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Abstract

Following myocardial infarction (MI), damaged myocytes are replaced by collagenous scar tissue,
which serves an important mechanical function — maintaining integrity of the heart wall against
enormous mechanical forces — but also disrupts electrical function as structural and electrical
remodeling in the infarct and borderzone predispose to re-entry and ventricular tachycardia. Novel
emerging regenerative approaches aim to replace this scar tissue with viable myocytes. Yet an
alternative strategy of therapeutically modifying selected scar properties may also prove
important, and in some cases may offer similar benefits with lower risk or regulatory complexity.
Here, we review potential goals for such modifications as well as recent proof-of-concept studies
employing specific modifications, including gene therapy to locally increase conduction velocity
or prolong the refractory period in and around the infarct scar, and modification of scar anisotropy
to improve regional mechanics and pump function. Another advantage of scar modification
techniques is that they have applications well beyond MI. In particular, ablation treats electrical
abnormalities of the heart by intentionally generating scar to block aberrant conduction pathways.
Yet in diseases such as atrial fibrillation (AF) where ablation can be extensive, treating the
electrical disorder can significantly impair mechanical function. Creating smaller, denser scars that
more effectively block conduction, and choosing the location of those lesions by balancing their
electrical and mechanical impacts, could significantly improve outcomes for AF patients. We
review some recent advances in this area, including the use of computational models to predict the
mechanical effects of specific lesion sets and gene therapy for functional ablation. Overall,
emerging techniques for modifying scar properties represents a potentially important important set
of tools for improving patient outcomes across a range of heart diseases, whether used in place of
or as an adjunct to regenerative approaches.
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1. Introduction

Following injury to a region of the heart, damaged myocytes are gradually replaced by
collagenous scar. In the setting of a myocardial infarction, this scar tissue plays an important
mechanical role, protecting against rupture and limiting dyskinetic bulging of the healed
infarct. However, the presence of scar also predisposes many patients to life-threatening
arrhythmias. By contrast, a number of electrical abnormalities of the heart are treated by
intentionally damaging a small region of the heart, promoting the formation of scar that
blocks aberrant conduction pathways. Yet in diseases such as atrial fibrillation where
ablation can be extensive, replacing a significant volume of myocardium with scar has
important mechanical consequences. Many emerging therapies — including local polymer
injection, gene therapy, and cell therapy — now offer the opportunity to modify the
mechanical and electrical properties of cardiac scar as well as the cells in and around
damaged regions. While much of the attention surrounding regenerative approaches has
focused on replacing post-infarction scar with new myocytes, we propose that simply
modifying scar properties appropriately could prove an equally important strategy,
benefitting not only those who suffer infarction but also the increasing numbers of patients
who require ablation for atrial fibrillation. In this review, we discuss emerging strategies for
modifying cardiac scar tissue and the importance of balancing electrical and mechanical
effects when re-engineering scar.

2. Myocardial Infarction

Over seven million people suffer a myocardial infarction (MI) every year worldwide, (White
and Chew, 2008) and the majority of patients now survive the initial event. The acute injury
triggers an inflammatory response, and damaged muscle is gradually resorbed over the
following days and weeks. Unlike skeletal muscle, mammalian adult cardiac muscle has a
limited natural capacity to regenerate; rather, lost muscle is replaced by collagenous scar
tissue. This scar solves a mechanical problem, maintaining the integrity of the heart wall
even when essentially all the muscle in an injured region is lost. Yet in many cases this same
scar also creates an electrical problem, greatly increasing the risk of ventricular arrhythmias.
In this section, we review the natural evolution of mechanical and electrical properties as
scar forms during post-infarction healing. We then review emerging therapeutic options for
modifying scar to improve mechanical and/or electrical function of the heart in patients with
prior M.

2.1. Evolution of Mechanical Properties Following Infarction

Within seconds following occlusion of the coronary artery supplying a region of the heart,
the affected myocardium stops contracting with each heartbeat. (Tennant and Wiggers,
1935) Instead, the ischemic muscle stretches passively as the pressure in the heart rises
during systole, and recoils as it falls. (Akaishi et al., 1986; Tyberg et al., 1974) This
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produces an immediate drop in systolic pump function, (Sunagawa et al., 1983) not only
because the ischemic muscle no longer contributes, but also because some of the work done
by remaining healthy muscle is wasted in stretching the ischemic region. Prolonged
coronary occlusion induces permanent damage within the first hour, and by 6 hours the
damaged region begins to stiffen, most likely due to edema. (Pirzada et al., 1976; Vokonas
et al., 1976) The first few days post-infarction are a particularly vulnerable time from a
mechanical point of view. Damaged myocardium is being resorbed and pre-existing
collagen damaged by metalloproteases released by inflammatory cells, (Sato et al., 1983;
Takahashi et al., 1990; Zamilpa and Lindsey, 2010) but fibroblasts have not yet infiltrated
the infarct and begun depositing substantial amounts of new collagen. It is during this
vulnerable window that infarct rupture can occur. This catastrophic complication is
relatively rare in humans, but quite common in mouse models. (Gao et al., 2012)

By the end of the first week, fibroblast deposition of new collagen begins to dominate the
healing process, and collagen content rises rapidly over the next 3-6 weeks. (Fomovsky and
Holmes, 2010; Jugdutt and Amy, 1986; Jugdutt, 2003) Most studies show that scar stiffness
increases in parallel with collagen content, (Fomovsky and Holmes, 2010; Holmes et al.,
2005) but there have been some intriguing exceptions. Gupta et al. conducted ex vivo
mechanical testing of sheep scar and found that stiffness peaked at 2-3 weeks and then fell,
even as collagen content continued to increase. (Gupta et al., 1994) Similarly, McGarvey
estimated scar stiffness in pigs using a finite-element model and in vivo MRI data and found
that estimated scar stiffness peaked at 1 week and then decreased progressively until 12
weeks. (McGarvey et al., 2015) One of the most surprising recent discoveries about post-
infarction scar is that collagen content and organization vary widely across different animal
models (Figure 1). In some cases the collagen fibers in the scar become highly aligned in
one direction and the scar is mechanically anisotropic (highly resistant to stretch in the fiber
direction, while relatively compliant in other directions (Gupta et al., 1994; Holmes et al.,
1997)); describing such scars as either ‘soft” or “stiff’ is a substantial oversimplification. In
other cases — such as the standard rat left coronary ligation model — the scar is structurally
and mechanically isotropic. (Fomovsky and Holmes, 2010) Furthermore, collagen area
fractions measured histologically in the standard rat model are only 30%, (Fomovsky and
Holmes, 2010) compared to 60-70% in the dog and pig. (Clarke et al., 2015; Fomovsky and
Holmes, 2010) Fomovsky et al. showed that the pattern of mechanical stretch in the infarct
varies with infarct location in rats and proposed that stretch determines collagen orientation
in healing infarcts, (Fomovsky et al., 2012b) but did not offer an explanation for the
variation in collagen density among animal models. it is not yet clear whether or how
collagen content, collagen alignment and mechanical properties vary with infarct location in
humans.

2.2. Evolution of Electrical Properties Following Infarction

Throughout the course of infarct healing, changes in the electrophysiological substrate lead
to an increased propensity for development of malignant ventricular arrhythmias and sudden
cardiac death through a variety of arrhythmogenic mechanisms (abnormal automaticity,
triggered activity, and reentry). (Janse and Wit, 1989) Moreover, while there has been
considerable emphasis on structural remodeling after M, the electrophysiological changes
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that occur in the heart during infarct evolution are of critical importance as they contribute to
potential arrhythmogenic complications for years after the initial event. (Qin et al., 1996)

Within minutes after the onset of ischemia, several electrophysiological changes occur in the
ischemic myocardium including depolarization of the resting membrane potential, reduced
cellular excitability, reduction in the action-potential (AP) upstroke velocity (slope of phase
0) and amplitude, and disruption of calcium handling (calcium overload). (Carmeliet, 1999;
Janse and Wit, 1989) Significant electrical uncoupling of cardiomyocytes occurs followed
by irreversible cell damage and the disruption of gap junctions. (Hoyt et al., 1990) The end
result of these changes is an increased risk for development of malignant ventricular
arrhythmias through all three basic arrhythmogenic mechanisms: 1) increased risk for
reentry due to the conduction and repolarization changes; 2) increased risk of delayed after-
depolarization (DADSs) and triggered arrhythmias possibly due to myocardial stretch and
calcium abnormalities; and 3) abnormal automaticity due to the depolarized resting
membrane potential. The characteristic arrhythmia during acute ischemia is polymorphic
ventricular tachycardia (VT), which may deteriorate into ventricular fibrillation and cardiac
arrest and often may be the presenting symptom of ischemic heart disease. Ventricular
arrhythmias are also frequent following resumption of coronary perfusion either
spontaneously or due to clinical intervention. Several different processes may underlie these
arrhythmias including generation of reactive oxygen species, intracellular calcium overload,
activation of the sodium-calcium exchanger in the reverse mode, and conduction and
repolarization heterogeneities caused by variable recovery of individual myocytes from
ischemia. (Opie and Coetzee, 1988)

In the hours and days following an acute MI, before significant fibrosis is present, surviving
cardiomyocytes demonstrate changes associated with partial electrophysiological and
membrane recovery. (Gardner et al., 1985; Lue and Boyden, 1992) Abnormalities in several
ionic currents result in depolarization of the resting membrane potential, leading to
inactivation of sodium channels, lower action-potential amplitude and reduced upstroke
velocity, and slowed conduction. In addition to the ionic abnormalities, this period is
characterized by disruption of cell-cell contacts as gap junctions close and migrate away
from cell borders, development of non-uniform anisotropy, and slowed conduction across
the transverse orientation of cells in the infarct borderzone. (Dillon et al., 1988; Gardner et
al., 1985) Arrhythmias in this period could of course be related to ongoing or repeated
ischemic insults, but may also be related to the aforementioned electrophysiological and gap
junction remodeling that may predispose to reentry, triggered activity, or abnormal
automaticity.

Weeks to months after M, the infarct scar border is now comprised of myocytes
interdigitated with extracellular matrix. Whereas abnormal automaticity and triggered
activity related to calcium overload in the form of after-depolarizations are the most
common mechanisms for arrhythmia initiation during acute ischemia, disruptions in
conductance and the facilitation of reentrant circuits is the clinical paradigm of chronic post-
infarction ventricular arrhythmia. (Benito and Josephson, 2012) Reentry in the chronic phase
of an M1 originates from and relies on surviving myocardium within the scar, separated by
scar tissue but connected through abnormal gap junctions and generally disordered
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intercellular coupling. (Lazzara and Scherlag, 2003; Peters et al., 1997) Fibrosis and
abnormal cell communication can facilitate re-entry by slowing conduction, creating
conduction blocks, and generating an alternate pathway for the electrical impulse to re-enter.
Other electrophysiological changes that can also contribute to arrhythmogenesis during this
stage include AP duration (APD) prolongation associated with post-infarction hypertrophy
and remodeling, which may be related to a decrease in the repolarizing potassium currents.
(Antzelevitch et al., 1991; Bénitah et al., 1993; Thollon et al., 1989) In addition, there are
important differences in the time course of repolarization in the remodeled epicardial
regions compared to endocardial regions. This creates regional heterogeneity (differences
between the scar, borderzone, and healthy myocardium) as well as transmural dispersion of
refractoriness which predispose patients to re-entrant arrhythmias. (Qin et al., 1996) APD
prolongation can also facilitate early after-depolarizations that can generate triggered
arrhythmias. (Habbab and EI-Sherif, 1990)

2.3. Making Better Infarct Scar

In the first hours after MI, interventional therapies such as thrombolytics, angioplasty, and
coronary stenting aim to limit the amount of muscle damaged by the infarction by reopening
blocked arteries. However, after this initial window, current therapies do not actually treat
the infarct. Cholesterol-lowering and anti-hypertensive drugs can reduce the risk of a second
infarct in some patients. (White and Chew, 2008) Beta-blockers and angiotensin converting
enzyme (ACE) inhibitors aim to slow the onset of post-infarction heart failure by limiting
neurohormonal and geometric remodeling in the surviving myocardium. Radiofrequency
catheter ablation (O'Donnell et al., 2002) (usually attempted in only a minority of the
relevant patient population) aims to treat monomorphic re-entrant ventricular tachycardias
by destroying surviving myocardium responsible for re-entrant circuits, which may be
undesirable in patients with compromised contractile function. Implantable cardioverter-
defibrillators (ICDs) sense and respond to arrhythmic events; although they prolong life,
they may worsen quality of life (especially in the presence of inappropriate shocks), (Czosek
et al., 2012) and are associated with various complication such as infection and lead and
device malfunctions. (Gould and Krahn, 2006)

Several early attempts to directly treat the infarct region failed, arguably due to insufficient
understanding of the complex evolution of infarct mechanical and electrical properties. One
striking example was the administration of post-infarction steroids. Steroids were shown in
animal studies to reduce damage during ischemia, but in a clinical study they unexpectedly
increased infarct size and triggered life-threatening arrhythmias. (Roberts et al., 1976)
Subsequent studies showed that not only steroids but also non-steroidal inflammatories such
as ibuprofen and indomethacin could promote infarct expansion (dilation and thinning of the
infarct region), (Brown et al., 1983; Hammerman et al., 1983a, 1983b; Mannisi et al., 1987)
which increases wall stress in the infarct and border region and impairs LV function.
Similarly, anti-arrhythmic drugs were shown to suppress inducibility and spontaneous
initiation of ventricular arrhythmias related to previous myocardial infarction. (Garan et al.,
1986) Yet in clinical trials, these drugs actually increased (Echt et al., 1991) or at best had a
neutral effect (Singh et al., 1995) on mortality in post-infarction patients. One of the main
reasons for this is that because these drugs act globally in the heart (not just at the abnormal
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substrate) and prolong APD, they themselves may be associated with the development of
malignant arrhythmias (pro-arrhythmia). This arrhythmogenic risk stems both from
triggered activity mechanisms (e.g. EADs) and from changes in the substrate such as APD
prolongation, which can facilitate re-entry.

Decades of work since those early studies now provide a much better understanding of
infarct healing and the evolution of mechanical and electrical properties in the infarct region.
Furthermore, sophisticated computational models that encapsulate current understanding
allow in silico screening of potential modifications that facilitate designing and testing of
novel interventions. Finally, emerging technologies such as gene therapy, cell therapy, and
injectable biomaterials provide a much greater range of options for specifically targeting the
infarct region. Together, these developments provide enormous potential for designing a
new class of therapies that improve long-term survival following myocardial infarction by
targeting the scar. Here, we review some of the emerging ideas for such therapies.

2.3.1. Encouraging Compaction—The single most important determinant of the
mechanical impact of an infarct is its size. The degree of functional impairment, (Pfeffer et
al., 1979) extent of adverse LV remodeling, (Masci et al., 2011) and likelihood of
developing heart failure, (Zimmer et al., 1990) following infarction all correlate with infarct
size. The recognition that reducing infarct size is arguably the most valuable single
therapeutic intervention following MI has driven the development of protocols for rapid
identification of coronary events and aggressive intervention to reopen blocked arteries. Yet
it has long been thought that once the initial damage is done, infarct size either remains the
same or increases through the processes of infarct extension and infarct expansion.
(Hutchins and Bulkley, 1978) Infarct extension refers to necrosis of additional myocardium
at the borders of the original infarct due to the local mismatch between elevated wall stresses
and oxygen demand and reduced regional blood flow; by contrast, infarct expansion refers
to radial thinning and stretching of the infarct in the circumferential-longitudinal plane, both
of which can increase wall stresses and functional impairment even without the loss of
additional myocardium.

Intriguing recent data suggest that in contrast to this conventional view, infarcts can compact
spontaneously, reducing their circumferential and longitudinal dimensions and thereby
effectively decreasing infarct size. Richardson and Holmes recently compiled data from
more than 50 studies that reported quantitative data on changes in infarct dimensions over
time. (Richardson and Holmes, 2015) They found while all reports showed infarct expansion
over the first 24 hours, over the ensuing weeks only 50% documented further increase in
circumferential or longitudinal dimensions consistent with infarct expansion, while 23%
reported compaction (reduced dimensions) and the rest observed no significant change.
Furthermore, measurements in unloaded hearts were less likely to show expansion,
suggesting that in some cases increased dimensions are simply due to increased stretching
under load rather than geometric rearrangement or remodeling.

The presence of spontaneous compaction in some healing infarcts suggests that intrinsic
mechanisms exist that could be harnessed therapeutically. In an exciting potential step in
this direction, multiple groups have now shown that they can encourage scar compaction by
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manipulating Wnt signaling in healing mouse infarcts. (Barandon et al., 2003; Kobayashi et
al., 2009; Laeremans et al., 2011) Most recently, Laeremans treated infarcted mice for up to
5 weeks with a peptide that blocked binding of Wnt3a and Wnt5a to Frizzled-1 and -2
receptors. Treatment increased infarct thickness and myofibroblast density on histology,
while reducing in-plane infarct dimensions relative to saline-treated controls. (Laeremans et
al., 2011) Importantly, the peptide exerted similar effects even when treatment was delayed
until 2 weeks post-MI, suggesting that the mechanism is independent of initial effects on
infarct size. Together with earlier data from the same group showing that mouse strains with
the highest infarct myofibroblast concentrations at 14 days experience the least thinning
between 14 and 28 days, (van den Borne et al., 2009) these data suggest that increasing the
number of myofibroblasts in the infarct may help encourage compaction.

2.3.2. Controlling Collagen Alignment—Immediately after infarction, stretching and
bulging of the damaged region impairs systolic function of the heart. Therefore, one obvious
strategy for improving post-infarction pump function would be to stiffen the infarct region.
In fact, some recent studies have claimed to improve heart function by exactly this
mechanism, injecting biomaterials to modulate infarct material properties. However, a closer
inspection of the evidence shows clearly that while infarct stiffening can decrease cavity
volumes — which may have the important benefit of limiting dilation — it does not improve
pump function. By contrast, inspired by the finding that infarct scar can be highly
anisotropic, Fomovsky and colleagues showed that selective reinforcement of large anterior
infarcts in only the longitudinal direction does significantly improve function. (Fomovsky et
al., 2012a, 2011) Thus, one way to improve post-infarction scar would be to direct collagen
fiber alignment to optimize LV function.

In 1980, Bogen and colleagues used a simple computational model to explore the impact of
changing infarct stiffness on left ventricular (LV) function. During acute ischemia, when the
infarct material properties are similar to those of normal passive myocardium, they predicted
a sharp drop in systolic function without any change in diastolic function. (Bogen et al.,
1980) As they increased infarct stiffness, systolic performance (reflected in the end-systolic
pressure-volume relationship, ESPVR) returned towards normal; however, diastolic
compliance dropped, resulting in a steeper end-diastolic pressure-volume relationship
(EDPVR). When they constructed simulated ventricular function curves, plotting predicted
stroke volume against end-diastolic pressure, they found that the systolic benefits and
diastolic impairment offset, producing very little change in stroke volume at most filling
pressures over a wide range of infarct stiffness. This remarkably prescient study has stood
the test of time: state-of-the-art finite-element models incorporating realistic three-
dimensional geometry and fiber anatomy, nonlinear material properties, and other complex
features of heart mechanics ignored by Bogen have all reached exactly the same conclusion:
stiffening infarcts isotropically (equally in all directions) has almost no effect on predicted
ventricular function curves. (Fomovsky et al., 2011; Wall et al., 2006)

Contradicting these remarkably consistent model predictions by multiple groups over more
than three decades, numerous recent experimental studies claim improved LV function
following injection of various biopolymers. We propose that much of the apparent
difference between these modeling and experimental studies arises from the fact that most of
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the experimental studies relied on ejection fraction (EF) as their primary functional measure,
rather than varying preload and constructing ventricular function curves. Unfortunately, EF
is particularly difficult to interpret in the setting of myocardial infarction because end-
diastolic volume (EDV), end-systolic volume (ESV), and hemodynamics are all changing at
once. (Richardson et al., 2015) All of the modeling studies discussed above would predict
increases in ejection fraction with infarct stiffening despite unchanged pump function,
because predicted stroke volumes were unchanged while EDV and ESV decreased as the
ESPVR and EDPVR shifted leftward. In support of this explanation, Ryan et al. reported
absolute LV volumes immediately following injection of a stiff dermal filler into acute
sheep infarcts; they showed that EDV and ESV decreased but cardiac output did not change.
(Ryan et al., 2009) However, there is also a more optimistic explanation for some of the
differences: the computational modeling studies considered only acute effects of infarct
stiffening, while some polymer injection studies showed that infarct stiffening reduced
adverse LV remodeling, which in turn prevented some of the functional deterioration
observed in the untreated comparison group. (Landa et al., 2008; Leor et al., 2009; Ryan et
al., 2009)

Recently, Fomovsky et al. revisited the inherent tradeoff between systolic and diastolic
function originally discovered by Bogen. They realized that prior studies had treated infarcts
as isotropic (having the same mechanical properties in all directions), while more recent data
(see section 2.1) showed that infarct scar can be highly anisotropic. Therefore, Fomovsky
repeated earlier computational studies of infarct stiffening, this time exploring the effects of
many different combinations of circumferential and longitudinal stiffness in a realistic finite-
element model of a canine heart with a large anteroapical infarct induced by LAD occlusion
(Figure 2). (Fomovsky et al., 2011) To their surprise, the models showed that an infarct that
was very stiff in the longitudinal direction but compliant in the circumferential direction —a
combination never reported in naturally-occurring infarcts — could significantly enhance
pump function, improving systolic performance with minimal impairment of filling. These
investigators then went on to confirm the model prediction by surgically reinforcing acute
anteroapical infarcts in dogs and measuring ventricular function curves over a range of
filling pressures. As predicted by the model, cardiac output at matched EDP dropped by
nearly half during acute ischemia, and selective reinforcement in only the longitudinal
direction restored nearly half the deficit (Figure 2). (Fomovsky et al., 2012a)

Although the study by Fomovsky and colleagues provided a proof-of-concept that infarct
anisotropy can improve LV function, surgical reinforcement is likely too invasive to be
viable as a therapeutic approach for generating and controlling anisotropy in patients.
Rather, anisotropy represents one design goal for engineering “better” scar. Realizing this
goal will require understanding the factors that govern collagen alignment in infarct scar,
and devising methods to guide alignment based on that understanding. Rouillard et al.
recently published a computational model that suggests progress in understanding the factors
that determine scar collagen alignment. (Rouillard and Holmes, 2012) This agent-based
model simulated fibroblast infiltration and remodeling of healing infarcts, and reproduced
measured patterns of collagen alignment across multiple animal models, as well as reported
transmural variations in infarct scar collagen structure. The key factors affecting collagen
alignment in this model were the local orientation of pre-existing matrix and muscle fibers
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prior to infarction and the pattern of mechanical stretching during healing. However, their
model integrated in vitro data on fibroblast responses to individual signals such as stretch
and collagen alignment to predict in vivo behavior; it did not represent the signaling
pathways and molecular biology underlying the fibroblast responses. Accordingly, the
Rouillard model could be used to design therapies to control collagen alignment by
modifying environmental cues such as stretch, but not to design therapies that reprogram
cells at the molecular level to respond differently to a given environment. Thus, while scar
anisotropy offers an intriguing therapeutic goal, much work remains to realize the goal of
engineering anisotropy in situ.

2.3.3. Conceptual Framework for Preventing and Treating Post-Infarction
Arrhythmias—Numerous studies in both animal models and patients have demonstrated
that post-MI ventricular arrhythmias are mainly due to reentry (de Bakker et al., 1988) and
that the abnormal substrate at the infarct borderzone plays an important role in their
development. (de Bakker et al., 1993, 1988; Dillon et al., 1988; Peters et al., 1997) The
established concept is that areas of slow conduction in the surviving myocardium of the
infarct borderzone allow for reentry. Consequently, as illustrated in the schematic
representation in Figure 3, a properly timed premature ventricular beat may propagate
through the slowly conduction surviving muscle fibers within the infarct. If this slowing of
conduction leads to a delay in impulse propagation that is longer than the ventricular tissue
refractory period, the impulse may re-excite the healthy ventricular tissue and then re-enter
the scar, initiating a reentrant circuit and ventricular tachycardia (VT). Based on this
understanding, three conceptual approaches can be devised to prevent post-infarction
reentrant VT (Figure 3). These include: 1) eliminating the presence of slowly-conducting
pathways within the infarct (as done for example by radiofrequency catheter ablation
(O'Donnell et al., 2002)); 2) improving the conduction properties of the infarct borderzone;
and 3) increasing or homogenizing refractoriness at the abnormal substrate area, thereby
rendering this path incapable of supporting reentry. The result of enhancing conduction
velocity (CV, measured in mm/ms) or prolonging the tissue's refractory period (RP,
measured in ms) is an increase in a parameter termed the tissue wavelength (y), which is the
product of CV x RP. The wavelength (measured in mm) represents the minimal tissue path
that can support and maintain reentry. Thus, any intervention that will increase the
wavelength will decrease the likelihood for reentrant ventricular arrhythmias, while
conditions that will reduce wavelength (decreasing CV or RP) will increase the probability
for such arrhythmias.

In general, conduction velocity can be influenced by interventions affecting the inherent
excitability of the myocytes and specifically of the AP upstroke velocity (mediated by
membrane ion channels such as sodium channels), the degree of cell-to-cell coupling
(mediated by gap junction conduction and fibrosis) and the structural properties of the
tissue. The refractory period of the tissue is governed by factors that affect AP
repolarization, and can be influenced by altering the balance between outward repolarizing
currents (potassium channels) and inward currents (sodium and calcium currents) during this
period.
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2.3.4. Increasing Conduction Velocity—Unfortunately, there are no clinically
approved or effective pharmacological strategies that can improve myocardial conduction.
However, compounds are being developed to augment gap junction function. One such
compound, Rotigaptide (ZP123), was shown to reduce atrial fibrillation vulnerability in a
canine model. (Guerra et al., 2006) While its method of action on gap junctions (thought to
involve modulation of gap junction phosphorylation) is not completely understood, some
studies have also demonstrated a ventricular antiarrhythmic effect, albeit primarily in animal
models associated with active ischemia. (Hennan et al., 2006; Li et al., 2011)

In depolarized myocardial infarct borderzones, the cardiac sodium channel is largely
inactivated. (Pu and Boyden, 1997) This reduction in sodium current density leads to a
lower AP upstroke velocity (Vmax) and consequentially to slow conduction, which may
precipitate the development of reentrant VT. In an initial attempt to overcome this cellular
dysfunction, Lau et al. tested the hypothesis that myocardial excitability and conduction
velocity could be improved and reentrant arrhythmias prevented by introduction of a sodium
channel with activity at the relatively depolarized resting membrane potential found in
damaged myocytes. (Lau et al., 2009) The investigators delivered the skeletal muscle
sodium channel isoform, SKM1, which has a more positive voltage-dependence of
inactivation than the cardiac variant (SCN5A), to the epicardial borderzone of a canine
chronic infarct model using adenovirus. Epicardial mapping, programmed electrical
stimulation, and microelectrode recordings demonstrated that overexpression of the SkM1
channel increased Vnax Of the AP, improved conduction velocity, and suppressed VT
inducibility when compared to control animals. (Lau et al., 2009) An alternative gene
delivery strategy focuses on improving cell-to-cell coupling between cardiomyocytes in the
infarct borderzone through overexpression of the major gap junction protein connexin43
(Cx43). To this end, Greener et al. compared the effects of intracoronary adenoviral delivery
of the Cx43 transgene (AdCx43) to the infarcted area in a pig model of post-infarction VT
to treatment with control vector (Adpgal), or no gene transfer. (Greener et al., 2012) The
animals receiving AdCx43 had less electrogram fractionation and faster conduction velocity
in the anterior-septal borderzone and a significant reduction in the inducibility for VT.

Finally, while the majority of gene transfer strategies aiming to modify electrophysiological
function have directly overexpressed the gene of interest, recent studies have also attempted
to affect regulators of translation such as microRNAs. For example, Yang and colleagues
(YYang et al., 2007) noted an increase in miR-1 after myocardial infarction in both rats and
humans that was associated with suppression of Cx43 expression (resulting in slowing of
conduction) and Kir2.1 expression (potassium channel responsible for the resting membrane
potential-maintaining current IK1). By blocking miR-1 activity with specific antagomirs in
the rat model, the authors could enhance conduction velocity and hyperpolarize the resting
membrane potential and eventually suppress arrhythmia vulnerability.

Clinical translation of the exciting approaches described above has to overcome, however,
some of the limitations associated with gene therapy, including the possible inflammatory
response to viral vectors and the presence of neutralizing antibodies, the relatively transient
transgene expression achieved by some vectors (adenoviral gene delivery systems), and
unpredictable levels of transgene expression within the tissue. An alternative approach that
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can overcome some of the shortcomings of gene therapy may be the use of genetically
modified cell grafts, which can be initially transfected ex vivo to express different ion
channels or gap junction modulators and then transplanted to the in vivo heart. The general
hypothesis is that the engineered non-myocyte cells (such as fibroblasts) would couple with
host cardiomyocytes and influence the local myocardial electrophysiological properties
(suppressing or augmenting excitability based on the type of channel expressed) via
electrotonic interactions. To evaluate the potential of this strategy to improve conduction,
Hofshi et al. established “molecular conducting-cables” by genetically modifying HEK cells
to express the SCN5A-encoded sodium channel. (Hofshi et al., 2011) In this proof-of-
concept co-culture study, SCN5A-expressing HEK cells were able to functionally couple
with cultured cardiomyocytes and bridge conduction in an in vitro model of conduction
block. A more recent study demonstrated that this effect can be recapitulated in a three-
dimensional tissue-engineered model and that the effect may even be amplified by utilizing
engineered cells that express not only sodium channels but also Kir2.1 potassium channels
(to lower the resting membrane potential and thereby increase the amplitude of the resulting
sodium current) as well as Cx43 to increase gap junction coupling. (Kirkton and Bursac,
2011)

One potential caveat in using the gene therapy and combined gene and cell therapy
strategies described above is the inability to externally control the function of the cells once
genetically modified. A potentially elegant strategy to add external control on the
modulation of excitability is the use of optogenetics. Optogenetics, using light to activate
specific light-sensitive proteins, has revolutionized neuroscience by enabling activation or
suppression of neural circuits both in vitro and in vivo with high spatial and temporal
precision. (Boyden et al., 2005) The most widely used protein has been
Channelorhodopsin-2 (ChR2), a non-selective light-sensitive cationic channel initially
identified in the green-alga Chlamydomonas. (Nagel et al., 2003) More recently, the same
strategy was transferred to the cardiac field where it was demonstrated that light activation
of ChR2 overexpressed in cardiomyocytes can be used to pace the heart both in vitro and in
vivo. (Bruegmann et al., 2010; Nussinovitch and Gepstein, 2015a) The ability to alter
ventricular conduction using optogenetics was recently described, where AAV delivery of
ChR2 to multiple sites in the rat ventricle combined with multisite illumination allowed the
investigators to synchronize and shorten global ventricular activation time in an
optogenetics-based implementation of cardiac resynchronization therapy (CRT).
(Nussinavitch and Gepstein, 2015a) The same multisite optogenetics approach could
theoretically be used to synchronize conduction within the infarct borderzone. The
feasibility of this approach was recently demonstrated in an in vitro model of slow
conduction and conduction block where diffuse illumination could restore synchronized
electrical activity in the model. (Nussinovitch et al., 2014)

2.3.5. Prolonging Refractoriness—The most effective anti-arrhythmic drugs are those

that block potassium channels and thus increase APD and refractoriness. Surprisingly these

drugs were not associated with a survival benefit in post-infarction patients, probably due to
their global cardiac action and significant pro-arrhythmic effects. Gene and cell therapies, in
contrast, may have the potential to achieve the desired effect only at the area of interest,
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increasing the chances of therapeutic success while limiting potential side effects. The idea
behind these strategies is to increase the probability of disrupting reentry at the treated areas
by causing the activation wavefront to meet refractory tissues.

An elegant gene therapy approach to prolong refractoriness at the infarct borderzone was
described by the Donahue group. (Sasano et al., 2006) This group hypothesized that
overexpression of a transgene encoding for a dominant-negative mutation in the pore region
of the KCNH2/HERG channel (KCNH2-G628S) would lead to loss of the IKr current in
infected cardiomyocytes, leading to AP prolongation and prolongation of the refractory
period. Impressively, adenoviral delivery of the KCNH2-G628S transgene to the infarcted
area completely abolished the ability to induce VT in a reproducible pig model of post-Ml
VT. Interestingly, this gene therapy strategy was superior (potentially because of the
resulting complete loss of IKr) to the results obtained in the same animal model through
pharmacological blockade of the same KCNH2 potassium-channel with the antiarrhythmic
drug dofetilide: the drug-treated animals still had inducible VTs and also developed
proarrhythmic events, not seen in the gene therapy group.

To evaluate the alternative approach of using genetically modified cell-grafts to extend
refractoriness, Feld et al. transfected fibroblasts to express the voltage-gated potassium
channel Kv1.3. (Feld et al., 2002) In contrast to the dominant-negative approach described
above, in which the aim was to prolong APD and RP by suppressing repolarizing potassium
currents, Feld aimed paradoxically to augment potassium currents using a channel with
unique biophysical properties. The Kv1.3 channel and specifically its mutated form
H4031W are characterized by rapid inactivation on one hand and a prolonged tail current on
the other hand. (Marom and Levitan, 1994) The hypothesis was that the engineered cells
would prolong the refractory period in the coupled host cardiomyocytes through
hyperpolarizing electrotonic currents acting at the immediate post-repolarization phase
(early diastolic period), and would therefore prevent the initiation of a new action-potential
(AP) during this period. Detailed computer modeling, (Feld et al., 2002) in vitro (co-
culture), (Feld et al., 2002) and in vivo (Yankelson et al., 2008) studies in small and large
animals demonstrated the validity of this concept by showing the development of localized
conduction blocks or extension of the RP at the site of cell grafting, which were reversible
upon the application of a specific Kv1.3 blocker.

A somewhat different approach attempts not to extend the RP at the infarct borderzone but
rather to functionally completely dissociate the slow conducting tissue within the scar from
the rest of the ventricle. For example, Kizana et al. employed a gene transfer strategy to
suppress local gap junction communication using lentiviral vectors encoding for Cx43
internal loop mutants. (Kizana et al., 2007) In an in vitro model, gap junction dye transfer
studies and optical mapping experiments provided evidence for localized uncoupling at the
sites of gene transfer. Optogenetics may also offer an alternative approach to silencing
localized electrical activity through external control using light-sensitive proteins that induce
hyperpolarizing currents. To test the feasibility of this concept Nussinovitch et al. generated
cell grafts that express the light-sensitive proton pump Archorhodopsin. (Nussinovitch and
Gepstein, 2015b) Activation of these cells by light in cardiomyocyte co-culture resulted in
targeted localized suppression of the electrical activity. If the same concepts could be
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transferred to the in vivo setting, the ability to functionally isolate the slow conducting areas
may prevent or terminate VT.

3. Ablation of Atrial Fibrillation

Atrial fibrillation (AF) affects more than 30 million individuals worldwide and is increasing
in prevalence, particularly in Western countries with aging populations. (Andrade et al.,
2014a; Chugh et al., 2014; Lloyd-Jones et al., 2004) A diagnosis of AF is associated with a
doubling in all-cause mortality, a five-fold increase in stroke, an accelerated development of
heart failure, and a substantially poorer quality of life. (McManus et al., 2012) Treatment
options for AF include pharmacologic therapy, electric cardioversion, and ablation, which
attempts to electrically isolate ectopic foci of electrical activity and/or interrupt aberrant
conduction pathways by destroying myocardium using radiofrequency energy (RF ablation),
freeze injury (cryoablation), or other techniques. Although ablation was initially reserved for
severe cases of AF that did not respond to other approaches, the success of ablation relative
to other options in preventing AF recurrence has led to a rapid increase in its use across the
spectrum of AF patients. (Santangeli et al., 2014; Wright and Narayan, 2015) While AF
ablation can in many cases restore normal conduction patterns, reducing the risk of stroke
and other complications, there is emerging evidence that ablation can significantly impair
long-term atrial mechanical function (Cochet et al., 2014) and induce other complications
such as asymptomatic cerebral embolism. (Haines, 2013) Accordingly, the question of how
to balance trade-offs between the risks and benefits when deciding when to perform ablation
and how much damage to induce in individual patients is an important topic of active
research and discussion.

3.1. Rationale for AF Ablation Procedures

There are two main strategies for the electrical management of AF, rhythm control and rate
control. Several studies have shown non-inferiority of rhythm control compared to rate
control in terms of survival benefit, (Carlsson et al., 2003; Hohnloser et al., 2000; Van
Gelder et al., 2002; Wyse et al., 2002) and thus rhythm control is only indicated for patients
who suffer from symptoms of AF, or those who cannot receive adequate rate control and
suffer from tachycardia induced cardiomyopathy. (January et al., 2014) One of the potential
reasons that rhythm control has not demonstrated superiority to rate control strategies is the
ineffective and often unsafe nature of currently available anti-arrhythmic medications, which
at best maintain sinus rhythm for 1 year in 50% of patients, and are associated with an
increase in mortality. (Lafuente-Lafuente et al., 2007) When interrogating only patients who
have achieved and maintained sinus rhythm, post-hoc analyses of rhythm vs. rate control
strategies have shown a consistent pattern of improvement in quality of life measures.
(Guédon-Moreau et al., 2010; Singh et al., 2006) In the PIAF and HOT CAFE trials for
example, 6-minute walk times and maximal treadmill workloads were increased. (Hohnloser
et al., 2000; Opolski et al., 2004) In the Canadian Trial of Atrial Fibrillation, quality of life
measures were significantly improved at 3 months from baseline in patients who achieved
sinus rhythm. (Dorian and Mangat, 2003) Thus, invasive catheter ablation has emerged as an
alternate approach to achieving durable rhythm control.
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A major target for AF ablation has been the pulmonary veins, which generate ectopic beats
that are frequent triggers for atrial fibrillation. These can be directly targeted and ablated
with some long-term success. (Haissaguerre et al., 1998) The procedure has evolved to
target the proximal insertion points of the pulmonary veins to the left atrium (pulmonary
vein isolation, PVI), with ongoing and rapid improvements in catheter and mapping
technologies. However, this procedure predominantly targets and treats AF triggers, and
thus has demonstrated the greatest benefit in patients with paroxysmal AF of short duration,
absence of cardiac structural disease and comorbidities, and without signs of atrial
remodeling such as dilatation or fibrosis. (Bhargava et al., 2009; Chang et al., 2007; Gaita et
al., 2008; Medi et al., 2011; Ouyang et al., 2010; Pappone et al., 2003; Tzou et al., 2010)
While AF invariably begins as isolated short-lived episodes (“paroxysmal” AF), each
paroxysm accelerates atrial remodeling, thereby promoting longer-lasting “persistent” AF
(i.e. “AF begets AF”). (Anné et al., 2007; Wijffels et al., 1995) In an effort to target the
underlying substrate, many other ablation strategies have evolved, including the ablation of
complex fractionated atrial electrograms (CFAES), ablation of cardiac autonomic nerves,
creating linear lesions that connect anatomical substrates, atrial debulking to reduce the
amount of electrically viable atrial tissue, and mapping and ablation of cardiac rotors.
(Earley and Schilling, 2006; Miller et al., 2014; Narayan et al., 2014)

3.2. Evolution of Electrical Properties Following AF Ablation

AF is associated with structural and electrophysiologic remodeling in a time-dependent
process of adaptation. These changes can occur at the ionic and genomic level within 30
minutes, at the cellular level within 1 week, and at the cellular and extracellular matrix level
over one month. (Casaclang-Verzosa et al., 2008) The result is a spectrum of adaptive and
maladaptive processes including hypertrophy, necrosis, and apoptosis, as well as changes in
the composition of the extracellular matrix, energy production, hormone regulation and ion
channels. All of these have structural and functional consequences to the heart, many of
which increase its propensity to develop and sustain AF. (Kojodjojo et al., 2007) There are
many well described changes to the electrical system after the onset of episodes of AF,
including shortening of the effective refractory period, shortening of the action potential
duration, reductions in atrial conduction and maximum diastolic potential, and sympathetic
hyperinnervation. (Everett et al., 2006, 2000; Mary-Rabine et al., 1983; Miyauchi et al.,
2003; Morillo et al., 1995; Solti et al., 1989) Some of these changes can regress after
restoration of sinus rhythm, as demonstrated by a gradual prolongation of the atrial effective
refractory period and its rate adaptation after cardioversion, while others such as conduction
velocity may not. (Yu et al., 1999) The hope of any strategy in a progressive disease such as
AF would be to modify its course and reverse its trajectory.

Some evidence indicates that patients indeed demonstrate a reversal of the maladaptive
electrophysiologic changes associated with AF after ablation. Case studies have
demonstrated an increase in the voltages measured in the left atrium, and a corresponding
decrease in the amount of low voltage areas typically associated with slowed conduction and
reentry, after successful PVI, (Lo et al., 2006) but overall the evidence for beneficial
electrical remodeling is limited and large studies are lacking. There is also a risk that the
ablation will in fact promote arrhythmias by introducing heterogeneity in conduction
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velocities, incomplete lines predisposing to macroreentrant rhythms, and an increase in scar
burden with the consequent risk of increased microreentrant rhythms. In animal models,
ablation of ganglionated plexi is associated with an increase in the atrial effective refractory
period in the short term, however in the long term nerve densities and the atrial effective
refractory period returned to pre-ablation levels by 6 months. Interestingly, AF was more
inducible in the treatment group compared to the control group at 6 and 12 months. (Wang
et al., 2015) A second study targeting the epicardial ganglionated plexi in dogs similarly
showed an increase in atrial arrhythmias, which was attributed to an overall decrease in the
atrial effective refractory period and hyper-reinnervation of both the sympathetic and
parasympathetic nerves. (Mao et al., 2014) By contrast, the sinus node seems to have the
capability to remodel electrically after AF ablation, and has shown the potential to improve
to normal function. Patients with pathophysiologic sinus pauses on termination of AF that
underwent PVI demonstrated an improvement in mean, max and range of heart rate and a
decrease in the time it takes for the sinus node to recover from overdrive suppression.
(Hocini et al., 2003)

3.3. Evolution of Mechanical Properties Following AF Ablation

Surprisingly little is known about mechanical properties of human atrial tissue, and even less
about how those properties change following ablation. Bellini and colleagues performed
biaxial mechanical testing on porcine (Bellini and Di Martino, 2012) and human (Bellini et
al., 2013) atrial tissue. They found that atrial tissue displays the nonlinear stress-strain
behavior typical of most soft tissues in the body and is mechanically anisotropic (having
different resistance to stretch in different directions). This anisotropy complicates
interpretation of measures generated by ultrasound techniques such as shear-wave
elastography and acoustic radiation force imaging. Nevertheless, multiple groups have now
shown that deformability as indexed by these techniques drops immediately following RF
ablation in vivo. (Bahnson et al., 2014; Kwiecinski et al., 2014) Interestingly, this shear
stiffness is quite stable from 2-30 minutes after ablation in the center of the lesion, while the
stiffness of adjacent myocardium increases more slowly; (Eyerly et al., 2015) Eyerly et al.
suggested that the immediate response may reflect changes in tissue properties due to
thermal damage, while the slower response in adjacent tissue reflects edema. (Eyerly et al.,
2015) Less is known about the evolution of mechanical properties beyond the first few
minutes post-ablation, other than the fact that scar tissue forms in damaged regions and is
presumably stiffer than the surrounding myocardium.

The passive and active mechanical properties of the atrial myocardium are only two of the
determinants of overall atrial function; atrial size, hemodynamic coupling to the pulmonary
circulation and left ventricle, and physical interactions with surrounding structures in the
chest are also important factors. (Moyer et al., 2015) Normally, the left atrium gradually fills
with blood during LV systole, empties passively following mitral valve opening, reaches
diastasis — during which blood flows from the pulmonary veins into the LV but atrial
volume remains constant — and then contracts (“active emptying™) just prior to LV
contraction. In young healthy subjects, active emptying plays a relatively minor role,
accounting for just 20-25% of total emptying. (Alhogbani et al., 2010; Spencer et al., 2001)
However, reliance on active emptying increases with age, accounting for 55% of emptying
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by age 60-70, (Alhogbani et al., 2010; Spencer et al., 2001) while the contribution from
passive emptying decreases reciprocally. (Boyd et al., 2011) Reliance on active emptying
may be even higher in AF patients; it contributed 61% of total emptying in a recent study of
paroxysmal AF patients who were imaged in normal sinus rhythm immediately prior to AF
ablation. (Moyer et al., 2015)

The effects of ablation on overall atrial function reflect a balance among three competing
factors. First, during fibrillation active function is lost and passive filling/emptying are
compromised; thus, function in patients with permanent/persistent AF who are successfully
treated can only improve. Second, AF atria are typically enlarged, and this dilation imposes
a mechanical disadvantage on the myocardium; thus, any reverse remodeling due to
treatment should also augment atrial function. However, the third factor is that ablation
destroys atrial myocardium and replaces it with scar tissue, which has the potential to disrupt
both passive and active function. Possibly due to the different balance of these effects in
different patient populations and ablation procedures, there is significant variability in the
reported effects of ablation on atrial mechanical function. In patients with mild disease
(“lone AF”), Donal reported reduced size and improved passive compliance and active
contractility 1 year following successful ablation. (Donal et al., 2010) In a mixed population
of patients with persistent and paroxysmal AF, Thomas found reduced atrial size in patients
who remained in sinus rhythm 1 year following ablation, but these atria remained larger and
achieved less active emptying than in control subjects. (Thomas et al., 2003) In a meta-
analysis of 869 patients with a range of severities of AF, Jeevanantham concluded that
patients without recurrence had a small but significant reduction in LA size with no
significant change in atrial EF. (Jeevanantham et al., 2010) A more recent meta-analysis of
25 studies using echocardiography, cardiac CT and cardiac MR in 2040 patients with
paroxysmal and persistent AF found similar overall trends (lower LA diameter and volumes
without a change in EF); however, left atrial ejection fraction decreased significantly in
patients with paroxysmal AF. (Xiong et al., 2015) Focusing on the most severe end of the
disease spectrum, Cochet recently reported long-term followup (>5 years) of patients with
persistent AF who required >2 procedures on average; in these patients, active emptying was
strongly and negatively correlated with both the cumulative duration of RF pulses used in
the ablation procedures and the amount of scar quantified from contrast-enhanced MRI.
(Cochet et al., 2014)

3.4. Making Better Post-Ablation Scar

Ablation is now a mainstay treatment for patients with atrial fibrillation, but two aspects
remain ripe for improvement. First, electrical pathways that are interrupted during the
procedure often re-connect during recovery, leading to AF recurrence. Second, the
destruction of myocardium during the procedure can impair subsequent mechanical
function. More aggressive ablation patterns that target larger regions of the atrium may solve
the first problem (electrical re-connection), but at the expense of exacerbating the second
(impaired mechanics). Accordingly, some of the most exciting emerging therapies offer the
possibility of circumventing this electrical-mechanical tradeoff by producing smaller, denser
lesions that better interrupt conduction; designing novel lesion patterns that balance
electrical and mechanical effects; or even locally altering the electrical properties of atrial
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myocytes without perturbing their mechanical function. Examples of these approaches are
presented below.

3.4.1. Preventing Re-connection—The principle underlying ablative arrhythmia
surgery is the creation of conduction block via endocardial or epicardial lesion sets that are
continuous, linear, and transmural. Incomplete lesion sets can lead to recurrence, but can
also be proarrhythmic by creating areas of slow conduction and diseased myocardium that
have the potential to perpetuate re-entrant arrhythmias, or initiate focal tachycardias. For
paroxysmal AF, the most important factor driving recurrence rates post-ablation is PV
reconnection, and thus there has been a significant effort to improve ablation technology to
create permanent and complete lesions. (Nishida et al., 2014) Technological improvements
in the 1980s included replacing direct current radiofrequency (RF) ablation with continuous-
wave unmodulated RF energy. RF creates tissue destruction through resistive heating of
tissues to temperatures >50 degrees Celsius. (Andrade et al., 2014b) Many technologic
improvements followed, including the use of active electrode cooling with continuous
irrigation, and irrigated RF ablation has for some time been the standard of care for ablation
of arrhythmias in the systemic circulation (such as AF and VT). (Macle et al., 2002) One of
the most important determinants for lesion size, depth and durability is contact, which until
recently has been gauged by several surrogate measures. The most recent innovation in RF
ablation technology, the contact-sensing force catheter, allows for real time quantitative
feedback and has been shown to improve procedural and outcome measures as well as safety
profiles. (Neuzil et al., 2013; Reddy et al., 2012) However, there are remaining limitations to
RF ablation, and thus novel energy sources have been sought.

Cryoablation was in fact the first alternative to the surgical dissection of arrhythmic
substrates in the 1970s, and it now represents the most promising of the novel ablation
energy sources for the treatment of AF. Cryothermal ablation induces both direct cellular
damage secondary to hypothermia, and ischemic necrosis through its effects on the
microcirculation. (Skanes et al., 2002) Experiments in ventricular tissue suggest that
cryoablation produces dense homogeneous fibrosis that is generally nonarrhythmogenic,
while preserving the underlying extracellular matrix and tensile strength. (Klein et al., 1979)
Head-to-head trials of the dominant cryotherapy delivery system (the second-generation
balloon) compared to contact-sensing force irrigated RF ablation catheters have generally
shown similar results in terms of procedural safety and clinical anti-arrhythmic efficacy.
(Jourda et al., 2015) Most recently, the use of adenosine to reveal viable but temporarily
nonconducting tissue, which has been damaged by ablation but not destroyed (dormant
conduction), has shown benefit in helping electrophysiologists further target areas at high
risk of reconnection. (Macle et al., 2015)

3.4.2. Functional Ablation—As discussed above, extensive atrial ablation, while
potentially preventing or reducing atrial fibrillation burden, may negatively impact the
mechanical properties of the left atrium due to a combination of 1) significant loss of atrial
tissue by the ablation lesions and 2) alteration of contraction pattern of the left atrium and
electromechanical isolation of some atrial regions. A possible approach to limiting this
mechanical impairment is to utilize some of the innovative cell and gene therapy strategies
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described above for treatment of post-MI VT to perform functional (rather than destructive)
atrial ablation. One attractive approach is to use the localized gene therapy or combined cell-
gene therapy strategies described in section 2.3.5 to modulate cellular potassium currents
and extend local atrial refractoriness. The functional lesions generated would act as a low-
pass filter, blocking rapid electrical activity during atrial fibrillation and preventing
conduction of premature atrial beats. In contrast, at slow physiological rates (sinus rhythm)
conduction would proceed without alteration, resulting in a physiological activation of the
left atrium with potentially improved mechanical performance relative to ablation strategies.

In order to prolong local atrial APD and refractoriness, a number of investigators have
attempted to reduce outward potassium currents through local gene delivery. In a similar
manner to their work in the left ventricle, the Donahue group utilized the unique properties
of the KCNH2-G628S mutant channel, a dominant-negative mutation that blocks within the
ion channel pore region to suppress the IKr current. (Kikuchi et al., 2005) Using a focal
atrial painting strategy, the authors were able to deliver the Ad.KCNH2-G628s virus to the
atrial tissue of a pig model with pacemaker induced atrial fibrillation. (Kikuchi et al., 2005)
Monophasic action potential (MAP) recordings demonstrated significant APD prolongation
at the sites of transgene delivery. Importantly, global delivery of the transgene suppressed
atrial fibrillation in this model. Using a different concept to prolong atrial APD, Burton et al.
used naked DNA plasmids for focal atrial delivery of the human MIRP1-Q9E mutant
transgene driven by a clarithromycin inducible promoter. (Burton et al., 2003) The MIRP1-
Q9E mutations are known to cause long QT syndrome due to the effects of the mutated
accessory potassium subunit on decreasing delayed rectifier currents. Clarithromycin
administration produced site-specific prolongation of atrial MAPs. Beyond the ability to
prolong atrial RP, this study also demonstrated the feasibility of external control (by a drug)
on modulation of atrial electrical activity.

3.4.3. Reducing Mechanical Dysfunction—During AF ablation procedures, the
clinician chooses a pattern of lesions based on both the overall experience of the cardiac
electrophysiology (EP) community with various approaches and patient-specific information
such as electrical mapping data acquired during the procedure. Much of the discussion of the
various potential ablation patterns has centered on their electrical efficacy; however, as
reviewed above, it now seems likely that more aggressive ablation approaches that generate
more scar also impair long-term mechanical function relative to less aggressive approaches.
Thus, there appears to be a broad tradeoff between the electrical benefits and mechanical
detriments of more aggressive ablation lesions. There is active discussion in the EP
community about this tradeoff and the merits of procedures that induce more or less damage.
Here, we raise the possibility that emerging data on regional function in the left atrium
might provide another way to address electrical-mechanical tradeoffs: design lesion patterns
that target regions that contribute less to mechanical function while sparing those that
contribute more.

Recent data show that regional function in the left atrium is remarkably heterogeneous in
both normal subjects and patients with AF who are imaged in sinus rhythm. Moyer et al.
measured regional EF from cine-MRI and reported values ranging from nearly 40% in the
inferior and lateral walls to approximately 20% in the posterior wall in healthy subjects;
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(Moyer et al., 2013) in patients with paroxysmal AF imaged in sinus rhythm prior to a
scheduled ablation procedure, regional EF was depressed in all regions but remained highest
in the inferior and lateral walls. Kuklik reported very similar findings in a separate MRI
study: decreased mechanical function in patients with paroxysmal AF compared to controls,
and significantly higher mechanical function of the anterior, septal and lateral regions as
opposed to roof and posterior regions in both groups. (Kuklik et al., 2014) Speckle-tracking
ultrasound gives similar values for strain in these regions, confirming regional variability in
atrial function. (Vianna-Pinton et al., 2009)

These observations raise the possibility that ablation lesions in some regions will impair
mechanical function much more than ablation in others. Following this reasoning, Kuklik et
al suggested that ablation in lateral, anterior and septal regions should be minimized since
these regions move the most in both normal and paroxysmal AF atria. (Kuklik et al., 2014)
Recently, Moyer et al. used a finite-element model of the left atrium to quantitatively
evaluate the potential influence of the extent vs. location of ablation scar on atrial function
(Figure 4). Starting with a model of the human left atrium validated against both invasive
pressure-volume and non-invasive regional wall motion data, (Moyer et al., 2015) Moyer
simulated distributions of scar in locations typical of standard pulmonary vein isolation
(PV1) and wide area circumferential ablation (WACA) procedures. They assumed that scar
material properties are similar to those of infarct scar, and varied the total scar volume by
simply increasing or decreasing the width of the rings of simulated scar. They found that
chamber compliance, total emptying, and active emptying all decrease with scar volume.
(Moyer, 2013) In addition, they found that even at matched total scar volumes, WACA
disrupted atrial function more than PVI, because it had a greater effect on the inferolateral
wall of the atrium, where regional motion is normally greatest (Figure 4). Providing some
support to these model results, Nori et al. reported that both total stroke volume and lateral
wall radial excursion were decreased following ablation in paroxysmal AF patients. (Nori et
al., 2009) The Moyer model reflects only the mechanical impact of ablation; however,
together with recent state-of-the-art models of the electrophysiology of atrial fibrillation,
these results suggest the intriguing possibility that models incorporating both electrical and
mechanical consequences of ablation could be used to design novel lesion sets that optimize
the balance of electrical benefits relative to functional impairment.

4. Conclusions

It is clear from the evidence reviewed here that appropriate modification of scar properties
has the potential to improve mechanical and electrical function of the left ventricle following
MI and the left atrium in patients with AF; there is much exciting work in progress in this
area, and much more remains to be done. In the Introduction, we posed scar modification as
a potential alternative to regenerative approaches such as stem cell therapy, but in fact even
successful regenerative approaches (discussed elsewhere in this special issue) may require
scar modification as an adjunct or prologue. For example, data reviewed in Section 2.3.2
suggest that controlling scar anisotropy can improve LV function, but controlling ECM
alignment may also be essential prior to regenerating myocytes, since the ECM orientation
is likely to determine the orientation of the regenerating myocytes and thereby their efficacy
in contributing useful mechanical work and propagating electrical signals. Similarly, while
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human pluripotent stem cell-derived myocytes have been shown to electrically couple with
host cardiac cells, (Chong et al., 2014; Gepstein et al., 2010; Halbach et al., 2013; Kehat et
al., 2004; Rubart et al., 2003; Shiba et al., 2012) this coupling could be either anti- or
proarrhythmogenic. Engraftment of regenerated cardiomyocytes could facilitate the
emergence of reentrant ventricular arrhythmias by generation of new slow conduction
channels within the scar, or could reduce the chances of arrhythmia if sufficient regeneration
and coupling occur to significantly improving conduction. The proarrhythmogenic risk
associated with poor coupling of engrafted cells was already reported in the case of skeletal
myoblast transplantation, (Gepstein et al., 2010; Roell et al., 2007) and contributed to the
failure of this approach in clinical trials. (Menasché et al., 2003) Similar questions remain
about the electrophysiological effects of reprogramming, wherein fibroblasts in the scar area
could be converted into induced cardiomyocyte-like cells through ectopic expression of
cardiac transcription factors (such as Gata4, Mef2c and Thx5, GMT combination). (Qian et
al., 2012; Song et al., 2012) Interestingly, while in the mouse (Roell et al., 2007) and guinea
pig (Shiba et al., 2012) infarct models cardiomyocyte transplantation was associated with
improved conduction and prevention of arrhythmias, the same strategy led to a transient
episodes of VTs in a non-human primate model. (Chong et al., 2014) Thus, therapeutic
modulation of electrical properties in remaining scar tissue may prove an important adjunct
to various approaches to regeneration. We conclude that scar modification holds substantial
potential for the future, both as a stand-alone approach and as an adjunct to surgical,
pharmacologic, and regenerative therapies.
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Figure 1.
Ilustration of differences in collagen content and alignment in histologic sections cut

parallel to the epicardial surface at approximately 50% transmural depth in different
experimental models and imaged under polarized light (Unpublished images of scars from
studies by Fomovsky, (Fomovsky and Holmes, 2010) Holmes, (Holmes et al., 1997) and
Clarke (Clarke et al., 2015)). A Rat, 3 weeks after ligation of the LAD. B Dog, 8 weeks after
ligation of the left anterior descending (LAD) coronary artery. C Pig, 3 weeks after ligation
of a branch of the left circumflex (LCx) coronary artery.
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Figure 2.
Impact of infarct anisotropy on LV function. A Image of a finite-element model of the

infarcted canine heart employed by Fomovsky et al. (Fomovsky et al., 2011) to study the
effect of anisotropy. B Contour plot of predicted stroke volume (SV) shows that
isotropically increasing both circumferential and longitudinal stiffness (dotted diagonal line)
provided little improvement in SV at matched EDP and ESP compared to acute ischemia
(solid red circle). By contrast, selectively stiffening the infarct in the longitudinal direction
substantially increased SV (green circle). C Surgically reinforcing large, acute anteroapical
infarcts in only the longitudinal direction confirmed the model predictions: ischemia (filled
red circles) shifted the cardiac output curve down and to the right as expected, while
longitudinal reinforcement (open green circles) restored about 50% of the functional deficit.
(Fomovsky et al., 2012a)
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Novel Strategies to prevent post-Ml
Ventricular Tachycardia

Enhance Conduction Velocity:
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Figure 3.
Mechanisms and novel strategies to prevent post-infarction re-entrant ventricular

tachycardia (VT). The infarct borderzone consists of islands of viable myocytes (dotted
blue) interspersed with collagenous scar tissue (blue). Healthy tissue outside the infarct is
shown in red. Note that the reentrant VT circuits (identified by arrows) depend on the
presence of slow conduction within the scar. Novel strategies to prevent/eliminate post Ml
can be grouped into interventions that augment conduction, prolong refractoriness, or induce
functional ablation.
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Figure 4.
Effect of pattern and location of simulated ablation scar on wall motion and chamber

compliance during passive filling in a finite-element model of the human left atrium.
(Moyer, 2013) A Located of simulated scar for pulmonary vein isolation (PVI, top) and
wide area circumferential ablation (WACA, bottom) lesion sets; PV lesion width was
artificially increased to match total WACA scar volume. B Across a range of simulated
lesions, chamber compliance dropped with scar volume; however even at matched scar
volumes, WACA impaired function more than PVI. C Maps showing the change in regional
wall motion due to ablation highlight the detrimental effects of WACA in the inferolateral
wall (circled region).
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