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Abstract. The occlusion of a coronary artery results in myocardial is-
chemia, significantly disturbing the heart’s normal electrical behavior,
with potentially lethal consequences, such as sustained arrhythmias. Bi-
ologists attempt to shed light on underlying mechanisms with optical
voltage mapping, a widely used technique for non-contact visualization
of surface electrical activity. However, this method suffers from signal dis-
tortion due to fluorescent photon scattering within the biological tissue.
The distortion effect may be more pronounced during ischemia, when
a gradient of electrophysiological properties exists at the surface of the
heart due to diffusion with the surrounding environment. In this paper, a
combined experimental and computer simulation investigation into how
photon scattering, in the presence of ischemia-induced spatial hetero-
geneities, distorts optical mapping recordings is performed. Dual exci-
tation wavelength optical mapping experiments are conducted in rabbit
hearts. In order to interpret experimental results a computer simulation
study is performed using a 3D model of ischemic rabbit cardiac tissue
combined with a model of photon diffusion to simulate optical mapping
recordings. Results show that the presence of a border zone, in com-
bination with fluorescent photon scattering, distorts the optical signal.
Furthermore, changes in the illumination wavelength can alter the rela-
tive contribution of the border zone to the emitted signal. The techniques
developed in this study may help with interpretation of optical mapping
data in electrophysiological investigations of myocardial ischemia.

1 Introduction

Sudden cardiac death accounts for over 300, 000 deaths in the US each year [1].
One of the major causes of cardiac arrest is coronary artery occlusion, reducing
the supply of blood to the heart, and resulting in a phenomenon known as
myocardial ischemia.

The ischemic action potential (AP) displays significant morphological changes:
a decrease in upstroke velocity, AP amplitude and duration, and a depolariza-
tion of the resting membrane potential. These changes are mainly due to an
increase in extracellular potassium concentration ([K+]o), a decrease in conduc-
tance of the main ion channels carrying sodium and calcium (INa and ICaL) and
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an increase in conductance of the ATP-sensitive potassium current (IK(ATP ))
[2]. However, during ischemia, a layer of cells between poorly- and well-perfused
tissue, referred to as the border zone (BZ), does not display fully ischemic ac-
tion potentials (APs) [3,4], and the resulting electrophysiological heterogeneities
increase the likelihood of developing disturbed excitation patterns and cardiac
arrhythmias [5]. During global ischemia, this occurs at the the epi- and endocar-
dial surface (with a BZ thickness of ≈1mm), due to diffusion of oxygen and ions
with the environment surrounding the heart and blood within the ventricles [6].

Optical mapping utilizes voltage-sensitive fluorescent dyes to visualize the elec-
trical activity of the heart. Upon excitation at a specific illumination wavelength,
dye molecules transduce differences in membrane potential (Vm) into changes in
emitted fluorescence. However, penetration of the illuminating light into the tis-
sue (with depth dependent on illumination wavelength [7]) and scattering of the
emitted fluorescent photons, means that the detected signal represents a weighted-
average of Vm levels from within a volume of tissue beneath the surface recording
site. Such effects have been shown in modeling studies to distort optical recordings
[8,9], in particular causing a prolongation of the AP upstroke.

In this study, we combine experiments and computational modeling to
investigate how optical mapping recordings are affected by ischemia-induced
transmural electrophysiological heterogeneity in the epicardial BZ and photon
scattering. We hypothesize that optical signals will be significantly distorted rela-
tive to actual epicardial APs due to the collection of signals from a depth of tissue
containing the BZ and fully ischemic myocardium. Preliminary dual-wavelength
optical mapping experiments were performed on no-flow globally ischemic rabbit
hearts. Two excitation wavelengths were used to investigate whether differences
between the respective emitted optical signals would appear with time, assuming
ischemia-induced transmural heterogeneities became more pronounced. Compu-
tational simulations, representing both the BZ and the effects of photon scat-
tering on optical mapping signals, were performed to assist interpretation of
experimental data.

2 Methods

2.1 Optical Mapping Experiments

Optical mapping experiments were performed on isolated rabbit hearts (1kg fe-
males, n=3), Langendorff-perfused with 37◦C Krebs-Henseleit solution bubbled
with 95% O2 / 5% CO2, and maintained in a heated imaging chamber filled with
perfusate. Hearts were stained with voltage-sensitive dye (20μL bolus of 27.3mM
di-4-ANBDQPQ), excitation-contraction uncoupled to eliminate motion-induced
imaging artifacts (10μM blebbistatin), paced at the apex (2ms, 8V bipolar pulse
at 1.25Hz, to ensure maintained capture and avoid alternans during ischemia),
and subjected to no-flow global ischemia. Fluorescence was excited using camera
frame-synchronized LED illumination, alternating 470±10nm (shallow penetra-
tion) and 640± 10nm (deep penetration), and acquired with a 690nm long-pass
filter (which effectively cuts out excitation light) at 922Hz (64x64 pixel 16-bit
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CCD camera resulting in 300μm/pixel resolution). This allowed paired compar-
ison of short and long wavelength excitation.

2.2 Modeling Ischemia-Induced Alterations in Electrophysiology

We constructed a cuboid ventricular segment model (5mm x 5mm x 5mm) of
global ischemia, including transmurally-rotating fiber architecture and rabbit
ventricular cell membrane dynamics [10], with an added IK(ATP ) current [11].
We chose to model the cardiac tissue after 10min of ischemia, as the electrophys-
iological differences between the healthy and ischemic tissue are assumed to be
greatest at that time [6]. The BZ, as shown in Figure 1, was represented by a
transmural gradient in ischemia-induced changes [6].

Fig. 1. Diagram of varying ischemic electrophysiological parameters of the cardiac
tissue model with a BZ: [K+]o, SNa, SCaL, and SK(ATP ) define a BZ of 1mm, 0.5mm,
and 0.1mm, respectively

Bidomain simulations, solved using the finite element method within the
Chaste environment [12], were used to simulate propagation of electrical ex-
citation through the tissue following a supra-threshold stimulus applied to the
bottom plane of the cube, horizontally aligned to the transmural section. To
assess the effects of the BZ, models with/without ischemia-induced spatial het-
erogeneities were considered.

2.3 Optical Mapping Model

Optical mapping signals were simulated using the model presented by Bishop
et al. [8]. Briefly, the steady-state photon diffusion equation was solved using
the finite element method in the Chaste environment to calculate the distri-
bution of photon density throughout the tissue following both uniform epicar-
dial illumination (Φillum) and the resulting fluorescent photon emission (Φem):
D �2 Φ − μaΦ = −w, where the optical diffusivity (D) and absorptivity (μa)
were taken at the illumination/emission wavelength (488/669nm): 0.18/0.36mm,
0.52/0.10mm−1 [8]. Zero boundary conditions were used throughout, except dur-
ing illumination where the source term w was set to an arbitrary value of 1 on
the epicardial surface; during emission, w was defined to be a function of Φillum

and Vm, as obtained from the bidomain simulations, at each point in the tis-
sue. The recorded optical signal, Vopt, was then calculated as the outward flux
of Φem at each time step across the epicardial surface by applying Fick’s Law:
Vopt = −Dem � Φem.n, where n is the normal to the epicardial surface.
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The degree of distortion due to photon scattering depends highly on the ef-
fective optical penetration depth (δ =

√
D/μa) at both the illumination and

emission wavelengths [8]. Therefore, we analyzed the effects of high/default/low
values of δillum

eff (2.45/0.59/0.18mm) and δem
eff (3.20/1.90/0.18mm) to represent

high and low wavelength penetration depths.

2.4 Data Analysis

The results presented are taken from normalized Vm and Vopt values of a node
at the center of the epicardium: V ∗

m and V ∗
opt. We calculate the APD as the

time difference between the upstroke reaching 0 mV and 90% repolarization and
upstroke duration as the time between Vm reaching 10% and 90% depolarization.
We define τopt as the ratio of V ∗

opt and V ∗
m.

3 Results

3.1 Optical Mapping Experiments

Experiments were performed in isolated rabbit hearts to investigate changes
in optical mapping signals during no-flow global ischemia. Normalized voltage
signals, showing the activation wavefront at different times following apical stim-
ulation can be seen in Figure 2(a). Upstrokes from a 2x2 pixel area on the left
ventricular free wall for the two excitation wavelengths at different times of is-
chemia are shown in Figure 2(b). Differences between the respective emitted
optical signals increase with time, showing a prolongation in upstroke duration
and a reduced upstroke velocity recorded with 640nm compared to 470nm exci-
tation. We hypothesize that the deeper penetrating wavelength (640nm) displays
more ischemic features, as it gathers information from a larger volume that in-
cludes more ischemic cells than the shallower penetrating wavelength (470nm).
To investigate the source of these differences, we subsequently performed a sim-
ulation study.

3.2 Border Zone Effects on Epicardial Transmembrane Potential

Figure 3(a) shows the distribution of V ∗
m for the two types of tissue: with and

without a BZ. We notice that the repolarization wavefront shapes are signif-
icantly different in the two types of tissue. Cells close to the epicardium and
endocardium depolarize faster and take longer to repolarize in the tissue with a
BZ, than in the homogeneously ischemic tissue.

Figure 3(b) shows that the AP (sampled from the epicardium) of the fully
ischemic tissue (without a BZ) displays all of the expected ischemia-induced
morphological changes. In the presence of a BZ, the AP displays an upstroke
duration 22% shorter and an APD 11% longer than the homogeneously ischemic
tissue, characteristics of an AP from less ischemic tissue.
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(a) (b)

Fig. 2. (a) Images of normalized fluorescence emitted from the left ventricle of the
rabbit heart at different times after apical stimulation. (b) Normalized voltage upstroke
after 0, 5 and 10 min of ischemia for 470nm ±10nm and 640 ±10nm excitation with
the respective upstroke durations.

(a) (b)

Fig. 3. Computational model of border zone effects on V ∗
m. (a) Snapshots of V ∗

m for
tissue with and without a BZ during tissue depolarization (29 ms) and repolarization
(139 ms) following apical stimulation (b) V ∗

m with and without a BZ, including APD
and upstroke duration values.

3.3 Optical Signal and Transmembrane Potential Comparison

Figure 4(a) shows the corresponding V ∗
opt surface optical APs with/without BZ,

whilst Figure 4(b) compares differences in upstroke duration and APD relative
to the V ∗

m traces of Figure 3(b). As has been shown in previous optical mapping
studies, the emitted signal represents the transmembrane potential of a weighted
average volume of myocardium, due to photon scattering [8,9]. These effects are
more noticeable in the upstroke than the APD, as shown in Figure 4(b), even in
the homogeneously ischemic tissue. This is caused by the narrow and fast wave-
front that occurs during depolarization, such that as it crosses the scattering
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Fig. 4. (a) Simulated V ∗
opt with and without BZ. APD and upstroke duration values

are shown for the respective APs. (b) Photon scattering effects, represented by τopt,
on APD and upstroke duration for simulations run on a tissue with and without a BZ.

volume, some cells are in their resting state while others are excited. This is not
the case during the slower repolarization phase, where most of the cells in the
scattering volume will have a similar transmembrane potential. In fact, τopt(APD)

values are close to 1 while τopt(upstroke) values are of 2.92 or greater. Therefore,
differences in APD seen in Figure 4(a) are mainly due to the border zone as
opposed to photon scattering.

Figure 4(b) shows that τopt values move away from 1 in the presence of a BZ for
both APD and upstroke duration. This arises from the increase in heterogeneities
which lead to differences in AP morphology, in conduction velocity and wave
front propagation. In the presence of a BZ, V ∗

opt gathers information from cells
exposed to different degrees of ischemia, while V ∗

m represents the less ischemic
cells at the epicardium. Differences in upstroke duration and APD for simulations
with and without a BZ are attenuated in V ∗

opt (Figure 4(a)) compared to V ∗
m

(Figure 3(b)) due to the optical signal representing a weighted average volume
of tissue.

3.4 Varying Optical Mapping Penetration Depth

The trends mentioned above are accentuated as we change the penetration depth.
Figure 5 shows that τopt values move away from 1 as the penetration depth in-
creases for both APD and upstroke duration in simulations with and without
a BZ. Differences between V ∗

opt and V ∗
m increase due to the optical signal av-

eraging over a bigger volume for an increased penetration depth. Furthermore,
the differences between τopt values with and without a BZ become more pro-
nounced for both upstroke duration and APD calculations as the penetration
depth increases. As we increase δeff , the differences between V ∗

opt with and with-
out a border zone are attenuated due to a larger scattering volume, such that
more signal is acquired from the deeper ischemic tissue, decreasing the relative
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(a) (b)

Fig. 5. Varying penetration depth effects, represented by τopt, for tissue with and
without a BZ. (a) Upstroke duration and (b) APD, taken at different penetration
depths (Low, Default, and High).

contribution of the BZ. However, a large change remains in V ∗
m with/without

BZ (Figure 3(b)), thus leading to a larger difference in τopt as penetration depth
increases.

4 Conclusions

The aim of this study was to investigate the combined effects of ischemia-induced
transmural heterogeneities and photon scattering on epicardial optical mapping
recordings in a globally ischemic heart. We approached this with a combined ex-
perimental and simulation study. Preliminary dual wavelength optical mapping
experiments in globally ischemic isolated hearts were performed. These showed
a clear difference in voltage-sensitive fluorescence emission between the two exci-
tation wavelengths, which we attribute to the presence of an epicardial BZ. We
investigated this hypothesis with a model of global ischemia, including trans-
mural variation of electrophysiological parameters, combined with a model of
photon density and excitation to simulate the optical signal at the surface of
the heart. Simulations of Vm and Vopt were conducted on a model of ischemic
rabbit tissue with and without a BZ. This demonstrated that the electrophysi-
ological heterogeneities that exist in the presence of an epicardial BZ affect the
optical signal, resulting in a decrease in upstroke duration and an increase in
APD compared to the optical signal from a homogeneously ischemic slab of tis-
sue. Furthermore, as the penetration depth of the optical signal is increased, the
differences between the epicardial Vopt and Vm are accentuated.

Overall, this study shows that the electrophysiological heterogeneities that
arise at the epicardial surface during ischemia have a significant effect on op-
tical mapping recordings. Furthermore, exciting fluorescent dyes with different
wavelengths has an important impact on the resulting optical signal and may
be used to investigate transmural heterogeneities. These findings provide new
insights into optical mapping data interpretation when investigating the role of
heterogeneity during global ischemia.
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