetic resonance imaging is predictive of
successful ablation such that AF patients with minimal fibrosis have a better prognosis of
lack of recurrence following ablation whereas those with extensive fibrosis have a greater
likelihood of recurrence (McGann et al., 2014). Thus, it is clinically important to study the
effects of AF on LA perfusion, as this disease creates a vicious cycle of detrimental effects
to the myocardium.

Clinical Implications

The alterations in LA perfusion have been implicated as one of the consequences of acute
AF. However, short-term experiments do not elucidate whether chronic AF is associated
with similar changes. Longitudinal AF studies are necessary to follow the development of
perfusion and structural changes and produce clinically relevant data. Importantly,
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understanding the changes in LA perfusion longitudinally may lead to a better understanding
of the cascade of events leading to ischemia and structural changes observed in patients with
chronic AF. It may also lead to better coronary disease risk assessment and AF prognosis.
Finally, the degree to which perfusion abnormalities due to AF are reversible is an important
question in understanding the perpetuation of AF and may lead to therapies that prevent
progression of AF.

Conclusions

Many facets of AF remain unknown, including the consequences of chronic AF on LA
perfusion. Whether AF causes the LA myocardium to become ischemic over time is
unknown. While perfusion abnormalities and atrial ischemia have been implicated in the
detrimental effects of chronic AF on the myocardium, there is a paucity of data supporting
this notion. The etiology of AF is complex and research requires longitudinal studies to
follow the evolution of perfusion abnormalities and their consequences and produce
clinically relevant data. Experimental models make it possible to study changes in LA
perfusion over time from a multidisciplinary perspective. Using this approach will prove
essential to uncover the mechanisms of the perpetuation of AF and aid in the development of
appropriate therapies for its management.

NEW FINDINGS

e The topic of this review is the effects of atrial fibrillation (AF) on left atrial
perfusion.

»  This review highlights the interplay between AF, ischemia and fibrosis.
Advances in fibrosis detection can better predict AF recurrence and
effectiveness of ablative techniques; perfusion abnormalities may hold more
clinical relevance than once thought.
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Fig 1.

Mean cardiac output during control, acute atrial fibrillation (AF) and after atrial fibrillation
(post AF) in 18 dogs. *Significant difference compared to control (p<0.05). Adapted with
permission from Friedman et al (1987).
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Fig 3.
Coronary blood flow before (control) and after alpha-receptor blockade with
phenoxybenzamine (10 mg/kg, intravenously) in 14 dogs with acute AF. Adapted with

permission from Wichmann et al (1983a).
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