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Abstract

Mechano-electric feedback (MEF) is an established mechanism whereby myocardial
deformation causes changes in cardiac electrophysiological parameters. Extensive animal,
laboratory and theoretical investigation has demonstrated that abnormal patterns of cardiac
strain can induce alteration of electrical excitation and recovery through MEF, which can
potentially contribute to the establishment of dangerous arrhythmias. However, the clinical

relevance of MEF in patients with heart disease remains to be established.

This paper reviews up-to date experimental evidence describing the response to different
types of mechanical stimuli in the intact human heart with the support of new data collected
during cardiac surgery. It discusses modulatory effects of MEF that may contribute to increase
the vulnerability to arrhythmia and describes MEF interaction with clinical conditions where

mechanically induced changes in cardiac electrophysiology are likely to be more relevant.

Finally, directions for future studies, including the need for in-vivo human data providing
simultaneous assessment of the distribution of structural, functional and electrophysiological
parameters at the regional level, are identified.
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1. Introduction

The electrical activity and the mechanical function of the human heart are intertwined. In
normal conditions, electrical activation and repolarization ensure optimal cardiac contraction
and relaxation. This electro-mechanical interaction represents the direct pathway of the
mechano-electric coupling. However, this is not the only pathway of interaction. The mechano-
electric feedback (MEF), a mechanism whereby mechanical deformation of the heart induces
changes in the cardiac electrophysiology, has been studied for more than fifty years (Desk
and Williams, 1982; Franz, 1996; Kohl et al., 1999; Kohl and Ravens, 2003; Quinn et al.,
2014). However, the current understanding of MEF mechanisms derives almost entirely from
animal (Calkins et al., 1991; Chen et al., 2004; Franz et al., 1992; Zabel et al., 1996a), in-vitro
(Seo et al., 2010) and theoretical (Hu et al., 2013; Kuijpers et al., 2014; Quinn and Kohl, 2016)
studies. These suggest that MEF may be an important factor in arrhythmogenesis and
modulates cardiac risk (Quinn, 2014; Ravens, 2003). However, extrapolation to the in-vivo
human heart is not straightforward because important differences exist in-vitro and in-vivo as
well as between animal and human ventricular electrophysiology (O’Hara and Rudy, 2012).
The precise physiological role of MEF is undetermined, but a recent animal study has
suggested that MEF may also be important in the normal intact heart by synchronizing
ventricular repolarization, therefore reducing tissue susceptibility to arrhythmia (Opthof et al.,
2015). Extensive laboratory work has established that MEF can exacerbate arrhythmogenic
substrate irritability and induce potential arrhythmic triggers, especially in the diseased heart
(Franz, 1996). However, its pro-arrhythmic potential in the human heart and its precise clinical
relevance is still to be determined (Babuty and Lab, 2001; Taggart, 1996; Taggart and Lab,
2008; Taggart and Sutton, 1999).

In patients, mechanical deformation of the cardiac tissue can be due to structural and
functional abnormalities that cause an abnormal level of cardiac stretch, which can be acute
or chronic. Cardiac stretch modulates electrophysiological dynamics by interacting with
stretch-activated channels (Peyronnet et al., 2016) and calcium cycling (Calaghan et al., 2003;
Calaghan and White, 1999). Non-specific cation stretch-activated channels are responsible
for premature ventricular contractions, while both stretch-activated channels and calcium
dynamics cause MEF-mediated changes in repolarization, and shortening and lengthening of
local action potential duration (APD) depends on the precise modality and timing of cardiac
stretch (Zabel et al., 1996a).

In this paper, we review recent evidence of mechanically induced changes in human cardiac
electrophysiology focusing on recently published studies and using new unpublished data, we

discuss clinical implications and we suggest direction for future studies.



2. Mechano-electric contribution to arrhythmia mechanisms

Soon after been first described, the potential pathological effects of MEF became of interest.
It was observed that acute stretch of isolated animal hearts using left-ventricular balloons,
which mimics an increase in cardiac volume, causes premature ventricular excitation,
increases the propensity for arrhythmias (Stacy et al., 1992) that can transform into runs of
VT if the stretch is prolonged (Hansen et al., 1990). Although the changes in ventricular loading
simulated in these studies are not likely to occur in-vivo, this level of stretch may occur on a
regional basis in heart disease. The most direct evidence of the existence of a MEF pathway
to arrhythmia is commotio cordis, triggering of ventricular fibrillation by a mechanical impact
to the precordial region (Kohl et al., 2001, 1999). On the other hand, precordial thump can
terminate ventricular tachycardia (Barrett, 1971; Pennington et al., 1970). The link between
cardiac mechanical deformation and abnormal cardiac rhythm is not limited to traumatic
events. Several clinical observations suggest that long-term mechano-electric interactions
may also play an important role in arrhythmogenesis. For example, ventricular wall motion
abnormalities are one of the strongest clinical predictors of arrhythmic sudden death in
patients with heart disease (Cicala et al., 2007), and that reverse ventricular mechanical
remodelling is associated with reversal of electrical remodelling and a lower rate of arrhythmia
(Lellouche et al., 2011).

The establishment of dangerous ventricular arrhythmia requires a trigger, i.e. a premature
beat, and a substrate (Coumel et al., 1987; Janse, 1992; Mines, 1914; Weiss et al., 2015).

Established pro-arrhythmic substrates include spatially heterogeneous repolarization (Kuo et
al., 1983), temporal repolarization instabilities such as repolarization alternans (Pastore et al.,
1999; Zhou et al., 2016) and short term beat-to-beat repolarization variability (Baumert et al.,
2016; Thomsen et al., 2006), repolarization and conduction response to changes in heart rate
(Cao et al., 1999) and disturbances in the electrical conduction such as conduction slowing
(de Bakker et al., 1993; Stevenson et al., 1993) and late potentials (Breithardt et al., 1991).
An interaction between refractoriness and conduction dynamics rather than a single
mechanism acting in isolation determines the susceptibility to re-entry (Allessie et al., 1977;
Coronel et al., 2009). In fact, re-entry requires that a wave-front of excitation finds electrically
excitable tissue always ahead of it, and its likelihood depends on both conduction and
repolarization dynamics. A paradigm has emerged from laboratory and theoretical studies that
suggests that MEF provides a pathway to translate abnormal mechanical heterogeneity into
potentially arrhythmogenic abnormal electrophysiological inhomogeneity (Kuijpers et al.,
2014; Solovyova et al., 2016, 2014). Structural abnormalities such as fibrosis are relevant in

this context because they can potentially provide the conditions for establishing slow



conduction (through tissue uncoupling) and short repolarization (through MEF secondary to
abnormal contraction), therefore increasing vulnerability to re-entry (Mines, 1914). For
instance, MEF may potentially contribute to the interplay between premature activation,
conduction slowing and repolarization time that is critical for the establishment of re-entrant
tachycardia (Child et al., 2015; Coronel et al., 2009).

The hypothesis that MEF may favour the establishment of ventricular arrhythmia by increasing
spatial inhomogeneity of repolarization, or shortening repolarization and slowing conduction
at critical sites in not new (Reiter, 1996) and has been supported by laboratory studies (Seo
et al., 2010) but its clinical relevance has yet to be demonstrated in patients.

In conclusion, MEF may facilitate arrhythmia by simultaneously inducing ectopics and
promoting arrhythmogenic substrates (Quinn, 2014), especially when coupled with structural
or functional abnormalities, such as fibrosis, myocardial infarction and asynchronous

contraction.

In the following, we describe electrophysiological response to cardiac deformation that may
results in increased vulnerability to arrhythmia.

3. Experimental evidence describing cardiac human response

to different stimuli

Elegant animal and laboratory studies have demonstrated that the electrophysiological
response to cardiac stretch is complex and determined by its magnitude, the velocity of the
deformation, and the timing at which the stimulus is applied with respect to the action potential
dynamics (Franz et al., 1992; Opthof et al., 2015; Seo et al., 2010; Zabel et al., 1996a).
Experiments have shown that abrupt stretch during diastole can produce delayed
afterdepolarizations (Franz et al., 1992; Seo et al., 2010), stretch applied during the early
phase of repolarization causes an acceleration of the repolarization process and APD
shortening, while stretch applied during the later phase of repolarization causes APD
prolongation (Zabel et al., 1996a). In general, physiological ventricular loading provokes small
APD shortening (H Calkins et al., 1989), whereas acute ventricular overload has been shown
to increase dispersion of repolarization and induce arrhythmia in the lamb right ventricle (Chen
et al., 2004), and to facilitate arrhythmia induction in the rabbit heart (Jalal et al., 1992; Reiter

et al., 1997) and in a canine myocardial infarction model (H. Calkins et al., 1989).

The interaction between myocardial deformation and conduction velocity is controversial and
different studies have shown mixed results (McNary et al., 2008). Some animal (Dhein et al.,
2014; Quintanilla et al., 2015; Sung et al., 2003; Zabel et al., 1996b) and computational



(Kuijpers et al., 2007) studies have shown that myocardial deformation modifies conduction
dynamics, while other have reported no change (zZhu et al., 1997). The underlying
mechanisms of conduction dynamic changes secondary to myocardial deformation are not
completely understood (Mills et al., 2008). No interaction between myocardial stretch and
conduction velocity has been reported in the in-vivo human ventricle, while recent human
studies have shown that atrial stretch slows atrial conduction (Coronel et al., 2010; Ravelli et
al., 2011; Walters et al., 2014).

3.1 Transient modification in cardiac stretch

Electrophysiological changes secondary to abrupt modification in ventricular loading have
been investigated during cardiac surgery by means of LV epicardial monophasic action
potential recordings during transient aortic occlusion (Taggart et al., 1992b). Immediately after
the occlusion, changes in the ventricular filling caused a significant reduction in the APD. A
correlation between the reduction in the APD and the increase in the LV pressure was found.
At the time of the study, the spatial organization of the electrophysiological response, which is
important for the establishment of pro-arrhythmic substrate, could not be assessed due to the
lack of instrumentation allowing simultaneous multi-site mapping. We recently repeated this
experiment in a patient undergoing aortic valve replacement, monitoring electrophysiological
changes during ventricular pacing with an epicardial multi-electrode sock containing 256
electrodes that ensures high-density mapping over both left and right ventricles (Orini et al.,
2016; Taggart et al., 2014). Consistently with previous findings (Taggart et al., 1992b), Fig. 1
shows that activation recovery interval (ARI), a surrogate for APD (Coronel et al., 2006),
decreased during two consecutive transient aortic clamps, while pre-clamp ARI values were
restored immediately after clamp release. The smaller ARI decrease during the second clamp
may be due to a smaller increase in LV loading, as suggested by the arterial pressure
recordings (panel A). Spatial inhomogeneity in the ARI changes was observed, with a more

pronounced decrease in the antero-lateral LV wall (panel B).

In the intact human heart, ventricular arrhythmia was previously reported during RV outflow
track occlusion (Levine et al., 1988). Figure 2 describes a pattern where a LV paced beat is
followed by a ventricular premature beat three times on a row during aortic clamp in a patient
undergoing cardiac surgery. The unipolar electrogram recorded at each epicardial
breakthrough (sites Pi, P> and Ps) is shown in panel A. These recordings show that the
premature beats were consistent with afterdepolarization initiating after local repolarization of
the previous paced beat, i.e. after the end of the T-wave of the local unipolar electrogram.
Panel B shows the activation map of each paced (top row) and premature (bottom row) beats.
The breakthrough of the first premature beat (B2) was in the inferior-basal LV. Interestingly,

the breakthrough of the second (B4) and third (B6) premature beats corresponded to sites that



during the previous paced beat activated late (activation time > 81 ms). These premature
beats may have been induced by enhanced myocardial strain at late-activated regions during
LV pacing (Prinzen et al., 1999). This hypothesis should be investigated in future studies
incorporating strain analysis, which provides a quantification of cardiac function as relative
change in the dimension of a cardiac segment within a certain direction during a heartbeat
(Lang et al., 2015). It is worth noting that a similar pattern consisting of a sequence of a weak
premature beat without afterdepolarisation (as beats B2, B4 and B6) and a potentiated post-
extrasystolic beat with afterdepolarisation and subsequent premature depolarisation (as beats
B1, B3 and B5) was previously described in a seminal paper on MEF in the canine in-situ heart
during aortic clamp (Franz, 1996; Franz et al., 1989). Furthermore, the pro-arrhythmic effect
of stretch-induced premature beats secondary to post-extrasystolic potentiation has been
demonstrated in elegant studies during acute ischemia (Coronel et al.,, 2002). Post-
extrasystolic potentiation may be the underlying mechanism of the self-sustained arrhythmia

shown in Fig. 2. However, this remains speculative since LV pressure was not measured.

The effect of slower (30-60 sec) modification in the ventricular filling was studied during the
discontinuation of cardiopulmonary bypass, during which the heart is converted from being
almost empty (on-bypass) to being filled and stretched (off-bypass) (Taggart et al., 1988). The
analysis of epicardial monophasic action potential recordings revealed a correlation between
arterial systolic pressure increase and local APD decrease, suggesting that myocardial stretch
accelerates repolarization. Figure 3 shows results from a recent experiment where epicardial
ARI were measured using a multi-electrode sock during establishment and discontinuation of
cardiopulmonary bypass in a patient undergoing cardiac surgery. Consistently with previous

results (Taggart et al., 1988), ARI decreased with ventricular loading.

The Valsalva manoeuvre provides a model to study the effect of rapid (about 20 sec) changes
in the ventricular loading in conscious patients. The manoeuvre consists in expiring against a
closed airways, which increases intrathoracic pressure, decreases venous return and reduces
cardiac dimension. Hemodynamic changes elicit by this manoeuvre have been shown to
terminate ventricular tachycardia (Lee and Sutton, 1982) and modify atrial flutter cycle length
even after autonomic blockade (Waxman et al., 1991), demonstrating that stretch induces
electrophysiological changes independently of autonomic modulation. The involvement of a
non-neural mechanism was further supported by a study where supraventricular tachycardia
was terminated by Valsalva manoeuvre in a transplant patient (Ambrosi et al., 1995). In a
study during cardiac catheterization, the Valsalva manoeuvre was shown to induce changes
in LV APD whose direction (lengthening or shortening) depended on the presence of wall-
motion abnormality and/or myocardial infarction (Taggart et al., 1992a). The study population

included a transplanted patient and patients taking beta-blockers to exclude confounding



effects from the autonomic nervous system. The importance of normal as opposed to
abnormal wall motion in determining the electrophysiological response to changes in loading
conditions in the intact human heart was confirmed in another study conducted during cardiac
catheterization (James et al., 2002), where ventricular volume was modified by switching from
atrio-ventricular pacing (normal ventricular filling) to ventriculo-atrial pacing (reduced
ventricular filling). An increase in repolarization heterogeneity (measured as QT dispersion,
which is now considered an imprecise estimator of repolarization dispersion) was observed in
patients with abnormal ventricular function and not in patient with normal ventricular function
(James et al., 2002).

Recently, human investigations have been conducted to assess MEF-mediated changes in
the human atrium. A study performed in patients undergoing cardiac surgery has shown that
atrial stretch imposed by rapid volume expansion decreased conduction velocity and
introduced signal fractionation in the right superior PV—LA junction (Walters et al., 2014). While
a study conducted during electro-anatomical mapping where atrial loading was modified by
atrioventricular pacing, has reported a decrease in conduction velocity and an increase in

vulnerability to atrial fibrillation after acute atrial stretch (Ravelli et al., 2011).

3.2 Sustained stretch

Acute reduction in LV pressure following balloon valvuloplasty and angioplasty has been
shown to reduce dispersion of ventricular repolarization (Sarubbi et al., 2004). In this study,
surface-ECG markers of repolarization dispersion were calculated 24 h before and after
surgery in patients affected by severe congenital aortic stenosis and patients with severe
coarctation of aorta. These results were consistent with previous investigation where surface
ECG markers (QTc) showed a prolongation of repolarization after unloading of the right
ventricle due to valvuloplasty (Levine et al., 1988). In this study, confirmation of the surface
ECG findings were obtained using RV monophasic action potential recordings, which showed
prolongation of repolarization after valvuloplasy and shortening of repolarization during RV
outflow tract occlusion. These studies did not use cardiac pacing to eliminate possible
confounding effect of heart rate changes due to cardiac stretch (Kohl et al., 1999), but have

used mathematical repolarization correction instead.

3.3 Cardiovascular and respiratory oscillations

Mechano-electric feedback is thought to contribute to respiratory sinus arrhythmia, the heart
rate variability in synchrony with respiration. In fact, although respiratory sinus arrhythmia is
mainly driven by autonomic nervous system modulation (Eckberg, 2009; Grossman and
Taylor, 2007), there is evidence that stretch of the sino-atrial node due to respiratory-related

changes in atrial volume introduce a respiratory oscillation in the heart rate (Kohl et al., 1999).



Furthermore, these oscillations are not abolished by complete autonomic blockade and have
been reported in the transplanted heart (Bernardi et al., 1990, 1989). Similarly, a MEF
mechanism has been suggested to cause respiratory oscillations in the cycle length of human
atrial flutter (Masé et al., 2009) that persist after autonomic blockade (Ravelli et al., 2008). In
the intact human heart, atrial flutter rate also fluctuates in synchrony with cyclic variations in
atrial volume secondary to ventricular contractions (Lammers et al., 1991; Ravelli et al., 1994),
further supporting an interplay between cardiovascular mechanisms and electrophysiological
changes mediated by MEF.

Recent work has revealed the existence of respiratory (Hanson et al., 2012) and low-frequency
(Hanson et al., 2014) oscillations in the dynamic of human ventricular repolarization that is
independent of heart rate variability. Analysis of intra-cardiac recordings from patients taking
autonomic blockade suggested that they may not be entirely due to autonomic mechanisms
(van Duijvenboden et al., 2015). Accordingly, MEF has been shown to be able to induce low-
frequency oscillations in synchrony with Mayer waves (Julien, 2006) independently of beta-
adrenergic stimulation in a computational model of the human ventricular myocyte (Pueyo et
al.,, 2016). In the computational model, MEF interacted synergistically with adrenergic
stimulation to increase the amplitude of low-frequency APD oscillations, which in pathological

conditions were seen to cause arrhythmia.

3.4 Chronic stretch

A prolonged change in the sequence or rate of ventricular activation is known to produce long-
term changes in the electrophysiology. During ventricular pacing, a normal contraction pattern
is modified and early-activated regions are mechanically unloaded, whereas late-activated
regions undergo early systolic stretch followed by supra-normal systolic shortening (Prinzen
et al., 1999).The underlying mechanisms of electrical remodelling are not clear, but animal
studies have suggested that MEF has a role (Jeyaraj et al., 2007; Sosunov et al., 2008).
According to this hypothesis, asynchronous activation causes abnormal ventricular strain, in
particular in the late-activated regions, where the local APD is prolonged through a MEF
mechanism. This establishes an increased gradient of ventricular repolarization that manifests
in the madification of the T-wave of the surface ECG (Jeyaraj et al., 2007). Furthermore, an
elegant study in an ex-vivo rabbit model has shown that ventricular loading, pressure and
contractility are all requirements to induce repolarization modification after change in the
activation sequence, while electrical remodelling may be induced by stretching the ventricular

wall without changing the activation sequence (Sosunov et al., 2008).

Cardiac resynchronization therapy (CRT) provides an interesting model to study the

contribution of MEF to electrical remodelling in patients. Local LV APD decreases in heart



failure patients that respond to CRT with more than 15% reduction in LV end-systolic volume
after 6 months, while it increased in hon-responders (Chen et al., 2013). Furthermore, a non-
linear relation between changes in local LV repolarization and strain has been found, where
the decrease in APD was associated with local decrease in time-to-peak radial,
circumferential, and longitudinal strains (Chen et al., 2016). These results are consistent with
other studies where electrophysiological changes during CRT were assessed through surface
electrocardiographic analysis (Lellouche et al., 2011). Further studies are needed to better
understand the interaction between activation and repolarization sequences in the intact
human heart (Srinivasan et al., 2016) and the role of MEF in the process of electro-mechanical
remodelling (Kirchhof et al., 2011; Veire and Bax, 2011).

4 Clinical settings

Mechano-electric feedback is thought to establish pro-arrhythmic conditions in presence of
abnormal patterns of cardiac stretch, which may be promoted by structural abnormalities,
including fibrosis, myocardial infarction, hypertrophy, etc. The interaction between cardiac
structure, function and electrophysiology is complex and difficult to disentangle. In the
following, we briefly describe clinical settings where MEF may play an important role. These
can be divided in conditions of transient and chronic stretch. In the former, transient stretch
can increase the arrhythmic risk, which decreases when the mechanical disturbance is
removed. In the latter, sustained cardiac pressure and overload is thought to be related to a

higher rate of ventricular arrhythmia.

4.1 Transient stretch

4.1.1 Commotio cordis

Commotio cordis is a syndrome that demonstrates the arrhythmogenic potential of MEF. This
fatal disruption of heart rhythm is due to an impact to the chest at a critical time during
ventricular repolarization. The electrical disturbance is caused by acute stretch of the
myocytes, not any mechanical damage or pre-existing cardiac disease (Kohl et al., 2001).
Commotio cordis is the most extreme clinical manifestation of pathological MEF in which the
mechanical contribution is established. Therefore, it is likely that stretch affects cardiac

electrical activity in subtler ways.

4.1.2 Mitral valve prolapse

Patients with mitral valve prolapse, stenosis or insufficiency have a high incidence of
arrhythmias (Coronel et al., 2010; Lévy, 1997). The regurgitation of blood puts strain on the
right atrium, increases ventricular volume load and therefore increases stretch of the

myocardium. In patients that have experienced complex arrhythmias as complications, there



is often fibrosis of the papillary muscles and the LV wall, which is indicative of stretch and
excessive contact of the prolapsed valve (Noseworthy and Asirvatham, 2015).

Mitral stenosis involves atrial stretch and stretch-related structural changes and is associated
with conduction delay, increased dispersion of conduction, and conduction asymmetry. These
changes are immediately reversible by normalization of the pressure gradient via

percutaneous transvenous mitral balloon valvotomy (Coronel et al., 2010).

4.1.3 Cardiac alternans.

Repolarization alternans, a modification of the repolarization pattern occurring every other
beat, is an established marker of increased arrhythmic risk (Bloomfield, 2004; Rosenbaum et
al., 1994), which is mediated by calcium handling dynamics (Laurita and Rosenbaum, 2008;
Zhou et al., 2016). Mechanical alternans, an alternation of strong and weak beats as measured
by blood pressure, is a marker with prognostic value in heart failure (Kim et al., 2014), dilated
cardiomyopathy (Hirashiki et al., 2006) and pulmonary artery hypertension (lto et al., 2012).
Since calcium plays a pivotal role in both repolarization dynamics and contraction, cardiac
alternans may represent a link between mechanical dysfunction and electrical instability
(Laurita and Rosenbaum, 2008). Electrical and mechanical alternans may sometimes occur
simultaneously (Kodama et al.,, 2004; Selvaraj et al., 2011; Sutton et al., 1991), but their

precise interaction is not completely understood.

An in-vivo canine study has also demonstrated that acute volume overload increased T-wave
alternans and reduced the heart rate at which T-wave alternans first appeared (Narayan et al.,

2007), suggesting another possible link between cardiac stretch and electrical instability.

Recently, interaction between mechanical deformation and repolarization alternans has been
investigated using computational modelling (Radszuweit et al., 2015; Yapari et al., 2014). In
particular, it has been suggested that myocardial deformation can suppress repolarization
alternans (Yapari et al.,, 2014), something that we have observed during transient aortic
occlusion in patients undergoing cardiac surgery. Figure 4 shows a time-series of ARI
measured from an epicardial unipolar electrogram during pacing at 109 bpm that exhibits
repolarization alternans before and after aortic clamp. However, during aortic clamp ARI
alternans almost vanishes. If supported by further data, this observation would demonstrate a

link between cardiac mechanics and repolarization alternans.



4.2 Chronic stretch

4.2.1 Dyssynchronous Heart Failure

An interaction between mechanical and electrical remodelling in heart failure is supported by
several observations: 1. Approximately half of cardiac deaths in this population are due to
ventricular arrhythmia, 2. impaired LV ejection fraction is at present the main criterium for ICD

implantation, and 3. APD prolongation is a hallmark of heart failure.

The MADIT-CRT trial has demonstrated that in patients with LV dysfunction, reverse
mechanical remodelling, i.e. a reduction in the LV end-systolic volume, was associated with a
significant reduction in the risk of subsequent life-threatening ventricular arrhythmias
(Barsheshet et al., 2011). Similarly, reverse LV mechanical remodelling is associated with a
reduction of electrocardiographic indices of repolarization dispersion and a lower rate of
arrhythmias (Lellouche et al., 2011). In CRT, lead position directed by echocardiography to
the area of last contraction reduces the risk of arrhythmias (Moubarak et al., 2014), which

previously arose due to mechanical dyssynchrony (Haugaa et al., 2014).

A significant and positive association between pulmonary artery diastolic pressure and
arrhythmic risk has been also recently found (Reiter et al., 2013). Further evidence supporting
a MEF contribution to arrhythmogenesis in heart failure is given by the association between
indirect estimates of volume overload and malignant ventricular tachyarrhythmia (Ip et al.,
2011) and by the association between B-Type Natriuretic Peptide, which is secreted in

response to excessive stretch of the heart, and sudden cardiac death (Berger et al., 2002).

These clinical studies support mechanistic (Chen et al., 2016, 2013) and theoretical (Kuijpers
et al., 2014) investigations that suggest that MEF is likely to be relevant in heart failure. Further

investigation is required to elucidate these mechanisms.

4.2.2 Hypertrophy

Clinical observations find hypertrophy to be linked with an increase in arrhythmias (Wolk,
2000) whilst animal models show it can increase the risk of a stretch-induced arrhythmias
specifically (Evans et al., 1994). In rat, hypertrophy increases the myocardium’s sensitivity to
pressure changes (especially during perfusion with low K+ to induce hypokalaemia) and
produces arrhythmias that are more readily fatal (Evans et al., 1994). An increase in wall
thickness would increase mechanical gradients across the ventricular wall resulting in

arrhythmogenesis if stretch were nonphysiologic.

4.2.3 Coronary artery disease
Coronary artery disease is often associated with wall-motion abnormalities, which can

promote inhomogeneous regional myocardial deformation and modify electrophysiological



parameters through MEF. This has been experimentally demonstrated in a study involving
patients undergoing surgery for coronary artery by-pass grafting, where LV function was
assessed by echocardiography and epicardial APD was measured in 9 segments using a
multielectrode grid (Opthof et al., 2012). Twenty three patients were studied in 3 groups:
Patients with normal wall motion, patients with one or more hypokinetic segments, patients
with one or more akinetic/dyskinetic segments. Mean APD was not different among the three
groups, but higher dispersion of repolarization was found in the hypokinetic and
akinetic/dyskinetic group with respect to the normal group, which showed the lowest
dispersion of repolarization. These differences were independent from the presence of
myocardial infarction. The author suggested that wall-motion abnormality induces
simultaneous APD lengthening and shortening in different cardiac regions therefore increasing
spatial dispersion of repolarization (Opthof et al., 2012). Another study shows that patients
with segmental wall motion abnormalities are predisposed to ventricular ectopic beats during

an increase in systolic aortic pressure (Siogas et al., 1998).

In post myocardial infarction patients, ventricular loading is thought to be an important
arrhythmogenic parameter as demonstrated in studies were LV afterload reduction also

reduced arrhythmia events and mortality (Durrer et al., 1982; Mukherjee et al., 1976).

Several animal studies have demonstrated that electro-mechanical coupling is also important
during acute ischemia (Barrabés et al., 2002; Coronel et al., 2002; Horner et al., 1994; Parker,
2004), where mechanical inhomogeneity may induce ectopics, increase dispersion of
repolarization and promote arrhythmia. In particular, stretch-induced ectopics originate from
the ischaemic border-zone after post-extrasystolic potentiated contractions following

premature beats (Coronel et al., 2002).

However, in a recent study using a porcine model of acute ischemia, stretch-activated
channels blockade did not reduce the incidence of ventricular arrhythmia with respect to
control (Barrabés et al., 2015). Acute ischemia is a complex phenomenon where multiple
events occur simultaneously (Orini et al., 2017) and additional important electrophysiological
factors should be taken into account (Janse and Wit, 1989; Pogwizd and Corr, 1987). This
includes the fact that the measurement of MEF modulation of repolarization may be altered
by post-repolarization refractoriness, a mechanism that develops during acute ischemia

whereby refractoriness no longer corresponds to APD (Coronel et al., 2012).

5 Open questions and Direction for future studies

The experimental and clinical studies reviewed in this paper suggest that MEF may contribute

to the establishment of dangerous ventricular arrhythmias. However, the effective arrhythmic



risk associated with MEF in patients is yet to be assessed. The precise evaluation of the
clinical relevance of MEF is further complicated by the fact that the effect of MEF in the in-situ
heart depends on the spatial and temporal organization of mechanical deformation during
contraction and relaxation, which is difficult to measure, especially in abnormal conditions.
The main limitation in the assessment of the clinical relevance of MEF is the lack of human
data. For obvious reasons related to the difficulty of inducing controlled cardiac stretch
modifications in the clinical settings and data acquisition, few human in-vivo experiments have
investigated the electrophysiological response to mechanical stimuli in patients. Future
investigation should try to combine structural, functional and electrophysiological information
integrating different technologies (Suzuki et al., 2016), including cardiac MRI for assessment
of diffuse fibrosis and myocardial infarction (Ambale-Venkatesh and Lima, 2014; Ashikaga,
2005), echocardiography for strain analysis, including novel technology that uses very high
temporal and spatial resolution for improved assessment of strain (Bunting et al., 2016), and
cardiac mapping for assessment of activation and repolarization dynamics. The use of new
multi-parametric epicardial socks integrating sensors for electrical and functional
measurements may also be beneficial in future studies (Xu et al., 2014). CRT devices offer
the possibility of assessing electro-mechanical remodelling by relating regional strain to
changes in local repolarization via the leads (Chen et al., 2016, 2013), and may be used to
further investigate electro-mechanical remodelling. Electro-anatomical mapping systems can
provide a detailed assessment of electro-mechanical coupling during electrophysiological
studies (Gyongyosi and Dib, 2011; Kroon et al., 2015; Ravelli et al., 2011) and they may play
an important role in future human studies. Finally, the study of the interaction between non-
invasive electrocardiographic and echocardiographic parameters (Sauer et al., 2012) may
help in the discrimination between normal and abnormal mechano-electric coupling in a wider

population.

Improvement in the ability to collect new information in in-human in-vivo studies should be
paralleled by the development of computational electro-mechanical models (Colli Franzone et
al., 2016; Hu et al., 2013; Kuijpers et al., 2012; Niederer et al., 2006; Trayanova et al., 2011)
to enable interpretation of results and generation of new hypotheses and biomarkers (Quinn
and Kohl, 2013).

Many open questions deserve further investigation. A fundamental issue to be addressed is
the link between abnormal load, distribution of myocardial strain and electrophysiological
modification in the in-situ normal and abnormal human heart. It is known that the
electrophysiological response depends on the type of mechanical stimulation, i.e. fast or slow,
acute or chronic, and that it is modulated by mechanical and functional properties of the tissue,

i.e. presence of fibrosis, contraction abnormality etc..Extensive ongoing research in cellular



and animal models is being conducted, but this should be complemented by human studies
to determine MEF involvement in arrhythmogenesis in terms of electrophysiological temporal
and spatial heterogeneity as well as arrhythmia inducibility. This should include the study of
cycle length dependency of the MEF response (Horner et al., 1996; Taggart and Lab, 2008)
and its interaction with repolarization and conduction velocity restitution (Orini et al., 2016).
The interaction with concomitant autonomic nervous system modulation deserves further

attention as it may modify and enhance the electrophysiological response (Pueyo et al., 2016).

Given its established modulatory effect, the integration of MEF mechanisms into current
arrhythmia management may have enormous potential for improving antiarrhythmic
strategies, which would greatly benefit from the combination of mechanical, functional and

electrophysiological parameters into an integrated framework which includes MEF pathways.
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Figure legends

Figure 1: Electrophysiological changes during transient aortic occlusion measured using an
epicardial multi-electrode sock during cardiac surgery. A: Activation recovery interval (ARI), a
surrogate for local APD, decreased, while activation time (AT) did not change during two
consecutive clamps. B: Spatial distribution of ARI changes (AARI) demonstrating spatial

variability and more pronounced ARI reduction in the LV during the two clamps.

Figure 2: Electrophysiological parameters during aortic clamp in a patient undergoing cardiac
surgery as revealed by high-density multielectrode sock epicardial mapping. A: Top panel
shows unipolar electrograms measured at the epicardial breakthrough (P1, P2 and P2) of 3
premature beats (B2, B4 and B6). Bottom panel shows arterial blood pressure. B: Activation
maps of 3 paced beats (B1, B3 and B5) followed by a premature beat (B2, B4 and B6). Note
that epicardial breakthroughs and activation patterns of premature beat are all different (along

with colour maps). Epiacardial breakthroughs are in sites of previous late activation.

Figure 3: Electrophysiological parameters during establishment and discontinuation of
cardiopulmonary bypass in a patient undergoing cardiac surgery. Top: Arterial blood pressure.

Bottom: Mean repolarization (RT), activation (AT) and activation recovery interval (ARI)



measured during the intervals marked by horizontal lines in the top panel. Bars and whiskers
represent mean and standard error evaluated across recordings from the epicardial multi-
electrode sock. Statistically significant difference (P<0.01, Wilcoxon sign-rank test) are shown

with an asterisk.

Figure 4: An example of interaction between ventricular stretch and repolarization alternans.
ARI alternans, a surrogate for APD alternans, from an epicardial unipolar electrogram before,

during and after aortic clamp.
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