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Opsin spectral sensitivity determines the effectiveness of
optogenetic termination of ventricular fibrillation in the
human heart: a simulation study
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Key points

� Optogenetics-based defibrillation, a theoretical alternative to electrotherapy, involves exp-
ression of light-sensitive ion channels in the heart (via gene or cell therapy) and illumination
of the cardiac surfaces (via implanted LED arrays) to elicit light-induced activations.

� We used a biophysically detailed human ventricular model to determine whether such a therapy
could terminate fibrillation (VF) and identify which combinations of light-sensitive ion channel
properties and illumination configurations would be effective.

� Defibrillation was successful when a large proportion (> 16.6%) of ventricular tissue was
directly stimulated by light that was bright enough to induce an action potential in an uncoupled
cell.

� While illumination with blue light never successfully terminated VF, illumination of red
light-sensitive ion channels with dense arrays of implanted red light sources resulted in
successful defibrillation.

� Our results suggest that cardiac expression of red light-sensitive ion channels is necessary for
the development of effective optogenetics-based defibrillation therapy using LED arrays.

Abstract Optogenetics-based defibrillation has been proposed as a novel and potentially pain-free
approach to enable cardiomyocyte-selective defibrillation in humans, but the feasibility of such a
therapy remains unknown. This study aimed to (1) assess the feasibility of terminating sustained
ventricular fibrillation (VF) via light-induced excitation of opsins expressed throughout the
myocardium and (2) identify the ideal (theoretically possible) opsin properties and light source
configurations that would maximise therapeutic efficacy. We conducted electrophysiological
simulations in an MRI-based human ventricular model with VF induced by rapid pacing;
light sensitisation via systemic, cardiac-specific gene transfer of channelrhodopsin-2 (ChR2)
was simulated. In addition to the widely used blue light-sensitive ChR2-H134R, we also
modelled theoretical ChR2 variants with augmented light sensitivity (ChR2+), red-shifted
spectral sensitivity (ChR2-RED) or both (ChR2-RED+). Light sources were modelled as
synchronously activating LED arrays (LED radius: 1 mm; optical power: 10 mW mm–2; array
density: 1.15–4.61 cm–2). For each unique optogenetic configuration, defibrillation was attempted
with two different optical pulse durations (25 and 500 ms). VF termination was only successful for
configurations involving ChR2-RED and ChR2-RED+ (for LED arrays with density � 2.30 cm–2),
suggesting that opsin spectral sensitivity was the most important determinant of optogenetic
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defibrillation efficacy. This was due to the deeper penetration of red light in cardiac tissue
compared with blue light, which resulted in more widespread light-induced propagating wave-
fronts. Longer pulse duration and higher LED array density were associated with increased
optogenetic defibrillation efficacy. In all cases observed, the defibrillation mechanism was
light-induced depolarisation of the excitable gap, which led to block of reentrant wavefronts.
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Abbreviations 3D, three dimensional; AAV, adeno-associated virus; AP, action potential; APD, action potential
duration; ChR2, channelrhodopsin-2; CL, cycle length; HF, heart failure; ICD, implantable cardioverter defibrillator;
LED, light emitting diode; MRI, magnetic resonance imaging; VF, ventricular fibrillation.

Introduction

Ventricular fibrillation (VF) is the most common cause
of sudden cardiac death (Rubart & Zipes, 2005). The
only treatment for VF is defibrillation through delivery
of powerful electrical shocks. Implantable cardioverter
defibrillators (ICDs) are a widely used and effective
therapy for patients at risk of ventricular arrhythmias
(Kusumoto et al. 2014), but the sudden pain caused
by collateral electrical activation of excitable tissue
surrounding the heart (Jayam et al. 2005) following
ICD shocks remains a major drawback (Pelletier et al.
2002). Therefore, there is still an urgent need for research
into alternative VF treatment methods that do not
require high-energy shocks. Optogenetics is a method
that could potentially enable selective stimulation of the
heart.

Optogenetics requires expression of light-sensitive
proteins (opsins) in excitable tissue, via gene (Vogt et al.
2015) or cell (Jia et al. 2011) delivery. These proteins form
ion channels or pumps that can be optically activated
by light of a specific wavelength. Opsin expression in
cardiac cells enables control of the cardiac action potential
(AP) with light; illumination of cardiomyocytes expressing
excitatory opsins elicits a depolarising current, which
can evoke new APs. Potential cardiac applications of
optogenetics stand to benefit from recent experimental
advances. For example, targeted transfection of myocytes
with blue-light sensitive channelrhodopsin-2 (ChR2) via
a single injection of adeno-associated virus (AAV) in
live mice has been used to achieve robust, long-term
(� 10 weeks) and cardiomyocyte-selective expression
(Vogt et al. 2015). Moreover, progress in molecular
optimisation of opsin properties has led to the emergence
of new ChR2 variants with properties that would enhance
light-elicited excitation of the thick-walled ventricles:
opsins with enhanced light sensitivity, such as CatCh
(Kleinlogel et al. 2011), increase the photocurrent elicited
by a given light stimulus, while opsins with red-shifted
absorption spectrum, such as ReaChR (Lin et al. 2013)
and ChRimson (Klapoetke et al. 2014), allow the use of

longer wavelength light stimuli, which penetrate deeper in
cardiac muscle than blue light.

Early proof-of-concept work suggests that reentrant
activity in light-sensitised cell monolayers can be
terminated by optogenetic stimulation (Bingen et al.
2014). Development of an analogous optogenetics-based
therapy for the beating heart would require in vivo
illumination, attainable via novel experimental devices,
such as elastic membranes that allow the placement
of light sources on cardiac surfaces (Xu et al. 2014).
However, it remains unclear whether illumination of
cardiac tissue photosensitised by opsin delivery can be
used to terminate arrhythmias such as VF in humans.
Specifically, it is unknown which opsin variant(s) should
be used, how much illumination would be required, and
whether therapeutic efficacy would be limited by the
attenuation of light in the thick ventricular walls. In the
absence of large animal in vivo models, computational
simulations provide an alternative platform for answering
such questions (Boyle et al. 2013).

Thus, in this study, we aim to (1) assess the feasibility
of VF termination in the human heart via optogenetic
stimulation and (2) quantify how the efficacy of this
therapeutic approach would be affected by implementing
theoretically possible opsin properties that result in deeper
light penetration (i.e. increased photosensitivity and
red-shifted absorption spectrum). The latter goal is geared
towards narrowing the scope of experimental investigation
by steering researchers towards the most promising
opsin characteristics for optogenetic defibrillation. To
achieve these objectives, we employ electrophysiological
simulations of VF in an MRI-based model of the human
ventricles.

Methods

Computational model of the failing human ventricles

We conducted computational simulations using a
biophysically detailed patient-based model of the human
ventricles with realistic fibre orientation (Moreno et al.
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2011), which was created from diffusion tensor MRI data
using a previously described technique (Vadakkumpadan
et al. 2010). Membrane kinetics of ventricular myo-
cytes were represented by a human-specific model (ten
Tusscher & Panfilov, 2006). The model included trans-
mural and apicobasal electrophysiological heterogeneity
(Moreno et al. 2011; Bayer, 2014). Electrical propagation in
the tissue was governed by the monodomain formulation
(Vigmond et al. 2003; Plank et al. 2008). Cell- and
tissue-scale electrophysiological parameters (ion channel
conductances and myocardial conductivities, respectively)
were modified to represent remodelling associated with
heart failure (HF), since such patients are at high risk of VF
(Lane et al. 2005) and commonly receive ICDs (Kusumoto
et al. 2014); these HF-related changes were implemented
as described previously (Moreno et al. 2011; Bayer, 2014)
and include the following: (1) reduced transmural action
potential duration (APD) gradient, due to epicardial AP
prolongation (Glukhov et al. 2010); (2) reduced amplitude
and slow-recovering calcium transient due to deranged
calcium handling (Lou et al. 2011); and (3) slowed
myocardial conduction, due to down-regulation of Cx43
expression (Glukhov et al. 2012).

ChR2 model variants

ChR2 photocurrent was represented by a detailed model
of the widely used ChR2-H134R variant (Williams et al.
2013); briefly, the ChR2 photo-cycle was modelled as
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Figure 1. Models of ChR2 variants
Photocycles of ChR2 variants: A, ChR2, modelled after ChR2-H134R,
as formulated by Williams et al.; B, ChR2+; C, ChR2-RED; D,
ChR2-RED+.

a four-state Markov chain (Fig. 1A) with light-gated
transitions between two closed states (non-conducting)
and two open states (permeable to cation flow).
Additionally, we implemented theoretical ChR2 model
variants with augmented light sensitivity (ChR2+) and
red-shifted absorption spectrum (ChR2-RED); this was
done to facilitate identification of opsin properties
that could theoretically optimise defibrillation efficacy.
In lieu of existing opsins with such properties (e.g.
CatCh, ChRimson), for which photocycle dynamics have
not yet been quantitatively characterised, we simulated
hypothetical ChR2 variants by adjusting relevant
parameters of the ChR2 model described above. For
ChR2+ (Fig. 1B), which we modelled after the ChR2
variant CatCh (Kleinlogel et al. 2011), we increased the
closed-to-open rates (C1→O1 and C2→O2) by 120%;
this increase ensured that the light power density required
for ChR2+ half-maximal activation matched the value
measured experimentally for CatCh (0.4 mW mm–2)
(Mattis et al. 2012). For ChR2-RED (Fig. 1C), we pre-
served ChR2-H134R kinetics but adjusted the wavelength
(λ) at which peak energy absorption occurred, shifting
along the visible light spectrum from blue (λ = 480 nm)
to red (λ = 669 nm). Finally, we simulated a theoretical
fourth variant (ChR2-RED+) that combined both of the
above changes (Fig. 1D).

Light sensitisation of failing ventricles

We used a previously described stochastic method (Boyle
et al. 2013) to simulate delivery of opsin-encoding genes to
the failing ventricles via systemic gene delivery. As shown
in Fig. 2A, 58.2% of all simulated cells in the ventricles were
modelled as opsin-expressing with a diffuse spatial pattern
(uniform random distribution); this was consistent with
the average rate of opsin expression achieved in vivo via
jugular vein injection in wild-type mice (Vogt et al. 2015).

Simulation of illumination

Light sources were modelled as grids of 1 mm-radius
optrodes on the endocardial and epicardial surfaces; this
represented illumination by deformable arrays of light
emitting diodes (LEDs) placed on elastic membranes,
similar to devices recently developed by Xu et al. (2014).
We used grids with three levels of optrode density (1.15,
2.30 and 4.61 cm–2, Fig. 2B). A stochastic point repulsion
algorithm (Turk, 1991) was used to ensure uniform
inter-optrode spacing.

To represent the attenuation of optical energy in cardiac
tissue, which depends on both the wavelength of incident
light and the optical properties of the tissue, we used a
finite element approach to solve the steady state photon
diffusion equation, assuming homogeneous absorption

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society
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and isotropic scattering in the ventricles (Bishop et al.
2006; Boyle et al. 2015):

D∇2E e (r) − μaE e (r) = 0,

where Ee is irradiance at each point r in the tissue,
D is diffusivity and μa is the rate of light absorption;
D and μa are wavelength-dependent tissue properties.
As described previously (Boyle et al. 2015), piecewise
Dirichlet boundary conditions were imposed on the
epicardial and endocardial surfaces, with Ee = Ee,max at
sites directly in contact with optrodes and Ee =0 elsewhere.
We used experimentally derived optical parameter values
(Ding et al. 2001; Bishop et al. 2006) to calculate
attenuation profiles for blue light (λ = 488 nm;
D = 0.18 mm, μa = 0.52mm−1) and red light (λ= 669 nm;
D = 0.34 mm, μa = 0.10 mm−1). This method allowed
us to calculate the irradiance resulting from the additive
effect of multiple overlapping light sources.

Initiation of ventricular fibrillation (VF)

To attain stable organ-scale initial conditions, the
ventricular apex was electrically paced at 60 beats min–1

(pulse duration, 5 ms; amplitude, 2× threshold) until
steady state was achieved for all model variables (�60 s).
Then, to induce VF, the pacing cycle length (CL) was
gradually shortened (50 ms decrements, 32 beats per
pacing CL) from the sinus rate (CL = 1000 ms) until
conduction block and reentry occurred (CL = 350 ms).
The initial time (t = 0) in our optogenetic defibrillation
simulations was 30 s after VF induction.

Simulation protocol for optogenetic defibrillation

We attempted to terminate VF using synchronised
illumination from endocardial and epicardial optrode

grids. In each simulation, we attempted defibrillation
with a single light stimulus, either of short (25 ms)
or of long (500 ms) duration; these durations were
chosen to be shorter and longer, respectively, than the
average time between successive AP upstrokes during
VF (386.03 ± 37.16 ms). The optrodes were activated
simultaneously and each individual optrode illuminated
underlying tissue with Ee,max = 10 mW mm–2; this value
was consistent with illumination values used for cardiac
optogenetics experiments in vitro (Abilez et al. 2011). To
determine if the timing of the stimulus critically affected
the outcome of defibrillation and thus to assess potential
therapeutic efficacy, we varied the onset time of the light
stimulus: we ran simulations with illumination at t = 0
(see above), 100, 200 or 300 ms.

A total of 96 3D ventricular simulations were conducted
using the finite element method as implemented in
the CARP Software package (Johns Hopkins University,
Université de Bordeaux, Medizinische Universität Graz)
(Vigmond et al. 2003, 2008; Plank et al. 2008) on a
high-performance computing cluster. Each simulation
included one permutation of the following parameters:

� One of four opsin variants: ChR2, ChR2+, ChR2-RED
or ChR2-RED+

� One of three optrode grid densities: 1.15, 2.30 or
4.61 cm–2

� One of two light pulse durations: 25 or 500 ms
� One of four light pulse timings: tstim = 0, 100, 200 or

300 ms

Each defibrillation simulation required �6.6 h of
computing time on 30 Intel Xeon CPU cores (2.83 GHz)
in parallel. Defibrillation was deemed successful if the
reentrant activity was completely extinguished; simulation
duration (2000 ms after the onset of each light stimulus)
was long enough to ensure that post-illumination

A B

a b c

Figure 2. Models of opsin delivery and illumination
A, opsin distribution in the human ventricular model. Blue: opsin-transfected tissue; black: tissue without opsins.
B, Optrodes on the endocardial and epicardial surfaces in yellow. Three different optrode densities: a, 1.15 cm–2;
b, 2.30 cm–2; and c, 4.61 cm–2.
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activity following failed defibrillation attempts was indeed
sustained arrhythmia.

Results

Calculation of irradiance in the tissue

For each light source configuration, we first calculated
the irradiance (Ee) delivered to every point in the
ventricles when illumination (blue or red light) was
applied at the endocardial and epicardial surfaces. Red
light penetrated deeper in the myocardium than blue light,
with exponential spatial decay rates of 1.84 and 0.58 mm,
respectively. When the array with intermediate optrode
density (2.30 cm–2, Ee,max = 10 mW mm–2) was used to
apply blue light (Fig. 3A, middle), the mean irradiance
that reached cells deep in the ventricles (� 5 mm from
the surfaces) was very low (3.6 × 10−5 mW mm–2); in
contrast, for red light illumination (Fig. 3B, middle),
average Ee at the same depth was �90× stronger
(Ee = 0.032 mW mm–2).

Whereas the irradiance delivered deep in the ventricular
walls was predominantly determined by the wavelength
of applied illumination, the amount of light delivered

to myocytes nearer to the surface was more significantly
affected by optrode array density. For the sparsest array
(1.15 cm–2), a large proportion (87.7% and 75.0% for
blue and red stimuli, respectively) of tissue in subsurface
areas (�1 mm depth) was weakly illuminated (Ee<

1% of Ee,max), because few myocytes in these regions
were in the vicinity of light sources. In contrast, when
illumination was applied using the densest light source
array (4.61 cm–2), each subsurface area of the tissue
was illuminated by multiple light sources. As a result,
the proportions of weakly illuminated subsurface tissue
were much lower (49.8% for blue light and 7.7% for red
light).

Attempts to defibrillate with blue light

Stimulation with blue light did not terminate VF
in the photosensitised ventricles for any optogenetic
configuration (i.e. combination of optrode array density,
illumination pulse duration, and opsin light sensitivity).
A short (25 ms) blue light pulse delivered by the
1.15 cm–2 optrode array elicited a small number of
localised activations in the ventricles photosensitised with
ChR2 (compare Fig. 4A and B, illustrating sustained VF

10

1.15/cm2

A

B

1.15/cm2

2.30/cm2

2.30/cm2

4.61/cm2

4.61/cm2

bl
ue

 li
gh

t i
rr

ad
ia

nc
e 

(m
W

/m
m

2 )
re

d 
lig

ht
 ir

ra
di

an
ce

 (
m

W
/m

m
2 )

1

10–1

10–2

10–3

10–4

10

1

10–1

10–2

10–3

10–4

Figure 3. Irradiance in the ventricles
Profile of calculated irradiance in the ventricular tissue after stimulation by blue (A) or red (B) light source grids of
density 1.15, 2.30 or 4.61 cm–2 on the endocardial and epicardial surfaces.
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in the absence of an optical stimulus). After the onset of
illumination, ChR2-mediated current was elicited in tissue
underlying the optrodes, leading to local increases in trans-
membrane voltage (Vm) (Fig. 4C); however, most of these
light-induced depolarisations were below the necessary
threshold to elicit propagating APs due to electrotonic
coupling with non-stimulated tissue deeper in the myo-
cardial wall. Since few new propagating wavefronts were

induced in the excitable tissue, reentry persisted. Similar
results were observed for denser optrode grids (2.30 and
4.61 cm–2). More new activations were elicited following
brief (25 ms) illumination of the epicardial and end-
ocardial surfaces from these optrode arrays than from
the sparse (1.15 cm–2) optrode array; nonetheless, these
activations remained confined to the directly illuminated
area and did not spread to surrounding excitable tissue,
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Figure 4. Defibrillation attempts with blue light
A, Vm maps following illumination of ventricles with ChR2 via a sparse (1.15 LEDs cm–2) optrode array at time = 0
with stimulus duration 25 ms, compared with simulation of VF without a defibrillation attempt (B). C, Vm at
surface node denoted with arrow in A. D, defibrillation attempt with ChR2+ (enhanced light sensitivity) from a
dense (4.61 LEDs cm–2) optrode array, at time = 0 with light pulse duration 500 ms. Videos S1–3 in ‘Supporting
Information’ correspond to Vm sequences in A, B and D, respectively.
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allowing the chaotic propagation of fibrillatory wavefronts
to persist. Even when longer blue light stimuli (500 ms)
were applied, optogenetic defibrillation was not successful,
regardless of the illuminating array density; subthreshold
depolarisations in tissue underlying the light sources lasted
longer in this case, but were prevalent only in a thin layer
beneath the illuminated surface (�2 mm).

When the ChR2+ model was incorporated in the
ventricles, augmented light sensitivity resulted in a
larger number of new activations near the epicardial
and endocardial surfaces following 25 ms illumination.
However, this did not improve defibrillation outcomes,
since reentrant wavefronts were still able to propagate
through the midmyocardium, in which optically induced
activations did not occur. Even with long-duration
(500 ms) blue light illumination via the densest light
source array (4.61 cm–2; Fig. 4D), VF was not terminated.
Large areas of the cardiac surfaces were depolarised,
but light-induced wavefronts did not propagate into the
depths of the left ventricular (LV) wall. Consequently,
reentry persisted in the midmyocardium of the LV free wall
and, in some cases, propagated into the optogenetically
depolarised surface regions, resulting in breakthrough
patterns and continuation of VF.

Attempts to defibrillate with red light

In contrast to our findings for blue light, some
defibrillation attempts for optogenetic configurations
involving red light were successful; Table 1 contains a
comprehensive list of outcomes for each configuration.
Activations following a light stimulus delivered from a
sparse (1.15 cm–2) array of LEDs were inadequate to
extinguish VF with either ChR2-RED or ChR2-RED+.
When denser optrode grids were used, there were
some optogenetic configurations for which defibrillation
outcome depended on the timing of illumination onset
(i.e. success rates < 100% in Table 1); for one such
configuration (25 ms pulse, ChR2-RED, 4.61 cm–2 optrode
array), two outcomes (corresponding to pulse onset times
tstim = 0 or 300 ms) are highlighted in Fig. 5. For the
first case (tstim = 0, Fig. 5A), light-elicited excitations
occurred in the tissue up to a depth of 6 mm and led to
widespread propagating ventricular activations; however,
a small part of the tissue deep in the basal LV free wall
was not excited (asterisk in Fig. 5A, t = 20 ms). As a
result, a wavefront propagated through the latter region,
then along the mitral annulus (i.e. circular opening at
top of LV) towards the ventricular septum and the post-
erior RV free wall (arrows in Fig. 5A, t = 200–300 ms). The
same wavefront then initiated persistent post-illumination
figure-of-eight reentry in the posterior wall of the heart,
leading to sustained arrhythmia. In contrast to the
chaotic, multi-rotor activity in VF, the morphology of this
arrhythmia was consistent with monomorphic ventricular

Table 1. Defibrillation success rates for optogenetic configura-
tions with red light

Success percentages calculated for four defibrillation attempts
with different light pulse timings (see text for details) at three
different optrode densities (1.15, 2.30 or 4.61 cm–2).

Optrode density
Opsin Illumination
model duration 1.15 cm–2 2.30 cm–2 4.61 cm–2

ChR2-RED 25 ms 0% 25% 50%
ChR2-RED 500 ms 0% 25% 100%
ChR2-RED+ 25 ms 0% 50% 100%
ChR2-RED+ 500 ms 0% 100% 100%

tachycardia, because there was only a single re-entrant
wavefront and the same ventricular activation sequence
occurred repetitively (compare t = 600 and t = 1000
in Fig. 5A). In contrast, when simulations were repeated
with a different stimulation onset time (tstim = 300 ms,
Fig. 5B), parts of the LV free wall were similarly
unaffected by illumination (asterisk in Fig. 5B, t = 20 ms);
however, in this case, the wavefront that emerged post-
illumination was blocked by a pre-existing activation
(double lines in Fig. 5B, t = 20 ms). Consequently,
there was no post-illumination reentry and the ventricles
repolarised.

Illumination of the ventricles photosensitised with
ChR2-RED+ using the densest optrode array (4.61 cm–2)
led to defibrillation regardless of the timing and duration
of the red light pulse. When a short (25 ms) pulse was
applied, it led to widespread depolarisation throughout
the ventricles (Fig. 6A) and terminated the propagation
of fibrillatory wavefronts. For the example shown, the
postero-basal epicardium was already excited at the instant
of illumination and did not undergo a light-elicited
AP (Fig. 6B); consequently, this area repolarised faster
than adjacent tissue following illumination and was sub-
sequently re-excited (Fig. 6A, t = 200 ms) by an intra-
mural wavefront that propagated through non-excited
tissue in the posterior septal wall (Fig. 6C). This resulted
in a single extra beat between the termination of VF and
the return to electric quiescence. The same behaviour
was observed following stimulation with different light
pulse timings. When a longer (500 ms) pulse was applied,
light-induced depolarisation was similarly widespread
(Fig. 6D); sustained optogenetic current kept myo-
cytes near the illuminated surfaces (depth < 9 mm) at
Vm � –20 mV (see Fig. 6D at t = 350 ms). Consequently,
early tissue repolarisations, which led to post-illumination
ventricular activations in configurations with shorter light
pulses, were inhibited. After the end of the 500 ms-long
light pulse, the ventricles uniformly repolarised, leading
to instantaneous defibrillation after the end of optical
stimulation.

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society
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Estimation of illumination requirement
for defibrillation

Our results suggested that defibrillation was achieved
when light-induced depolarisation elicited new wave-
fronts that propagated into non-activated ventricular
tissue, resulting in elimination of the excitable gap. We

observed that the likelihood of defibrillation success
was higher when the number of propagating wave-
fronts generated by opsin-mediated current was larger.
To quantify this observation, we calculated, for each
optogenetic configuration, the proportion of tissue that
was subjected to an intrinsically suprathreshold optical
stimulus (i.e. a pulse strong enough to elicit an AP in
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Figure 5. Timing-sensitive defibrillation with ChR2-RED
Vm maps following illumination of ventricles transfected with ChR2-RED (normal light sensitivity) via an optrode
array with 4.61 LEDs cm–2, with stimulus duration 25 ms. A, stimulus onset at time = 0; B, stimulus onset at
time = 300 ms. The time scale represents time since the onset of illumination in each case. Black arrows indicate
propagation and re-entry; double lines indicate conduction block. Asterisks indicate tissue deep in the basal LV
free wall, as discussed in the text. Videos S4 and S5 in ‘Supporting Information’ correspond to Vm sequences in A
and B, respectively.
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Figure 6. Successful defibrillation with
ChR2-RED+
A, Vm maps following illumination of ventricles
with ChR2-RED+ (enhanced light sensitivity) via
a dense (4.61 cm–2) optrode array, with light
pulse duration 25 ms and onset at 0 ms. B, Vm

at surface node denoted with arrows in A. C,
cutaway view (same level as the arrows in A) at
time = 100 ms in the same simulation. D, Vm

maps following stimulation with the same
configuration as in A above, but with 500 ms
light pulse duration. Videos S6 and S7 in
‘Supporting Information’ correspond to Vm

sequences in A and D, respectively.
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Table 2. Proportion of light-activated ventricular tissue

Percentages of light-activated ventricular tissue at three different optrode densities (1.15, 2.30 or 4.61 cm–2).

Optrode DensityIllumination
Opsin model duration 1.15 cm−2 2.30 cm−2 4.61 cm−2 Calculated illumination threshold

ChR2 25 ms 1.37% 2.76% 5.54% 0.08 mW mm–2

ChR2 500 ms 1.48% 2.99% 5.99% 0.07 mW mm–2

ChR2+ 25 ms 2.08% 4.18% 8.47% 0.04 mW mm–2

ChR2+ 500 ms 2.45% 4.94% 10.0% 0.03 mW mm–2

ChR2-RED 25 ms 2.68% 5.64% 13.87% 0.08 mW mm–2

ChR2-RED 500 ms 3.05% 6.47% 16.6% 0.07 mW mm–2

ChR2-RED+ 25 ms 5.35% 12.1% 34.5% 0.04 mW mm–2

ChR2-RED+ 500 ms 7.17% 17.0% 46.8% 0.03 mW mm–2

Percentages of light-activated ventricular tissue at three different optrode densities (1.15, 2.30 or 4.61 cm–2).

an electrically uncoupled light-sensitive cell model). First,
threshold irradiance values were determined in single
myocyte models for each combination of pulse duration
and light sensitivity; then we identified the proportion
of tissue that was illuminated with at least that value
in the ventricles model. Comparison of the resulting
data (Table 2) with defibrillation outcomes (Table 1)
provided a first order approximation of the minimum
amount of light-excited tissue necessary to ensure robust
(i.e. insensitive to pulse timing) optogenetic defibrillation
(25 ms pulse: � 34.5% of the tissue; 500 ms pulse:
� 16.6%). It should be noted that this is an approximation
of the amount of excited tissue in the ventricles, as
described in Methods; due to strong electrotonic effects
in the 3D tissue, activation thresholds are not expected to
be homogeneous.

Discussion

This study utilised biophysically detailed computational
modelling to assess whether ventricular fibrillation can be
terminated with a therapy based on optogenetics and to
identify how opsin and illumination properties relate to
the efficacy of optogenetics-based defibrillation. The main
findings are as follows: first, optogenetics-based therapy
comprising opsin delivery to the heart and illumination
from light sources on the cardiac surfaces terminated
fibrillation in a model of the failing human ventricles for
some of the simulated configurations. Second, this type
of optogenetics-based defibrillation depended on eliciting
widespread propagating wavefronts and its efficacy was
correlated with the volume of ventricular tissue directly
excited by light; red-shifted opsin absorption spectrum,
augmented opsin light sensitivity, denser light source
distribution, and prolonged illumination were factors that
increased this volume and subsequently led to successful
defibrillation. In particular, opsin sensitivity to red light
was the primary determinant of defibrillation success,
as blue light illumination did not lead to termination

of arrhythmia for any of the simulated optogenetic
configurations.

Mechanisms of optogenetic defibrillation

The mechanism of optogenetics-based defibrillation in
this study is the initiation of propagating wavefronts
of excitation via light-induced depolarisation of photo-
sensitised cardiac tissue, which renders the ventricular
myocardium refractory and eliminates the excitable gap.

Since ChR2 is a strongly rectifying channel, induced
photocurrents are very weak at membrane potentials equal
to or greater than the ChR2 reversal potential of 0 mV
(Williams et al. 2013); as such, illumination of tissue that
is already depolarised has minimal effects and the effect
of optogenetic stimulation is most prominent in regions
that are near resting Vm (i.e. repolarised between APs) at
the instant of light pulse onset. A prolonged stimulus can
therefore be more effective than a short one because it
allows for excitation of tissue that was refractory during
the early stages of illumination; this ensures that all of
the illuminated tissue will be subjected to optogenetically
induced current.

Several similarities between optogenetics-based
defibrillation and electrical defibrillation stand out.
We observed that, in a manner similar to electrical
defibrillation, optogenetic configurations associated with
higher energy requirements (i.e. more light sources and/or
longer pulse durations) have increased probability of
success. As in electrical defibrillation with near-threshold
shocks (Chattipakorn et al. 2004; Constantino et al. 2010),
new wavefront propagations occur after optical stimuli
that only excite a limited portion of the tissue; depending
on the pre-stimulus state, such propagations can lead to
either one or more extra beats followed by quiescence or
to sustained post-shock reentry resembling tachycardia.
Conversion of VF to tachycardia following low energy
electrical stimulation has been reported before (Rantner
et al. 2013), as part of a two-phase defibrillation protocol;
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a similar dual light pulse optogenetic defibrillation
protocol could potentially lead to termination of reentry.

There are similarities between the mechanisms
leading to optogenetics-based defibrillation failure and
those underlying electrical defibrillation failure. Our
observations indicate that residual propagating wavefronts
after light stimulation are often located in the LV wall, due
to the insufficient illumination of the thick LV wall myo-
cardium. Likewise, post-shock activations in the LV are a
well-documented cause of electrical defibrillation failure
(Chattipakorn et al. 2001; Chattipakorn et al. 2003) and
can also be attributed to the thickness of the LV wall
(Constantino et al. 2010). Furthermore, following long
optical stimuli, we noticed that, while the ventricular
walls are depolarised, arrhythmic activity persists in
the LV mid-myocardium (Fig. 5), behaviour akin to
post-shock tunnel propagation in electrical defibrillation
(Constantino et al. 2010).

A different optogenetic defibrillation mechanism has
been reported in experiments featuring illumination of
rat myocyte monolayers transfected with CatCh (Bingen
et al. 2014). Stimulation with a 500 ms-long low-energy
blue light pulse led to reduced excitability near the spiral
wave functional core; this caused the organising centre
of reentry to drift and eventually collide with a mono-
layer boundary, thereby terminating arrhythmia. We did
not observe a similar behaviour in the 3D model of
the tissue; following blue light illumination, organising
centres of spiral waves appeared largely unchanged; in
contrast, after high-energy red light illumination, spiral
waves were extinguished before the end of the 500 ms-long
stimulus. These differences can be attributed to the higher
illumination energy used in our simulations, as well as
the different wave dynamics in 3D tissue stemming from
stronger electrotonic coupling.

Requirements of optogenetics-based defibrillation

Our results demonstrate that the efficacy of light-based
VF termination depends on the amount of tissue
excited. As has been shown in the past (Entcheva,
2013; Karathanos et al. 2014) and as the results pre-
sented in this study confirm, the low penetration of
blue light in cardiac tissue limits the extent of tissue
activation in the mid-myocardium, thereby diminishing
the efficacy of potential therapeutic applications in
the heart. However, as we show in this study, this
shortcoming of optogenetics-based defibrillation can be
mitigated through the use of opsins with red-shifted
absorption wavelength and increased light sensitivity.
Indeed, red light sensitivity was identified as the most
crucial optogenetic parameter affecting the success of
light-based defibrillation.

Enhanced light sensitivity alone does not sufficiently
increase the number of light-elicited activations to

achieve defibrillation, as illustrated by the poor efficacy
of defibrillation attempts involving ChR2+. However,
combined with mutations conferring red-light sensitivity
(ChR2-RED+), it greatly increases the number of
activations elicited deep in the ventricular walls, leading
to successful defibrillation.

In addition to opsin modifications, sufficient
illumination is necessary for optogenetics-based
defibrillation. Successful termination of VF was achieved
with simultaneous illumination of the epicardial and
endocardial surfaces with optrode arrays of density
� 2.30 cm–2. The optical energy these LED arrays deliver
to the tissue can easily be calculated by multiplying
the total LED surface with the illuminated irradiance
(10 mW mm–2) and the duration of the light pulses;
for stimuli of duration 25 and 500 ms, this energy is
0.52 and 10.43 J, respectively. However, since LEDs
have energy losses in the form of heat, higher electrical
energy input is required to achieve this amount of optical
energy. According to published results for a blue LED
illumination device designed for optogenetic neural
stimulation (Kim et al. 2013), this efficiency may be as
low as 2.5%. However, research on LED illumination
is progressing rapidly (Tsao et al. 2015) and modern
experimental designs boast efficiencies � 50% (Jahangir
et al. 2014).

Towards clinical application: limitations and
challenges

Here, we have shown that opsin variants with enhanced
light sensitivity and red-shifted absorption spectrum
are necessary to achieve ventricular defibrillation. Two
ChR2 variants with red-shifted absorption spectrum have
already been engineered: ChRimson (Klapoetke et al.
2014) and ReaChR (Lin et al. 2013). Notably, both of
these opsins have some characteristics that differ from the
theoretical ChR2-RED variant used in the present study.
ChRimson generates leak current (Klapoetke et al. 2014)
in the absence of illumination, making it a suboptimal
choice for optogenetic applications in the heart because
it could lead to diastolic depolarisation and potentially
pro-arrhythmic conduction slowing due to baseline Na+
channel inactivation. ReaChR has significantly slower
kinetics than ChR2, and thus it may not be suitable for
excitation via short light pulses. Opsins with high light
sensitivity also tend to exhibit a slower response than the
theoretical ChR2+ model used in this study (Mattis et al.
2012). Further research may lead to elimination of the
drawbacks in existing opsin variants or to the design of
new opsins with characteristics similar to ChR2-RED and
ChR2-RED+.

Expression of these opsins in the heart can be achieved
via gene delivery with viral vectors. Preliminary studies
have established that gene delivery using AAV vectors can
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be safe, persistent and efficacious (Wasala et al. 2011).
However, the prevalence of antibodies that target AAV
vectors in a significant proportion of the population
(Halbert et al. 2006) may be a hindrance to their
widespread utilisation for gene delivery (Gwathmey et al.
2011).

Finally, devices capable of reliably delivering light to
the heart in the manner simulated in this study are not
currently clinically available. Experimental devices with
this capability have been used in Langendorff-perfused
rabbit hearts (Xu et al. 2014), but more research is needed
to assess whether they could be safely and effectively
deployed in living, beating human hearts. Furthermore,
we determined that simultaneous illumination from
epicardial and endocardial light sources is required for
successful termination of VF. Design and implantation of
a device that can deliver light both underneath the peri-
cardium and inside the ventricular chambers would pose
an additional biomedical engineering challenge that will
need to be overcome if optogenetic defibrillation is to
become a clinical reality.

Limitations

Heart failure is a disease that affects the myocardium in
many different ways; in our study we used a previously
developed comprehensive model of heart failure-induced
changes in cardiomyocyte membrane kinetics. However,
some aspects of heart failure are not explicitly represented
in our model, such as T-tubule dysregulation (Ibrahim
et al. 2011). Since ChR2 has been shown to localise to
T-tubules when expressed in cardiomyocytes (Bruegmann
et al. 2010; Vogt et al. 2015), this dysregulation may limit
the effect of opsin gene delivery in failing hearts.

In addition, the effects of gene delivery to the human
heart are not fully known; as a result, cardiac optogenetics
modelling requires the use of parameters derived from
in vitro experiments or in vivo animal models. In
particular, the level of opsin expression that can be
achieved following viral gene delivery in humans and,
consequently, the total conductance of the opsin channels
is unknown. In the absence of definitive values, we adopted
the maximum conductance (0.4 mS cm–2) that was
implemented in the ChR2 model we used, which had been
calculated via experiments in HEK-293 cells (Williams
et al. 2013). However, preliminary results from viral gene
delivery to the murine heart suggest that the real photo-
current level might be lower (Vogt et al. 2015). By fitting
our model to ChR2 current traces in that experiment, we
calculated a maximum conductance value of 0.17 mS cm–2.
This discrepancy between data acquired from different
sources constitutes a limitation in our modelling end-
eavour. Nonetheless, the computational framework we
utilise is flexible and allows easy implementation of new
experimental data as it becomes available.

Conclusions

Our study represents the first attempt to assess whether
optogenetic termination of arrhythmias in humans is
possible. Utilising a previously developed computational
framework, we demonstrated that a light-based therapy
is capable of terminating VF and we identified some
of the requirements for the further development of this
technology. We believe that computational modelling
can guide the evolution of the emerging field of
optogenetics-based defibrillation.
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Translational perspective

We used computational modelling to assess whether ventricular fibrillation can be terminated using
light and concluded that optogenetics-based defibrillation is theoretically feasible. In our study, we
considered three categories of issues related to the implementation of optogenetics-based defibrillation
therapies in humans. (1) Molecular optimisation of opsins: we showed that modifications that will
render opsins sensitive to longer light wavelengths (e.g. red light) are necessary in order for such a
therapy to work. (2) Gene therapy to selectively deliver these opsins to the heart: experimental results
in mice are promising, but it is unknown whether photosensitization of the human heart can be
achieved in a safe and complication-free manner. (3) Devices to illuminate the heart: we identified
that optogenetics-based defibrillation required illumination from numerous light sources, evenly
distributed on the endocardial and epicardial walls of the heart. Such clinical devices are not currently
available. Even though newly designed devices using elastic membranes are promising, they are still
at an experimental stage and it is unknown if and when their use in human hearts will be feasible.
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Video S1 Failed defibrillation with ChR2 and a short light
stimulus
Video S2 Ventricular fibrillation control
Video S3 Failed defibrillation with ChR2+ and a long light
stimulus

Video S4 Failed defibrillation with ChR2-RED and a short
light stimulus
Video S5 Successful defibrillation with ChR2-RED and a
short light stimulus
Video S6 Successful defibrillation with ChR2-RED+ and
a short light stimulus
Video S7 Successful defibrillation with ChR2-RED+ and
a long light stimulus
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