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of cardiac rhythm: Toward shock-free ambulatory
cardioversion of atrial fibrillation. J Intern Med.
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Atrial fibrillation (AF) is the most prevalent car-
diac arrhythmia, progressive in nature, and known
to have a negative impact on mortality, morbidity,
and quality of life. Patients requiring acute termi-
nation of AF to restore sinus rhythm are subjected
to electrical cardioversion, which requires sedation
and therefore hospitalization due to pain result-
ing from the electrical shocks. However, consid-
ering the progressive nature of AF and its detri-
mental effects, there is a clear need for acute out-
of-hospital (i.e., ambulatory) cardioversion of AF.
In the search for shock-free cardioversion meth-
ods to realize such ambulatory therapy, a method
referred to as optogenetics has been put forward.
Optogenetics enables optical control over the elec-
trical activity of cardiomyocytes by targeted expres-
sion of light-activated ion channels or pumps and

may therefore serve as a means for cardioversion.
First proof-of-principle for such light-induced car-
dioversion came from in vitro studies, proving opto-
genetic AF termination to be very effective. Later,
these results were confirmed in various rodent
models of AF using different transgenes, illumi-
nation methods, and protocols, whereas computa-
tional studies in the human heart provided addi-
tional translational insight. Based on these results
and fueled by recent advances in molecular biol-
ogy, gene therapy, and optoelectronic engineer-
ing, a basis is now being formed to explore clin-
ical translations of optoelectronic control of car-
diac rhythm. In this review, we discuss the cur-
rent literature regarding optogenetic cardioversion
of AF to restore normal rhythm in a shock-free
manner. Moreover, key translational steps will be
discussed, both from a biological and technologi-
cal point of view, to outline a path toward realizing
acute shock-free ambulatory termination of AF.

Keywords: atrial fibrillation, cardiology, cardiover-
sion, engineering, optogenetics, treatments

Introduction

Human life requires adequate blood circulation,
which is maintained through rhythmic contrac-
tions of the heart. Such contractions are trig-
gered by electrical impulses propagated across
the cardiac syncytium in a highly coordinated
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fashion. These waves are the result of electri-
cal currents produced by cardiomyocytes. At the
plasma membrane of these excitable cells, a reper-
toire of voltage-gated ion channels is expressed,
the opening and closing of which lead to ion
fluxes that cause depolarization and subsequent
repolarization of cardiomyocytes. Collectively, this
process results in the generation of the cardiac
action potential. This electrical impulse is rapidly
propagated across cardiac tissue via intercellu-
lar connections, called gap junctions, leading to
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Ca®*-induced Ca®*-releases followed by coordi-
nated contraction of the heart. Disturbances in
the genesis or spreading of action potentials can
induce cardiac arrhythmias. These arrhythmias
are a large and growing problem worldwide, with
high annual mortality and morbidity rates, and sig-
nificant health care costs [1]. The most common
cardiac arrhythmia is atrial fibrillation (AF), which
affects 2%-3% of people worldwide, and the num-
ber of AF patients is quickly rising due to the over-
all aging of the population [2, 3]. AF is, despite all
our efforts, still associated with an increased risk
of all-cause mortality, cardiovascular mortality,
ischemic stroke, ischemic heart disease, sudden
cardiac death, and heart failure [4]. The substan-
tial clinical, social, and economic burdens imposed
by cardiac arrhythmias illustrate the current chal-
lenges in the management of heart rhythm disor-
ders in general and in the treatment of AF in par-
ticular.

The present mainstays of arrhythmia treatment are
antiarrhythmic drugs, cardiac ablation, and elec-
trical cardioversion. All these treatment options
have their own shortcomings and as a result
are far from optimal regarding efficacy and appli-
cability, despite their undisputed contribution
to the improvement of arrhythmia management
over the last few decades. Currently, electrical
cardioversion—which involves application of high-
voltage shocks to rapidly restore normal heart
rhythm—is the best treatment option for patients
in need of acute termination of AF [5]. This is
especially true for the increasing number of AF
patients experiencing drug-resistant and symp-
tomatic AF recurrences, even after multiple abla-
tion procedures. However, this procedure needs to
be performed in the hospital as it requires sedation
before electric cardioversion can be applied. Hence,
despite being effective, this intervention adds to
continuously increasing hospital workload and
health care costs. Moreover, as electrical cardiover-
sion usually only offers a temporary solution due to
the high recurrence rate of AF, repetition of the pro-
cedure is often required. In this context, it is impor-
tant to realize that AF duration is inversely related
to the success rate of maintaining sinus rhythm
by cardioversion. This finding, but also the detri-
mental effects of AF itself, points toward the neces-
sity of early intervention to restore sinus rhythm
[6]. This notion has received much attention lately
because of new trials indicating beneficial effects
of early cardioversion. However, even before this
insight took hold, ambulatory cardioversion of

AF was pursued by the clinical application of
implantable atrial cardioverter-defibrillators, also
known as atrioverters [7]. Although these devices
proved to be safe and effective for the out-of-
hospital electrical cardioversion of AF, their use
was discontinued because of patients’ intolerance
to the repeated delivery of the painful electroshocks
[8]. Thus, the acceptance by patients of the car-
dioversion procedure is a crucial parameter to con-
sider in the conception of an acute ambulatory
method for AF termination. Ideally, termination of
AF is realized without the patients even noticing
it, which requires the mode of termination to be
at least pain-free and therefore electrical shock
free.

Knowing that the traumatizing electrical shocks
required for cardioversion are the culprit in realiz-
ing device therapy for AF, other methods for manip-
ulating the electrical behavior of myocardial tissue
to terminate arrhythmias have been explored
[9-12]. One of these concerns the expression of
light-activated ion channels or pumps in cardiomy-
ocytes to gain optical control over their electrical
behavior. This method is known as optogenetics.
Its application has resulted not only in break-
through progress in the field of neuroscience by
revealing structure—function relationships in the
brain but has also paved the way for new avenues
of cardiovascular research, including investiga-
tions into acute shock-free termination of cardiac
arrhythmias. Such optogenetic rhythm control
has first been demonstrated in cell culture models
of AF, revealing that brief illumination of opto-
genetically modified neonatal rat atrial myocytes
(NRAMs) indeed resulted in acute termination
of reentrant electrical activity to restore normal
wave propagation [13-15]. A few years later, these
results were confirmed in mouse and rat models of
AF [9, 16], setting the stage for more translational
studies into exploring optogenetic rhythm control
as a potential basis for future ambulatory AF
cardioversion. Importantly, concurrent with the
development of optogenetics, the field of opto-
electronics has also made huge progress. Recent
advances include, for example, the development of
flexible arrays containing multiple electrodes and
light-emitting diodes (LEDs) for implantation and
miniaturized wireless power transfer (WPT) devices
for LED activation. Collectively, the progress in
the fields of optogenetics and optoelectronics has
created new possibilities for exploring and realizing
acute shock-free termination of AF to restore sinus
rhythm in an ambulatory manner.
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In this paper, we will first discuss the current
treatment options for AF and the lack of ambu-
latory cardioversion for immediate restoration of
sinus rhythm. Next, based on current literature,
optogenetics will be presented as a means to real-
ize such out-of-hospital cardioversion by enabling
optical termination of AF. The second part of this
review will address the biological and technological
challenges ahead of us regarding the translational
steps needed to realize immediate termination of
AF in the ambulatory setting.

Atrial fibrillation: symptoms, progression, and treatment

The current medical guidelines recognize five dif-
ferent types of AF: first diagnosed, paroxysmal,
persistent, long-standing persistent, and perma-
nent AF [5]. A patient is first diagnosed, indepen-
dently of the features of the arrhythmia, once an
electrocardiogram (ECG) of AF is recorded. AF is
classified as paroxysmal when it terminates spon-
taneously or with intervention within 7 days of
onset, persistent if it lasts more than 7 days but
less than 1 year, and long-standing persistent
when it continues for at least 12 months. Once
treatment is no longer effective in long-standing
persistent AF patients, the arrhythmia is classified
as permanent AF [5].

AF affects over 60 million people worldwide, and
its prevalence is expected to increase, primarily
due to the aging of the population [2, 17]. More-
over, AF is associated with the development of
heart failure, an increased mortality risk, embolic
stroke, cognitive decline, depression and an over-
all decreased quality of life [18-20]. Additionally,
AF is associated with environmental and genetic
risk factors (including common and rare genetic
variants), which in some cases can lead to its early
onset [2, 21, 22]. Hence, AF can be considered a
multifactorial disorder involving different patho-
physiological mechanisms, making its effective
treatment for large patient groups a challenging
endeavor [23, 24].

This notion is indeed reflected in daily clinical
practice. Decision-making regarding the thera-
peutic approaches requires a careful evaluation
of the risk of stroke, severity of symptoms, the
type of AF, the characteristics of the AF trigger
and substrate, existing comorbidities, and cardio-
vascular risk factors [5]. The different treatment
options include pharmacological rhythm or rate
control, cryoballoon or radiofrequency catheter

ablation, and—in specific cases—invasive surgical
approaches including different versions of the
so-called maze procedure [5]. Despite all these
treatment options, a substantial group of patients
is left with symptomatic and therapy-resistant AF
[25, 26]. These patients can be subjected to elec-
trical cardioversion, which is successful in almost
every patient but does not prevent recurrence
of AF [27, 28]. To painlessly apply the electrical
shocks, patients must first be sedated and there-
fore hospitalized. This results in high costs and
adds strain and stress to patients, while leaving
them exposed to AF longer than desired [29].

This latter notion may be important given the fact
that AF is a progressive disorder, a feature which
is aptly described by the expression “AF begets
AF.” The worsening of AF is thought to be due
to structural, metabolic, and electrical remod-
eling of the atria [30-32]. In terms of structural
remodeling, fibrosis and fatty tissue infiltration are
known to be the main pro-arrhythmic substrates
worsening the course of AF [32, 33]. Both have
been proven to facilitate reentry circuits driving AF
and to have an impact on cardiomyocyte electro-
physiology through direct heterocellular contacts
and paracrine crosstalk [34, 35]. Moreover, atrial
myocytes undergo AF stage-specific changes in
substrate utilization for ATP production. A study
by Barth et al. showed atria from patients with
permanent AF to adopt a ventricular- and fetal-like
gene expression profile accompanied by transcrip-
tional downregulation of genes involved in fatty
acid oxidation and concomitant upregulation
of genes with a function in glucose catabolism
[36]. The electrical remodeling that occurs in AF
includes a shortening of the cardiomyocyte’s action
potential and a decrease in absolute and effective
refractory periods, which are thought to be medi-
ated by rate-induced intracellular Ca?* overload
[37]. The quivering of the atria during AF causes
loss of the so-called atrial “kick” and a subsequent
reduction in cardiac output, which may be further
reduced by AF-induced irregular and/or high-rate
ventricular contractions [38]. As a consequence,
AF may contribute to the development or worsen-
ing of heart failure. Similarly, heart failure may
promote or exacerbate AF in different ways, includ-
ing by the elevation of cardiac filling pressures,
dysregulation of intracellular Ca?* handling, and
autonomic and neuroendocrine dysfunction [39].
Taken together, the progressive nature of AF
emphasizes the importance of realizing ambula-
tory methods for AF cardioversion to prevent, halt,
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and possibly even reverse the various types of
remodeling favoring AF. Accumulating clinical evi-
dence indeed indicates that early rhythm control
in AF may have beneficial effects [6, 40].

As already briefly mentioned above, an interna-
tional consortium attempted to treat AF using an
implantable atrial defibrillator or atrioverter. The
study included patients with recurrent AF who
did not respond adequately to pharmacotherapy.
The first stage of this study was carried out in
the hospital and was aimed at evaluating the effi-
cacy of the atrioverter in the termination of AF.
The device was able to terminate 96% of 227
spontaneous AF episodes in a total number of
41 patients. Nevertheless, in 27% of these AF
episodes involving 21 of the 41 patients, early
recurrence of the arrhythmia was observed [41].
The efficacy of the atrioverter in ambulatory set-
tings was first shown in four patients, which led
to a restoration of sinus rhythm for 66 out of 85
AF episodes (78%), whereas the remaining 19 AF
episodes were subsequently terminated inhospital
using the device [42]. The safety of the atrioverter
was evaluated in six patients with an increased
risk of developing ventricular arrhythmias. These
patients, who collectively received more than 350
electroshocks from the device, did not develop ven-
tricular arrhythmias or any other complication of
the new therapy [43]. The use of the atrioverter
was shown to be beneficial in the treatment of
AF, as both the occurrence of spontaneous AF
events and the risk of developing episodes requir-
ing pharmacotherapy decreased. The authors also
noticed a decrease in the duration of long-lasting
AF episodes [44]. Despite its clear beneficial effects,
the use of the atrioverter was discontinued as the
frequent arrhythmia recurrence requiring repeated
painful cardioversion shocks was not tolerated by
the patients [8, 42].

Optogenetic rhythm control for shock-free acute AF
termination

For acute ambulatory cardioversion of AF to be
realized in patients, the method to terminate
AF should be pain-free. AF termination should
therefore not rely on high-voltage shocks but on a
different method to manipulate cardiac electrical
activity. One method that has proven to be able
to realize acute termination of AF in a shock-free
manner is optogenetics. This method concerns the
expression of light-sensitive proteins to control a
particular biological function by illumination of the

targeted cells. One of the first applications of opto-
genetics involved the expression of light-gated ion
channels to gain optical control over the membrane
potential of neurons and therefore over their elec-
trical activity with unprecedented precision and
spatiotemporal resolution. In subsequent studies,
other cell types, including cardiomyocytes, were
optogenetically modified to control their electrical
activity [45]. Currently, both light-gated ion chan-
nels and light-activated ion pumps are used to
steer the activity of excitable cells. These so-called
optotools are originally derived from microbial
opsins [46]. The light sensitivity of optotools stems
from the covalent bonding between an opsin and
a retinal chromophore, a complex which is often
referred to as rhodopsin. Upon light stimulation,
the opsin-bound all-trans-—retinal photoisomerizes
into 13-cis retinal. This initiates a series of confor-
mational changes, which leads to channel opening
or pump activation allowing ion flow. The direction
of the ion flow is determined by the properties of
the optotool and the membrane potential of the
target cell. Light exposure can thus either elicit a
depolarizing or repolarizing photocurrent in opto-
genetically modified cardiomyocytes. Depending
on the extent of the optically controlled shift in
membrane potential, cardiomyocyte excitation
can be partly or fully inhibited for the duration of
illumination. This allows the use of optogenetics
to interrupt reentrant circuits such as the ones
occurring in atrial tachyarrhythmias, thereby
terminating the arrhythmic activity to restore nor-
mal heart rhythm. Unlike conventional electrical
methods, optogenetics offers the possibility to
gain control over cellular electrical activity in a
cell type-specific manner. This can be achieved
by using cell type-specific promotors to drive
optogene transcription. As a result, the optotool
will only be expressed in the intended target cells,
such as cardiomyocytes in case of the heart. In
the context of cardioversion, this strategy prevents
excitation of neurons and skeletal muscle cells
and thereby avoids the pain caused by collateral
activation of non-cardiomyocytes during electrical
shock treatment. Other potential advantages of
optical cardioversion include the absence of tissue
damage caused by high-voltage shocks [47], but
also the ability to target specific regions and to
activate areas that would respond poorly to elec-
trical stimulation due to structural heterogeneities
(e.g., fibrofatty infiltrates) typically found in atria
prone to fibrillation. Future research should point
out whether and to what extent these advantages
can indeed be realized via optogenetic rhythm
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Fig. 1 Effective light-induced rotor termination by optogenetics in neonatal rat atrial myocyte (NRAM) monolayers. Panels
A-D illustrate the termination of an electrical burst pacing-induced spiral wave in CatCh-expressing NRAM monolayers [13].
(A) Optical voltage mapping signals of an NRAM monolayer expressing enhanced yellow fluorescent protein (eYFP)-tagged
CatCh or (B) eYFP (negative control sample) showing successful rotor termination only in the CatCh group after illumination
using a 500 ms light pulse at an intensity of 0.038 mW/mm?Z. (C) Typical activation maps of successful optogenetic reentry
termination in a monolayer of CatCh-transduced NRAMs (top panels) but not in the control monolayer expressing eYFP
(bottom panels). (D) Bar graph representing the percentage of successful reentry terminations in both experimental groups.

a.u., arbitrary units; LV, lentiviral vector.

control. Earlier research in cardiac cell cultures
and rodent hearts, however, already revealed some
of the favorable features of optical arrhythmia
termination [9, 13, 14, 16].

In vitro optogenetic termination of atrial arrhythmias

The feasibility of optogenetic termination of reen-
trant cardiac electrical activity was first demon-
strated by Bingen et al. In this study, it was shown
that stable reentrant circuits could be terminated
effectively and repeatedly in monolayers of NRAMs
expressing CatCh (a Chlamydomonas reinhardtii
channelrhodopsin 2 [ChR2] variant displaying
increased Ca?" permeability) by applying 500 ms
light pulses (Fig. 1A-D) [13]. Feola et al. subse-
quently showed that a narrow line of illumination
connecting the rotor core with an unexcitable

boundary suffices to terminate reentrant waves
in monolayers of CatCh-expressing NRAMs [14].
Finally, Majumder et al. provided experimental
evidence on the feasibility of spatiotemporal con-
trol of spiral waves by targeting the core region of
the rotor. They showed that core manipulation by
dynamic patterned illumination allows attraction,
anchoring, and dragging of spiral waves along
predefined trajectories and could be used to annul
spiral waves by directing them to non-excitable
boundaries or to spiral waves of opposite chi-
rality [15]. Alongside the proof of concept that
cardiac arrhythmias could be terminated by light,
the abovementioned optogenetic in vitro studies
also yielded fundamental insights into cardiac
arrhythmia mechanisms by exploiting the unique
features of optogenetics. In favor of translational
studies toward potential clinical exploration of
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optogenetic termination of AF, more relevant 3D
in vitro models of the diseased human atria are
required in order to provide in-depth insight into
the demands regarding optotool, transgene deliv-
ery, light source, and illumination pattern for safe
and effective optical cardioversion.

In vivo optogenetic termination of atrial arrhythmia

The feasibility of optogenetic AF termination in
whole hearts was first studied by Bruegmann
et al. using transgenic mice carrying an AF-
promoting connexin 40 mutation and expressing
ChR2 mutant H134R (ChR2-H134R) throughout
the body [16]. In their study, atrial flutter or fibril-
lation was induced in Langendorff-perfused hearts,
after which the hearts were subjected to 470 nm
light pulses of 1 s and 0.4 mW/mm? covering
100 mm? of the epicardial surface of both atria.
This resulted in termination rates of the atrial
arrhythmias of 91% and 98% for the ChR2-H134R-
positive hearts and of 13% and 25% for the ChR2-
H134R-negative hearts after delivery of one and
two light pulses, respectively (Fig. 2A). The authors
further showed that AF could be terminated in
vivo by shining 470 nm light of the same duration
and intensity as in their ex vivo experiment onto
the atria in open chest experiments (Fig. 2B). The
authors also addressed another important transla-
tional feature—namely, optogenetic termination of
atrial arrhythmias after systemic adeno-associated
virus (AAV) vector-mediated ChR2-H134R gene
delivery to wildtype CD1 mice. To this end, the
hearts were explanted at 6-8 months post trans-
duction and exposed to blue light pulses after AF
induction. Illumination (1 s, 5 mW/mm?, 100 mm?)
of the epicardium of both atria terminated AF
with an average efficacy of 74.7% + 9.1% in AAV-
treated hearts as opposed to 24.7% £ 5.9% in
untransduced hearts, whereas the spontaneous
AF termination rate in illuminated ChR2-H134R-
expressing hearts was 9.1% + 3.8%.

To further explore the possible clinical application
of optogenetics for AF management, Nyns et al.
published a study in which optogenetic termina-
tion of AF was realized by combining several key
translational aspects [9]. First, they optimized a
technique called “gene painting,” consisting of
applying viral vector particles directly onto the
atria. This local transduction method—which was
pioneered by Kikuchi et al. using adenovirus vector
particles [48]—significantly reduces the number of
vector particles needed to genetically modify the

target tissue in comparison to systemic delivery
methods. It also avoids their body-wide spread,
which is preferred from a safety point of view. By
“painting” AAV vectors to deliver red-activatable
channelrhodopsin (ReaChR) driven by a strong
atrial myocyte-specific promoter (derived from
human natriuretic peptide A; [NPPA|] gene) onto
the right atrial surface of Wistar rats, Nyns et al.
reached a cardiomyocyte transduction rate of
~80% in the right atrium (Fig. 2C). Importantly,
no cardiac electrophysiological abnormalities
were observed in rats that had been “painted”
compared to control animals. Sustained atrial
tachyarrhythmia episodes (>10 s) were induced by
high frequency burst electrical pacing of the atria
combined with the administration of carbachol
(4 uM ex vivo, 50 ug/kgin vivo). The resulting atrial
flutter and fibrillation episodes could be effectively
terminated by shining blue (i.e., 470 nm) light
onto the right atria both ex vivo and in vivo. As
previously shown by Bruegmann et al., the efficacy
of atrial arrhythmia termination was influenced
by the size of the area of illumination as well as by
the duration and intensity of the light pulses. As
expected, lower light intensities led to lower termi-
nation rates, which could be increased by applying
two or three light pulses. After thoracotomy and in
situ illumination of the atrial surface with an exter-
nal light source, Nyns et al. achieved optogenetic
termination rates of 94% for AF events and 100%
for atrial flutter episodes. To further explore the
clinical applicability of optogenetics in the context
of AF, Nyns et al. performed optogenetic termina-
tion experiments in closed-chest conditions using
an implanted light source, the activation of which
relied on computer-driven automatic detection of
AF. In these experiments, the implanted 470-nm
LED device was combined with a reflector cup to
illuminate a surface of ~28 mm? at 3.5 mW/mm?
(Fig. 2D). This device was implanted in the inside
of the thoracic wall facing the anterior wall of the
right atrium without directly touching the heart
(Fig. 2E). Once implanted, it was connected to
a heart rate monitor, enabling atrial arrhythmia
detection by a custom-made algorithm based on
PR and RR interval irregularities in body surface
ECGs (Fig. 2F). Of note, atrial flutter was not
detected by this algorithm due to its inherent
regularity. AF detection was followed by a prepro-
gramed delay of 10 s before delivery of a 500 ms
light pulse to ensure that AF was sustained. This
resulted in a 96% success rate of optogenetic
termination of AF episodes (Fig. 2G). Through
these experiments, the authors demonstrated that

6  © 2023 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
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Fig. 2 In vivo termination of atrial arrhythmias. In vivo use of optogenetics for restoration of sinus rhythm in mice (panel A
and B) and rats (panel C-G) with induced atrial arrhythmias [9, 16]. (A) Atrial fibrillation (AF) termination rates after applying
1-4 blue light pulses (1 s, 0.4 mW/mm?, 100 mm?) to 10 ChR2-H134R-positive hearts (blue circles; n= 101 episodes) and
6 ChR2-H134R-negative hearts (gray triangles, n = 114 episodes). (B) Electrocardiogram (ECG) (top) and endocardial atrial
electrogram (bottom) showing optogenetic AF cardioversion in vivo in a ChR2-H134R(+/*) /Cx40-A96S"/~) mouse. AF was
induced by high-frequency electrical stimulation (red bar) and terminated by a blue light pulse (blue bar). (C) Representative
immunohistological staining of a longitudinal section of a rat heart after “gene painting” with an adeno-associated virus (AAV)
vector encoding a red-activatable channelrhodopsin (ReaChR)~citrine fusion protein. Citrine (green) and cardiac troponin I
(red) staining show transgene expression specifically in the right atrium. (D) Schematic view of the implantable light-emitting
diode (LED) assembly. The surgical suture is shown to illustrate the fixation method. (E) Photograph of activated LED implant
after surgical closure of the thoracic wall, muscle layers, and skin of an optogenetically modified rat. The electrical wires
entering the wound drive the pacing electrode and LED. (F) Schematic diagram of the automated hybrid bioelectronic system
consisting of the optogenetically modified right atrium (green) and a cardiac rhythm monitor. The input of the cardiac rhythm
monitor consists of analog body surface ECG signals that are automatically analyzed for rhythm anomalies. Upon detection
of sustained AF, an output signal is generated, switching on the implanted LED device for 500 ms. (G) Representative body
surface ECG traces showing three consecutive events of successful automated in vivo closed-chest detection and termination
of AF by the hybrid bioelectronic system. Upon detection of AF by the custom-made algorithm and expiration of a programed
10 s delay, the 470 nm LED implant is activated for 500 ms at 3.5 mW/mm? (blue boxes) resulting in autogenous termination
of AF and subsequent restoration of sinus rhythm. Inserts highlight (1) regular sinus rhythm before optical termination of
AF, (2) rapid and irregular atrial activity during AF, and (3) regular sinus rhythm after the third of three consecutive and
successful attempts of optical AF termination. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.
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termination of AF and subsequent restoration of
sinus rhythm could be achieved in a shock-free
and automated manner by a hybrid bioelectronic
system. These experiments were performed in
unconscious animals, so future steps should aim
at answering whether and how such a system
could be applied in ambulatory settings.

Preparing for optogenetic termination of atrial
arrhythmias in humans

Optogenetics has been shown to be effective in
terminating atrial arrhythmias in cell culture and
small animal models. Its further development into
a therapy for humans will depend on transla-
tional studies into the requirements for effective
and safe optogenetic AF termination in patients.
These studies should, for example, identify the
region(s) of the (human) heart where the optogenet-
ically induced shift in membrane potential needs to
be generated for optimal optogenetic termination
of AF, as this will determine both the optogene and
light delivery strategy. Moreover, previous research
showed that the magnitude of the shift in mem-
brane potentials correlates with the light penetra-
tion through the myocardium and with the light
sensitivity and expression level of a given optotool.
Hence, considering and studying all these parame-
ters is indispensable for a successful translation
of optogenetics toward possible AF treatment in
humans.

In order to study the feasibility of optogenetic
AF termination in humans, Boyle et al. used
patient-derived electrophysiological in silico mod-
els of fibrotic human atria reconstructed from late
gadolinium-enhanced magnetic resonance imag-
ing scans [49]. In three different models, ChR2-
H134R expression was simulated in ~60% of atrial
myocytes, and the efficacy of AF termination was
assessed by comparing the effect of uniform light
exposure of the atria with that of targeted illumi-
nation of the “critical isthmus” of the atrial tach-
yarrhythmia. The critical isthmus was identified
by an automated, noninvasive flow-network anal-
ysis of activation patterns in patient-specific sim-
ulations. Illumination of the critical isthmus for
longer than one cycle length of the arrhythmia
resulted in much higher termination success rates
(up to 100% with a 1000 ms light pulse) and
required drastically less input power than global
atrial light exposure. In a more recent in silico
study from the same research group, the Guillar-
dia theta anion channelrhodopsin (GtACR1) was

shown to efficiently terminate AF in pathologically
remodeled human atria at much lower light inten-
sities than ChR2-H134R [50].

Nyns et al. recently studied light transmittance
through tissue slices of left atrial appendages
from patients [51]. In this study, the authors
also showed that 567 nm light at an intensity
of 0.5 mW/mm? was enough to fully activate
ReaChR in optogenetically modified rat atrial tis-
sue (Fig. 3A-C). Based on these results, applying
a light intensity of 5 mW/mm? on the epicardial
surface of the atria would be sufficient to fully acti-
vate the optotool in the deepest layer of the human
atrial wall, which thickness is estimated at 2-
2.5 mm. By successfully performing transthoracic
optogenetic cardioversion of induced AF events in
rats, the authors provided additional evidence for
the feasibility of transmural optogenetic cardiover-
sion of AF in humans. Collectively, these findings
suggest that existing optotools and optoelectronic
technologies may already be sufficient for transmu-
ral optogenetic control of atrial electrical activity in
humans, thereby potentially counteracting AF.

The use of subthreshold illumination has also
emerged as a potential strategy for optogenetic
termination of cardiac arrhythmias. Subthreshold
illumination consists in applying light pulses below
the light intensity threshold needed for excitation
of the optogenetically modified myocardium. Vir-
tual and real experiments in adult mice models,
together with an in silico study by Karathanos
et al. using a computational model of a left human
atrium with short QT syndrome, suggest that sub-
threshold illumination could potentially lead to
atrial arrhythmia termination by prolonging the
action potential duration and reducing the con-
duction velocity [52-54]. If these findings hold true
for large AF animal models and AF patients, such
a strategy could reduce the energy consumption
required for optogenetic AF termination. However,
care should be taken not to promote arrhythmias
via such light pulses of low intensity [55].

A next step toward clinical exploration of optoge-
netic AF termination entails the optogenetic mod-
ification of human atrial slices. This may reveal
whether and how this tissue can be optogeneti-
cally modified to gain optical control over its elec-
trical activity and to restore normal heart rhythm
after its artificial disturbance. Furthermore, addi-
tional in silico research could be performed to sim-
ulate different myocardial pathological alterations

8  © 2023 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.

Journal of Internal Medicine, 2023, 0; 1-20

95UBD 17 SUOWWID dANER.D) 3|ceatdde ay) Aq peuseAob afe Sajo1Le YO ‘38N JO S3|NJ J0J ARIq1T BUIUO AB]1M UO (SUONIPUOD-PUE-SLLLIBY W0 AS |1 AReig)1BUIUO//:SO1Y) SUONIPUOD PUe SWIB | 84} 885 *[£202/TT/62] U0 AfeiqiTaunuo A8 ‘Lea AseAN ea1yoe L AQ 17/ €T WIOlTTTT OT/I0p/wW00 A8 |1 Afeiq1|Buljuo//Sdiy WOy papeojumoq ‘0 ‘96/259€T



JIM Optoelectronic control of cardiac rhythm / V. Portero et al.

(a) (b)
T
3
§ -20-
2
§ 40 I ’ o
s ?
o 60 .
c #y
s -
E -80 T 1
= 0.0 0.5 1.0

Light intensity (mwlmmz)

0 0
-1 0.2
0.4
06

: 10.8

(mm)
L OGN

& |

Light transmittance (%)
(=23
o

5
-4 32414901 2 3 4 4 32101
(mm) (mm)

100 Transmittance R? = 0.87492 ; p= 1.4249

0 0.5 1 15 2 25
Tissue thickness (mm)

o

e

Lumen = £
04 =

Myocardial wall s
06 §

¢

108 3

(T

49 » b | 5 -
2 3 4 4 321012 3 4
(mm)

Fig. 3 Myocardial light penetration and optogenetic response. Evaluation of the light requirements for full optotool activa-
tion in human atria (A-C) and in silico comparison of myocardial penetration of light of different wavelengths (D-F) [51,
59]. (A) Average plateau potentials in red-activatable channelrhodopsin (ReaChR)-expressing atrial tissue of aged rats mea-
sured at the end of a 1 s lime (565 nm) light pulse of various intensities. The membrane potential depolarization saturates
at 0.5 mW/mm? light intensity. (B) Tissue slices of left atrial appendage from an atrial fibrillation (AF) patient cut with a
vibratome for light penetration measurements. (C) Measurements of 565 nm light penetrance in human atrial tissue sam-
ples of 0.5, 1, 1.5, and 2 mm. Experimental data were fitted to a monoexponential decay function. (D-F) Computational
simulations of propagation of 470 nm (D), 567 nm (E), and 617 nm (F) light through rat myocardium.

such as fibrosis, hypertrophy, and adipose tissue
infiltration in order to study the light penetration
properties associated with specific tissue compo-
sitions and organizations. The outcome of these
simulations could provide insight into how light
wavelength, intensity, and pattern can be tailored
for a particular atrial condition in favor of optimiz-
ing optogenetic AF termination efficacy and energy
consumption.

Biological challenges to accomplish acute ambulatory AF
termination by optogenetics

Optogenetics presents unique advantages for real-
izing shock-free termination of AF in an ambu-
latory manner. Nevertheless, several biological
obstacles need to be overcome before optogenetic
rhythm control can be considered ready for clini-
cal exploration. First, additional research is needed
regarding the desired optotool properties, including
its light sensitivity, on- and off-kinetics, desensi-
tization rate, ion conductances, intracellular traf-
ficking, toxicity, and immunogenicity.

In addition, in terms of transgene delivery, it
should become clear how to realize stable, long-
term transgene expression at the target site in an
effective and safe manner. These challenges will
now be discussed in more detail, as well as several
lines of research aimed at overcoming them.

Optotools

To ensure effective optogenetic AF cardioversion,
an optotool should have various characteristics
including high light sensitivity, low-to-absent cel-
lular toxicity, and electrophysiological properties
compatible with human cardiac electrophysiology
in general and AF termination in particular.

In order to produce the desired electrophysio-
logical effect in cardiomyocytes, a light-activated
ion channel or pump needs to be expressed at
the sarcolemma. As most optotools originate
from microbial organisms, they lack mammalian
plasma membrane targeting signals and may
encounter folding problems in mammalian cells.

© 2023 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on hehalf of Association for Publication of The Journal of Internal Medicine. 9
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Unmodified optotools are therefore often rather
poorly expressed at the plasma membrane of
mammalian cells and have the tendency to accu-
mulate in compartments of the secretory pathway
and/or to form intracellular aggregates. Misfold-
ing, aggregation, and intracellular accumulation
of microbial opsins can cause cellular toxicity. It
is therefore important to thoroughly investigate
the impact of their (over)expression on the via-
bility and function of cardiomyocytes. Likewise,
the intracellular distribution of optotools in car-
diomyocytes needs to be studied and optimized
if necessary. To improve transport to the plasma
membrane of neurons, microbial opsins have been
equipped with trafficking signals derived from
the inward rectifier K™ channel Kir2.1, which
in many cases resulted in stronger optogenetic
responses [56]. Whether these trafficking signals
also improve the expression of microbial opsins
at the plasma membrane of cardiomyocytes has
not yet been systematically investigated. Another
aspect that requires careful consideration from a
functional point of view is the impact of an opto-
tool on the intracellular ion concentrations. Most
natural channelrhodopsins are nonspecific cation
channels conducting a variety of different cations
including protons. Due to their very high relative
permeability for protons, they can acidify cells and
thereby alter cellular behavior [57]. This problem
can be tackled by using channelrhodopsins with
low proton conductivity [58]. Channelrhodopsin
activation may also lead to intracellular Ca?*
overload. This is especially true for light-gated
cation channels with high Ca?* conductance
such as CatCh, which after prolonged overexpres-
sion caused severe cytotoxicity in NRAMs (our
unpublished results). As opposed to channel-
rhodopsins, light-activated outward proton pumps
alkalize cells, which may also negatively affect
cardiomyocyte function.

As discussed above, the absorption spectrum of
an optotool is also an important feature to take
into account because longer wavelengths in the
visible part of the electromagnetic spectrum pen-
etrate cardiac tissue better than shorter wave-
lengths [59]. Accordingly, optotools that are best
activated by red light can modulate electrical activ-
ity at larger tissue depths than those requir-
ing green or blue light for maximum excitation.
This has resulted in the identification and engi-
neering of rhodopsins with redshifted activation
spectra, including ReachR [60], Chrimson(R) [61],
and ChRmine [62], and mutants of these proteins

[63-65], to meet the requirements of particular
optogenetic applications. In a recent study, the
use of the ultralight-sensitive channelrhodopsin
ChRmine allowed transthoracic optical pacing of
mouse hearts [66].

Other desirable properties of light-gated cation
channels for optogenetic termination of atrial
arrhythmias include the ability to produce large
plateau currents, relatively fast off-kinetics to allow
a quick return to sinus rhythm after arrhyth-
mia termination, and no or weak inactivation
upon prolonged illumination or repetitive stimula-
tion. The last issue relates to the fact that chan-
nelrhodopsins reach maximal current amplitudes
when the activating light pulse is delivered after a
sufficiently long dark period, which allows them to
accumulate in the dark-adapted state. As a con-
sequence, repetitive light stimulation of channel-
rhodopsins at frequencies relevant to the heart
results in decreased current amplitudes [67]. The
use-dependence of optotools is therefore a cru-
cial parameter to consider, particularly for patients
requiring frequent optogenetic interventions. In a
recent study, Ordég et al. compared the perfor-
mance of four different optotools in neonatal rat
myocytes [68]. The findings of this elaborate study
provide a framework for selecting the most suit-
able optotool to terminate arrhythmias. As the total
photocurrent produced by an optogenetically mod-
ified cell is a function of the unitary conductance
of the optotool, its expression level, and the exist-
ing ion gradients, these factors also have to be
taken into account in opsin selection for terminat-
ing atrial flutters and AF.

Optotool expression

Another challenge in the context of optogenetics
is to force the expression of a particular optotool
in the target cells. Cardiomyocytes are known to
be highly resistant to physical or chemical trans-
fection methods. Viral vector-based gene deliv-
ery, on the other hand, has been proven efficient
both for in vitro and in vivo cardiac applications
[69]. Lentiviral vectors (LVs) are able to trans-
duce most proliferative as well as non-proliferative
mammalian cell types, providing long-term trans-
gene expression by stable integration of the vec-
tor DNA into the host cell genome, and possess a
broad cell tropism and host range. LVs are rou-
tinely used in vitro for the transduction of primary
and pluripotent stem cell-derived cardiomyocytes
[70, 71]. The use of LVs is currently limited for

10 © 2023 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
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cardiac in vivo applications primarily due to their
poor ability to transduce adult cardiomyocytes
in vivo and their limited spread in myocardium
[72]. Adenoviral vectors (AdVs) derived from human
adenovirus serotype 5 can very well transduce
postmitotic mammalian cells, including cardiomy-
ocytes of rodents, pigs, nonhuman primates, and
humans [73, 74]. Transgene expression from the
AdV genome is inherently transient due to its epi-
somal nature, and first- and second-generation
AdVs still contain adenoviral genes, expression of
which has potential cytotoxic effects in the host
cell and triggers a strong inflammatory response
in vivo. This problem can be (partially) overcome by
the use of third-generation AdVs, which are com-
pletely devoid of adenoviral genes, and as an addi-
tional advantage of accommodating up to 37 kb of
foreign DNA [75]. Despite their drawbacks, AdVs
are one of the most commonly used gene deliv-
ery vectors in cardiovascular gene therapy clin-
ical trials [73, 76]. An alternative to AdVs for
in vivo transduction of (human) cardiomyocytes
is the AAV-based gene therapy vectors [77]. AAV
vectors have been approved as vehicles in gene
therapy products for clinical use, and they are
the vector of choice in an increasing number
of clinical trials [78]. AAV vectors are based on
a human nonpathogenic virus and do not pos-
sess viral genes. The AAV vector genome persists
long-term in nondividing cells such as cardiomy-
ocytes mainly as episomal monomeric and concate-
meric circles. Therefore, unlike LVs, AAV vectors
carry little risk of insertional mutagenesis due to
their predominant non-integrating behavior [79].
Because AAV vectors penetrate compact tissues
such as the myocardium wall rather well, they
can mediate widespread transgene expression in
the heart. Moreover, the engineering of cardiotropic
AAV vectors with reduced liver tropism has allowed
efficient myocardial transduction by systemic
vector administration [80-82].

Although AdVs and AAVs are currently the best
options to express a transgene in cardiac tis-
sue, both these episomal vector systems cannot
avoid transgene loss due to cell death or cell
division. The latter cause of transgene loss may
be of limited relevance to the human heart given
the low cardiomyocyte replacement rate [83].
However, as the data on cardiomyocyte renewal
in humans are based on radiocarbon dating in
healthy individuals, cardiomyocyte turnover/loss
may be higher in diseased hearts. To bypass
the problem of transient transgene expression,

optotool-encoding transposons or homologous
recombination-mediated knock-in technologies
could be further explored for the heart [84, 85]. The
latter approach would allow targeted integration of
the optogene in a specific region (a “safe haven”) of
the host genome, decreasing the risk of deleterious
effects due to random integration of vector DNA.

The delivery method of viral vectors to the heart
represents another critical factor for successful
long-term and stable optogenetic modification
of the myocardium. Systemic injection of AAV
vector particles has been shown to be efficient in
small animals and piglets for cardiac applications.
Nevertheless, such an approach in patients would
require a very large number of vector particles and
is therefore unlikely to be pursued in the near
future given the (prohibitively) high costs of vector
production and the undesired spreading of vectors
beyond the targeted tissue. This situation may
change with the further sophistication of methods
to select/engineer new, highly cell type-specific
AAV capsids [86, 87]. As mentioned above, the
application of viral vector particles directly onto
the epicardial side of the atria through “gene
painting” offers a potential alternative to systemic
injection. This approach has not only been suc-
cessfully applied in rats [9] but also in rabbits
[88] and pigs [89], suggesting that it might also
be used in humans. The downside of this strategy
is that it requires, for now, a mini-thoracotomy
to gain access to the atria. Moreover, the possible
long-term effects of the damage inflicted to the
epicardial mesothelium during the “gene paint-
ing” procedure require further investigation, as
does the possible difference/gradient in trans-
gene expression level between the epicardial and
endocardial site of the atrial wall. Although not
performed in the context of atrial “gene painting,” a
recent study demonstrated that ultrasound-guided
gene delivery by ventricular intramyocardial injec-
tion allowed for optogenetically modifying cardiac
ventricles in rats [90]. This administration method
led to high-enough ReaChR expression in the
ventricles to optogenetically terminate ventricular
fibrillation events and to restore sinus rhythm in
these animals. Such an approach could therefore
also be explored for the local delivery of vector
particles to the atria.

Immune response management

In order to achieve a sustained expression of a
transgene and to ensure the preservation of the
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cardiac tissue itself, it is crucial to minimize gene
therapy-related immune responses. These immune
responses can be directed toward the transgene
product (optotool) or toward the vector capsid and,
in the case of AdVs, also toward the adenoviral
proteins expressed from the vector genome. This
could decrease the transduction efficacy by direct
neutralization of the vector particles or by their
opsonization and subsequent phagocytosis, lysis,
or agglutination. In addition, a cellular immune
response could be triggered toward targeted cells
presenting residual viral components or (parts of)
the transgene product itself.

Although AdVs very efficiently transduce a large
variety of human cell types, first- and second-
generation vectors in particular are known to trig-
ger strong innate and adaptive immune responses,
which limit their suitability for in vivo applications.
The cell-mediated recognition of adenoviral cap-
sid components or nucleic acid molecules occurs
by Toll-like receptors and other pathogen recog-
nition receptors [91-94]. This induces the release
of pro-inflammatory cytokines and chemokines,
inhibits adenovirus replication (by establishing
a global antiviral state), attracts innate immune
cells, and activates cells of the adaptive immune
system to mount protective humoral and cellu-
lar antiviral responses [95, 96]. Moreover, due to
the high prevalence of adenovirus infections among
humans, patients to be treated with AdVs may pos-
sess antibodies directed against adenovirus capsid
components that could limit the efficiency of AdV-
mediated gene transfer [97].

AAV infections are also common among humans
and trigger both innate and adaptive immune
responses [98-100]. As a consequence, many
humans have AAV-neutralizing antibodies, which
can lead to a decreased in vivo transduction effi-
ciency of AAV vectors [101]. Moreover, AAV vectors
induce a large repertoire of innate, humoral,
and cellular antiviral immune responses [101,
102]. The adaptative immune response to AAV-
transduced cells can lead to their clearance, which
in the case of cardiomyocytes would negatively
impact cardiac function. Importantly, presenta-
tion of AAV capsid components at the surface of
transduced cells by class I and II major histo-
compatibility complex proteins is transient due
to the gradual breakdown of the capsid proteins.
Therefore, immune suppression during the period
that AAV vector particles are lingering in the body

should help to dampen the immune response to
the gene therapy.

As microbial opsins are foreign proteins to the
human body, they could induce a cytotoxic T cell
response. This would result in elimination of the
optogenetically modified cells accompanied by a
strong inflammatory reaction inflicting damage to
the heart muscle. In order to prevent such detri-
mental effects, one could administer immunosup-
pressants such as the mTOR inhibitor rapamycin
[9].

However, for clinical translation, the immune
response-related issues most likely require more
advanced solutions. The problem of preexisting
(neutralizing) antibodies directed against the gene
delivery vehicle can be solved by serological screen-
ing of patients and subsequent use of vector
serotypes for which patients are naive. Alter-
natively, viral vector-specific antibodies can be
removed by plasmapheresis or immunoabsorption
[98, 99, 103]. Chemical shielding, encapsulation
into exosomes, or engineering of capsids displaying
low immunogenicity could also help vector parti-
cles to escape antibody recognition. Moreover, due
to the relation between the purity of the vector
dose and the severity of the immune response, it
is important to rigorously purify the vector par-
ticles (e.g., to remove producer cell contaminants
and empty capsids) and to use vector preparations
with a high specific activity (i.e., a low physical par-
ticle to transducing unit ratio).

A major threat for successful application of opto-
gene therapy is the expression of the transgene in
professional antigen-presenting cells (APCs). Sev-
eral strategies can be employed to avoid this from
happening, including the use of viral vectors that
selectively bind to target cells but cannot enter
APCs (i.e., transductional targeting) and the use
of cell type-specific promoters to drive transgene
expression (i.e., transcriptional targeting). Suitable
promoters for cardiomyocyte-restricted transgene
expression can be derived from, among others, the
NPPA [9], TNNT2 [104], MYH6 [90], and CKM gene
[13]. A third option to avoid transgene expression
in APCs is to incorporate recognition sequences for
microRNAs that are expressed in APCs but not in
the target cells in the 3’ untranslated region of the
transgene (i.e., posttranscriptional targeting) [98,
99]. Finally, as the delivery route strongly influ-
ences to which extent vector particles encounter
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APCs, local administration (e.g., through “gene
painting”) is preferable over systemic infusion.

Moreover, various means of immunosuppression
could be employed to overcome immune barri-
ers impeding gene therapy. For example, targeted
blockage of proinflammatory cytokines (e.g., inter-
leukin 1, interleukin 6, and type I interferons),
monoclonal antibodies disrupting the complement
cascade, T-cell co-stimulation blockers, or tran-
sient mTOR inhibition may represent additional
tools to subdue deleterious innate and adaptive
immune responses [99, 103]. Strategies aimed at
inducing immune tolerance could also be used to
prevent immune rejection of optogenetically mod-
ified cells [98, 103]. In this context, it has been
shown that the presentation of an antigen to the
liver can provide tolerance and even abolish preex-
isting immune responses to this antigen [105]. For
a more extensive coverage of this topic and addi-
tional ways to reduce AAV vector-related immunity,
see [98, 99, 103].

In summary, further research is needed in order
to optimize optotools, their myocardial delivery,
and their durable expression for an optimal atrial
arrhythmia termination efficacy. All kinds of phar-
macological and molecular strategies are currently
being pursued and may help to overcome the
remaining biological hurdles for the future clinical
implementations of optogene therapy. Apart from
coping with the biological challenges, realization
of optogenetic cardioversion of AF for long-term
ambulatory application also requires a number of
technological challenges to be dealt with.

Technological challenges to accomplishing acute
ambulatory AF termination by optogenetics

As previously stated, implantable devices have
been proven safe and effective in monitoring and
controlling cardiac rhythm [7, 8]. As a result, we
believe that the generation of an implanted optical
defibrillator (IOD), substituting electrical shocks
with light pulses, could partially rely on the con-
ventional technological design of devices such as
ICDs and the atrioverters.

Although the optogenetic termination of AF has
shown promise in small animal models, imple-
menting this technology for ambulatory use in
humans poses several technological challenges. In
this section, we will address the current obsta-
cles that need to be overcome to develop IODs for

clinical application. These challenges encompass,
among others, atrial arrhythmia detection, efficient
light delivery, biocompatibility, and power supply.
To tackle these issues and pave the way for future
human applications, we will explore potential solu-
tions based on existing technologies and discuss
their feasibility.

Atrial arrhythmia detection

A reliable detection method of atrial arrhythmias is
critical for successful implementation of an auto-
mated ambulatory optogenetic cardioversion sys-
tem of atrial arrhythmias. Conventional atriovert-
ers measure the global electrical cardiac activity
by sensing electrodes located in the same leads
as the electrodes delivering the electrical shock
[106]. For the optical cardioversion approach, the
most efficient way to deliver light is to place
LEDs in direct contact with the epicardium. This
implies that there would be no direct electri-
cal connection between the heart and the device.
Therefore, alternative measurement methods for
atrial arrhythmia detection should be adopted
in the context of IODs. An attractive possibil-
ity would be to overlay the high-density LED
array with a high-density transparent electrode
array for direct epicardial positioning [107]. Such
an integrated system would allow precise spa-
tiotemporal monitoring and modulation of the car-
diac bioelectricity. Recently published array sys-
tems for these purposes could be integrated into
the IOD design [108-110].

Ideally, an IOD should be able to detect all types
of atrial arrhythmias, including AF and flutter
events. Out of the 16 AF detection algorithms
reported from clinical applications, only four can
detect both AF and atrial flutter [111]. This is
because most of the detection algorithms are based
on RR interval variability, whereas atrial flutter
events often present a stable RR interval. Con-
sidering that flutter events could evolve into AF,
it is necessary to design algorithms allowing effi-
cient detection of both AF and flutter [112, 113].
Based on human digital body surface ECG record-
ings, new strategies for atrial arrhythmia detection
involving artificial intelligence (AI) have recently
been developed. These strategies allow the detec-
tion of all atrial arrhythmia subtypes (includ-
ing atrial flutter and AF) at an average accu-
racy close to 95%, whereas an average accuracy
of only 87% was reported for the existing com-
mercial algorithms [111, 114]. Moreover, the use
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of AI allowed the prediction of atrial arrhythmias
before their occurrence at an accuracy of 83.3%
[115]. Additionally, with the development of wear-
able electronics, Al-based detection algorithms
could be trained using different data sources
including but not limited to body surface ECGs,
noise-coupled ECGs, photoplethysmograms, and
mechanical recordings [116-118]. Therefore, Al-
based algorithms provide an attractive option for
the detection of atrial tachyarrhythmias in the con-
text of IOD development. Such an Al method would
have to be specifically trained with the record-
ing method chosen for IODs, as mentioned above.
However, as Al models need to be extensively
trained before reaching high accuracy [119], this
will require the acquisition of a large and annotated
database for training.

Sufficient light delivery

To effectively activate an optotool and terminate
arrhythmias in vivo, sufficient light should be deliv-
ered in order to penetrate the atrial wall [60].
Based on previous work, the estimated light inten-
sity to perform an optical cardioversion should be
at least 5 mW/mm? to fully activate an optotool
at the deepest layer of a human atrial wall using
565 nm light [51]. This intensity is five times higher
than noon sunlight under a clear sky in the sum-
mer [120]. High-power micro/mini-LEDs (mLEDs)
are currently the best option for delivering high-
intensity light in an implantable form, due to their
small size, longevity, high-power density, and high
energy efficiency (therefore limiting heat produc-
tion). A single blue mLED can reach an efficiency
of 60%, providing a maximum of 10 mW/mm? light
intensity at the focal plane [121]. By arranging the
mLEDs in the form of arrays, customized light pat-
terns could be created for different patient situa-
tions.

Along with the high light intensity required, the
choice of the wavelength of the light is another
key factor for successful termination. As previously
mentioned, light of different colors differs in their
ability to penetrate (heart) tissue (Fig. 3D-F) [59].
It is therefore crucial to consider this parameter,
acknowledging that the light needs to fully pen-
etrate the human atrial wall (with a thickness of
approximately 2 mm) [122]. Apart from penetrance,
the efficiency of LEDs varies for each wavelength
depending on the junction materials and light gen-
eration methods, with blue LEDs having the high-
est efficiency [123]. Thus, the penetrance of the

light and the efficiency of the light source should
both be taken into consideration in the selection of
the optotool and illumination strategy.

Biocompatibility and coating materials

To ensure reliable optical termination of atrial
arrhythmias in patients, the light should be deliv-
ered straight onto the heart. This means that the
LEDs need to be placed in close contact with the
myocardium. As a result, similar to atrioverters,
the electrical components as well as the mLEDs
have to be implanted into the patient’s body. In
order to avoid electrical shorting and ionic contam-
ination, the electrical components of the IOD need
to be isolated from the body fluids [124]. Addition-
ally, the substrate and coating materials of mLEDs
should be flexible to maintain electrical connec-
tions and alignment of mLEDs to the targeted
areas, as the heart and body move constantly. Soft
materials, such as polydimethylsiloxane (PDMS),
polyimide, and parylene C (poly-chloro-p-xylylene),
have proven to be stable in simulated body environ-
ments during extended periods of up to 20 months
[125-127]. PDMS implants remained stable in a
clinical study of 180 days [128]. Moreover, soft
materials enable origami-folding techniques which
would decrease the size of the mLED array struc-
ture during its implantation and could allow a less
invasive surgical procedure [129, 130]. Alongside
electrically isolating the device from the body, the
physiological response secondary to the implanta-
tion of a foreign body can potentially lead to inflam-
mation and tissue remodeling, including the devel-
opment of fibrosis and encapsulation of the device
components [131]. Such tissue remodeling could,
when occurring in the myocardium, lead to new
arrhythmogenic substrates and decrease the car-
dioversion efficacy of the optoelectronic system.
By choosing the right biocompatible materials and
using steroid-eluting coatings, the device could last
for a long time and ideally as long as needed [131,
132].

Power consumption optimization

A normal electrical AF cardioversion via the atri-
overter requires on average 3 J of energy per
shock [7]. However, if global atrial illumination
is needed for optogenetic cardioversion of AF, by
applying a 500 ms light pulse on the whole human
atria (representing a surface area of approximately
180 cm?), it would require more than 90 J of energy
[133]. This estimation is based on the light inten-
sity of 5 mW/mm? required to obtain the maximum
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Fig. 4 Biological and technological challenges toward acute ambulatory atrial fibrillation (AF) termination by optogenetics.
Graphical representation of the different biological and technological challenges that need to be overcome for translational

application of optogenetics in AF termination.

electrophysiological effect in atrial cardiomyocytes
considering the thickness of the human atria, as
previously mentioned [51]. However, as already
shown in in vitro studies, specific local illumination
patterns also had a high atrial arrhythmia termi-
nation efficacy [14], for example, using a striped
illumination pattern resulted in a similar optoge-
netic termination efficacy as a global atrial illumi-
nation. The use of tailored illumination patterns
would drastically reduce the power consumption of
the IOD, thereby favoring longer battery life. More-
over, this would also reduce the viral vector dose,
as now only the LED-illuminated area would be
transduced to express an optotool, further adding
to the cost-efficiency of such a targeted interven-
tion. Nonetheless, we believe that further research

is needed to identify the most suitable illumi-
nation patterns for optogenetic termination of
atrial arrhythmias in vivo.

Apart from reducing energy consumption, another
way to delay or avoid surgical battery replace-
ment could be achieved by the design of a
rechargeable system. The battery of IODs could be
recharged using energy harvesting methods, such
as WPT, nanogenerator, or ultrasound [134-136].
These power harvesting strategies could allow the
patients to recharge their IODs by transcutaneous
energy transfer during the night or even to har-
vest energy ambulatory [124]. Overall, power har-
vesting methods for IODs could solve the high-
power demand issue associated with such systems,
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would enable further miniaturization of IODs, and
could avoid battery replacement procedures.

Conclusion

Despite the progressive and detrimental nature of
AF, its current repertoire of treatment options lacks
the possibility of immediate restoration of sinus
rhythm in an automated manner outside of the
hospital. For such acute ambulatory cardioversion,
the mode of AF termination should be pain-free and
therefore not rely on high-voltage electrical shocks.
Optogenetics enables such pain-free cardioversion
through the targeted expression and activation of
light-sensitive ion channels or pumps in the atria,
thereby effectively replacing the electrical shock
by a light pulse for AF termination. Although the
experimental results so far are promising, a num-
ber of biological and technological issues still need
to be addressed before the full translational poten-
tial of optogenetics can be determined and clin-
ical exploration can be considered (summarized
in Fig. 4). These mainly concern sustained non-
toxic optogene expression at a sufficient level and
harmless and appropriate light delivery for safe,
effective, and durable optoelectronic rhythm con-
trol. Further research into these matters is war-
ranted given the high potential to realize a pain-
free method for acute ambulatory cardioversion of
AF, thereby profoundly impacting the quality of life
of AF patients and associated health care costs.
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