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Abstract— Due to the large transmural variation in trans-
membrane potential following the application of strong electric
shocks, it is thought that fluorescent photon scattering from
depth plays a significant role in optical signal modulation at
shock-end. For the first time, a model of photon scattering is
used to accurately synthesize fluorescent signals over the irreg-
ular geometry of the rabbit ventricles following the application
of such strong shocks. A bidomain representation of electrical
activity is combined with finite element solutions to the photon
diffusion equation, simulating both the excitation and emission
processes, over an anatomically-based model of rabbit ventric-
ular geometry and fiber orientation. Photon scattering from
within a 3D volume beneath the epicardial optical recording site
is shown to transduce differences in transmembrane potential
within this volume through the myocardial wall. This leads
directly to a significantly modulated optical signal response
with respect to that predicted by the bidomain simulations,
distorting epicardial virtual electrode polarization produced at
shock-end. Furthermore, we show that this degree of distortion
is very sensitive to the optical properties of the tissue, an
important variable to consider during experimental mapping
set-ups. These findings provide an essential first-step in aiding
the interpretation of experimental optical mapping recordings
following strong defibrillation shocks.

I. INTRODUCTION

Over the last decade, the optical mapping technique has
revolutionized research in cardiac electrophysiology due
to its unique ability to provide simultaneous, non-invasive
recordings of transmembrane potential from multiple sites
over the surface of the heart. The technique uses voltage-
sensitive fluorescent dyes that bind to the membranes of
excitable cardiac cells [1]. Upon illumination at the correct
wavelength, these dye molecules become excited and fluo-
resce, transducing changes in the transmembrane potential as
changes in fluorescent emission. However, as the illuminating
light penetrates deeply into the myocardium (up to a few mil-
limeters [2]), the detected signal contains fluorescent photons
originating not only from several millimetres directly beneath
the recording site [2], but also from a widely distributed 3D
volume surrounding it (which we will term the scattering
volume), with the photons encountering multiple scattering
events in the tissue prior to exiting the surface [3].
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Previous modelling studies have successfully shown that
distortional effects seen in experimentally recorded optical
action potential upstrokes and activation wavefront widths
can be directly attributed to fluorescent photon scattering
from within the scattering volume beneath the epicardial
recording site [4], [5], [6], [7]. Differences in potential within
this volume as the wavefront passes through are transduced
through the myocardial wall by photon scattering, distorting
the optical signal recorded from the surface. Furthermore, the
size of the scattering volume has been shown to be a sensitive
function of the optical properties of the tissue at both the
illumination and emission wavelengths, thus affecting the
degree of distortion seen in the recorded signal [7].

Optical mapping is the only experimental technique ca-
pable of accurately studying the response of cardiac tissue
to strong electric shocks, allowing recordings to be made
during the shock and immediately after shock application,
due to the absence of stimulus-induced artifacts present in
micro-electrode recordings. It has been hypothesised that
modulation of fluorescent recordings by photon scattering
will be particularly important following the application of
such strong defibrillation shocks [7] where there is a highly
irregular transmembrane potential distribution through the
myocardial wall, beneath the optical recording site [8], [9].
It is the goal of this study to directly investigate the effect
of fluorescent photon scattering from depth upon the synthe-
sized optical signals obtained following such protocols, and
specifically the way in which such heterogeneous transmem-
brane potential distributions through the mid-myocardium
effect optically recorded shock-end virtual electrode polar-
ization (VEP). Furthermore, the dependence of the optical
signal modulation upon the scattering properties of the tissue
in such instances is assessed. To do so, we use a novel
anatomically-based finite element rabbit ventricular model,
which combines a bidomain model of electrical activity with
a photon transport model of illumination and fluorescence,
presented in our previous study [7].

II. METHODS

The anatomically-based finite element model of the rabbit
ventricles described in a previous study [10] was used to
solve the equations governing both electrical activation and
photon scattering during the processes of illumination and
emission. The myocardial mesh incorporated realistic geom-
etry and fiber orientation, and also included representation of
the perfusing bath and the blood in the ventricular cavities.

The distribution of transmembrane potential (Vm) through-
out the ventricles was calculated using the bidomain equa-
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tions, the details of which have been described extensively
elsewhere [10]. Membrane kinetics were represented by
the augmented Luo-Rudy dynamic model for defibrillation
[11]. A stimulus of twice threshold and 4ms duration was
applied at an epicardial site with a 2cm2 electrode located
at the apex at a basic cycle length of 250ms. At various
coupling intervals (CI) following the 8th pacing stimulus,
monophashic shocks of various shock strengths (SS) and of
8ms duration were applied via two large mesh electrodes
located at the vertical boundaries of the perfusing bath, as
described in [9].

We calculated both the photon density due to uniform
excitation illumination and the photon density due to voltage-
sensitive fluorescent emission at all points within the 3D vol-
ume of the ventricles using the steady-state photon diffusion
equation, using the method described in our previous study
[7]. The optical properties of the tissue at both illumination
and emission wavelengths were respresented by penetration
depths of 0.90mm and 2.10mm, respectively. Both the trans-
membrane potential Vm, and the synthesized optical signal
Vopt , were normalized at each epicardial surface node in
the finite element mesh using the maximum and minimum
action potential values for that node following pacing, as
in experimental recordings [12]. We defined the upstroke
duration of the action potential as the time interval between
10 and 90 percent of depolarization.

III. RESULTS

Fig. 1 shows the timecourse of the transmembrane po-
tential Vm (blue) and the synthesized optical signal Vopt (red)
recorded from a node on the anterior epicardial surface of the
right ventricle (RV) during the stimulation protocol described
in the Methods. In the case shown, SS = 17V/cm and CI
= 140ms. Following the pacing stimulus (first 140ms of
Fig. 1), the main difference between the Vm and Vopt traces
occurs during the action potential upstroke, with the optical
upstroke (duration 6.9ms) being prolonged with respect to
the transmembrane upstroke (1.5ms). During the shock the
response of Vopt is significantly reduced with respect to
that of Vm. The resulting level of maximum polarization
following the shock, measured at shock-end and normalized
with respect to the pacing action potential amplitude, is 0.93
for Vopt compared to 1.83 for Vm, for the particular node
shown.

Fig. 2 depicts shock-end distributions of Vm (left) and Vopt

(right) across the anterior epicardial surface of the ventricles
for four shocks (CI and SS is specified on the left of each
panel). In addition to the epicardial polarization, the Vm panel
also shows transmural views of Vm distribution. Histograms
show the percentage of nodes within the window on the
anterior surface of the ventricles (depicted in the 11V/cm
120ms Vm image, and which represents the approximate field
of view from the detector array in experiments [9]) which are
either: a) depolarized (> 1), b) of intermediate polarization
(0−1), or c) hyperpolarized (< 0).

In both Vm and Vopt images of Fig. 2, the effect of
the shock is to induce two main areas of opposite in-sign

Fig. 1. Timecourse of Vm (blue) and Vopt (red) for a selected node on the
anterior epicardial surface of the RV during a stimulation protocol with SS
= 17 V/cm and CI = 140ms.

virtual-electrode polarization (VEP) across the epicardium,
as demonstrated in previous studies [9], [13]. The left ventri-
cle (LV) surface which is near the cathode is hyperpolarized
(polarization levels < 0 - blue in the colour scheme), and the
RV surface which is near the anode is depolarized (polariza-
tion levels > 1 - red in the colour scheme), with a region
of surface nodes of intermediate polarization in between.
Inclusion of the averaging effects of photon scattering in Vopt

results in apparently weaker VEP with a larger percentage of
nodes with intermediate polarization compared to Vm, which
is quantified by the histograms of Fig. 2.

Consistent with previous studies [8], [9], examination of
the transmural Vm images of Fig. 2 show that the shock
induces a complex distribution of Vm in the depth of the
ventricular wall, with the endocardial surface in both the LV
and RV having opposite polarization to the corresponding
epicardial polarization. Between the oppositely polarized
endocardium and epicardium, the intramural wall is of in-
termediate polarization levels (largely green and yellow in
the colour scheme) in both the RV and LV, occurring for all
SS/ CI protocols.

Fig. 3 shows the maximum and minimum values of
normalized polarization found within the anterior epicardial
surface window (shown in Fig. 2) at shock-end for both
Vm and Vopt . Again, we see a large modulation in the
maximum response of the Vopt signal to the shock, compared
to the Vm response. Furthermore, the range of normalized
Vm polarization values is seen to increase with SS, being
1.88 and 1.90 for a SS of 11V/cm and 2.70 and 2.72 for
17V/cm, for CI of 120 and 140ms, respectively. In the optical
response, we see a similar relative change with SS, being
0.85 and 0.97 for a SS of 11V/cm and 1.20 and 1.33 for
17V/cm, for CI of 120 and 140ms, respectively.

It has been shown in a previous study that the distortion
caused by fluorescent photon scattering depends sensitively
upon the values of the optical properties of the tissue during
both illumination and emission [7]. Fig. 4 plots the variation
in the maximum range of polarization values in the optical
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Fig. 2. Shock-end VEP images showing epicardial polarization distributions for Vm (left) and Vopt (right) as well as transmural potential distributions (for
Vm). Histograms show percentage of nodes with polarizations > 1, 0−1 and < 0 within the anterior epicardial window shown in the upper Vm image.

Fig. 3. Maximum and minimum shock-end values of normalized polar-
ization levels found within the the anterior epicardial window shown in
Fig. 2.

signal found within the anterior window shown in Fig. 2
(maximum minus minimum value), as the scattering prop-
erties of the tissue are varied. This is achieved by altering
the penetration depths during illumination and emission by
a certain fraction, relative to the default values of 0.90mm
and 2.10mm, respectively. As penetration depths vary by
relative fractions of between 0.5 and 1.5, the amplitude of the

maximum-minimum response in Vopt is seen to vary between
1.79 and 1.06.

Fig. 4. Variation in the range of normalized Vopt values (V max
opt −V min

opt )
found within the anterior window in the optical shock-end images of Fig. 2
as the scattering properties of the tissue are varied.

IV. DISCUSSION

In this study, a model of photon scattering for illumination
and emission is used in combination with an anatomically-
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based bidomain model of the rabbit ventricles to simulate
fluorescent signals over the entire epicardium. We use this
model to investigate the role of photon scattering in modulat-
ing optical signals following the application of strong electric
shocks.

Fluorescent photon scattering results in distortion of the
optically recorded signal. This distortion is particularly ap-
parent when there is a largely heterogeneous transmural
distribution of transmembrane potential within the scattering
volume beneath the surface recording site. Variations in the
level of polarization within the scattering volume are trans-
duced through the mid-myocardium by the scattered photons.
This characteristic averaging effect results in differences
in the epicardial Vopt polarizations to those predicted by
bidomain simulations of Vm. Our results have shown that
this effect is particularly apparent in the case of shock-
end VEP measurements, where there is a complete switch
of polarization between epi- and endocardium through the
myocardial wall, with the mid-myocardium being of inter-
mediate polarization. We have demonstrated that the specific
distribution of polarization values in the mid-myocardium,
close to the epicardial surface, is thus critically important in
determining the degree of modulation of the optical signal.

The resulting large transition region between areas of op-
posite polarization on the LV and the RV across the anterior
epicardial surface in the shock-end VEPs images of Vopt

compared to Vm, agrees qualitatively with those witnessed
in experimentally recorded optical VEP images [14], [9]. We
strongly believe the results presented in this study provide the
opportunity to explain previously seen differences between
experimental VEPs and those from bidomain simulations [9]
by directly accounting for photon scattering from depth.

In a previous study we have demonstrated the way in
which variations in the optical properties of the myocardium
at both the illumination and emission wavelengths effect the
distortion of the optical action potential upstroke duration.
Here we have shown that this effect is even more significant
when applied to analysis of potential distributions occurring
following a strong shock. As the penetration depths at both
the emission and illumination wavelengths are varied, we
are effectively changing the dimensions of the 3D scattering
volume from which scattered photons, recorded in the op-
tical signal, originate from. These scattered photons convey
information about the different levels of polarization within
the scattering volume, becoming apparent as a distortion of
the surface optical signal. Following a strong shock, there
are large variations in potential through the myocardium.
Therefore, even small changes in this 3D volume, as pene-
tration depths change by just ±50% (commonly encountered
in different tissue types), result in the large changes seen in
the modulation effects in the optical signal due to fluorescent
photon scattering.

V. CONCLUSION

In conclusion, this study provides insight into the mech-
anisms and underlying physical processes responsible for
the blurring and distortion effects seen in experimentally

recorded optical signals as a direct result of fluorescent pho-
ton scattering following the application of strong shocks. The
use of accurate ventricular geometry and fiber orientation in
the model is essential in representing the complex pattern of
potential distribution following such shock protocols. In this
study we have presented, for the first time, an essential first-
step in aiding in the interpretation of the experimental optical
mapping recordings following strong defibrillation shocks.
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