
Abstract—The rotating fiber orientation within the cardiac 
wall substantially affects the electrical propagation and can 
cause intra-myocardial cusp waves. Numerical simulations 
have shown that the cusps form in layers where propagation is 
perpendicular to the fiber orientation and lead to complex 
wave front morphologies. They can travel across layers and 
break through at the epi- or endocardial surfaces where they 
cause apparent accelerations of propagation. The validation of 
these results remains a major experimental challenge. In the 
present study, we investigate both computationally and 
experimentally how intramural cusp waves can be detected 
using optical imaging. Our simulations show that cusps alter 
the optical upstroke morphology and can be detected well 
before they reach the surface (up to 1 mm deep). Experiments 
in Langendorff-perfused guinea pig hearts are consistent with 
our numerical findings. 

I. INTRODUCTION

The cardiac muscle is well known to conduct action 
potentials anisotropically, showing a larger conduction 
velocity along than across muscle fibers [1]. The fiber 
orientation rotates throughout the myocardial wall up to 
180 , depending on the species [2,3]. This has been termed 
rotational anisotropy and the rotation has often been 
assumed to have a linear dependence on depth throughout 
the bulk of the myocardial wall [2]. 

Rotational anisotropy substantially affects electrical 
propagation and repolarization in cardiac tissue [4,5]. 
Several studies showed that fiber rotation could produce 
intra-myocardial cusp waves and complex epicardial 
activation patterns resulting from cusps reaching the 
epicardium [6-9]. Recently, our group derived the equation 
for the asymptotic shape and velocity of wave fronts in 
anisotropic tissue [8]. This equation permits to predict the 
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time and location where intra-myocardial cusps would reach 
the endo- or epicardial surface, a prediction that was verified 
numerically. 

Fig.1 illustrates the formation of an intramural cusp wave. 
The left panel shows the intra-myocardial fiber orientation 
in four selected layers. The right panel shows isochrones of 
a wave front that was initiated at the x = 0 surface. Initially 
the wave front is planar. As the wave propagates to the right, 
a cusp forms in the layer where the fibers are perpendicular 
to the wave propagation (circle). With time, the cusp moves 
across fiber layers until it reaches the epicardium (white 
arrow), where it causes an apparent acceleration of 
propagation (less densely packed isochrones). Note also that 
the angle of the wave front with respect to the epicardium 
changes after the cusp has reached that surface. 

Fig.1. Fiber rotation in the myocardial wall and intra-myocardial cusp. The 
left panel shows the rotation of the fibers (arrows) from endo- to 
epicardium. The fiber orientation is defined by its angle  with the x-axis. 
The right panel shows isochrones of a propagating wave initiated at the 
surface x=0. A cusp is formed in the layer where the fibers are perpendicular 
to the propagation direction (circle). The cusp eventually reaches the 
epicardium (white arrow), where it causes an apparent acceleration of the 
propagation (density of isochrones on epicardium decreases). Calculations 
were performed in a slab of 5 cm  1 cm  0.2 cm (vertical dimension is 
stretched for clarity) and isochrones are plotted at 5 ms intervals 

In the present study, we assess the feasibility of detecting 
subsurface intra-myocardial cusp waves using optical 
imaging. Our group showed that the upstroke of the optical 
action potential contains information about the intra-
myocardial wave front orientation [10][11]: if the wave front 
propagates “towards” the imaged surface, the upstroke will 
show a slow foot and reach maximal slope (denoted by V*)
at high levels, whereas the opposite is true for a wave front 
propagating “away” from the imaged surface (see Fig. 2). 
We hypothesize that any discontinuity in the wave front 
orientation will affect the optical upstroke if it occurs 
sufficiently close to the imaged surface. Here, we test our 
hypothesis both computationally and experimentally. 
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Fig.2. Optical upstroke morphology recorded from epicardium as a function 
of the direction of propagation. Panel A shows the optical upstroke for an 
electrical excitation wave propagating at a positive angle with the epicardial 
surface. The level V* at which the maximal slope is reached, is close to the 
foot of the action potential. Panel B shows the optical upstroke for a wave 
propagating at a negative angle with the epicardium. In this case, the 
maximal slope is reached towards the end of the upstroke. 

The general outline of this paper is as follows. First, we 
generate computational examples of intra-myocardial cusp 
waves. Next, optical action potentials of these cusp waves 
are calculated and their upstrokes are analyzed as a function 
of the cusp’s depth. Finally, we present experimental results 
of intra-myocardial cusp waves and relate them to our 
theoretical findings. 

II. MATERIALS AND METHODS

A. Model of cardiac activity 
The propagation of an action potential in myocardium is 

modeled by the following reaction-diffusion equation 
t Vm( r ,t) = - Iion( r ,t)/Cm + D Vm( r ,t),          (1)  

where Vm is the transmembrane potential, Cm is the 
membrane capacitance, r  is the position vector, D = /SvCm

is the diffusivity tensor, with the conductivity tensor and 
Sv the surface-to-volume ratio of the cell. Iion represents the 
total transmembrane ionic current. It was calculated using 
the latest variant of the dynamic Luo-Rudy model [12].  

To integrate (1) we used an explicit scheme as described 
in [8] using a time step of 0.01 ms and a space step of 0.10 
mm. Simulations were carried out on a parallel cluster 
consisting of 32 dual AMD Athlon MP2200+ processors 
running at 1.8 GHz. 

B. Optical model 
The light propagation in cardiac tissue is described by the 

time-independent diffusion equation [10,13]: 
(3 s’+3 a)-1 2 ( r ) - a ( r ) + Q = 0,           (2)  

where  is the photon density within the tissue due to an 
inclusion (source or sink) Q, s’ is the reduced scattering 
coefficient and a is the photon absorption coefficient. We 
assumed Robin boundary conditions at all surfaces: 

 = ls

where ls is the so-called extrapolation distance [14] and 
takes refractive index mismatches at the boundary into 
account. 

 The electrical (1) and optical (2) models were coupled 
through the source function Q in (2), to account for the 

voltage dependent fluorescence changes of the dyes [10,13]: 
Q = ex  Vm ,                           (4)

where represents the quantum yield of the dye and ex is 
the local photon concentration of the excitation light.  

Equation (2) was solved analytically by using the method 
of images [15,16]. The recorded surface distribution of 
voltage-dependent signals was calculated using Fick’s law. 

C. Model parameters 
We simulated a three-dimensional slab of the myocardial 

wall representing a portion of the left ventricular wall of the 
guinea pig. We defined the z direction to be transmural from 
endo- to epicardium, and the x and y directions to be parallel 
with the endocardial surface (see Fig. 1). The slab’s 
dimensions were 5 cm  1 cm  0.2 cm. The diffusivity 
tensor D was defined as in [17], to account for the 
anisotropic properties of cardiac tissue due to transmural 
fiber rotation. The diffusivity, DL, in the longitudinal 
direction was 1 cm2/s and in the transverse direction, DT,
was 0.11 cm2/s. The transmural fiber rotation angle  was 
assumed to be a linear function of the depth:  

(z) = k z + endo.                                (5) 
The rate of rotation k was set at 20 /mm [2].  

Optical parameters were chosen for the widely used 
fluorescent dye DI-4ANEPPS [10,15]: s’= 1.5 mm-1, a =
0.35 mm-1 and ls = 0.8 mm for the excitation and s’= 1.5
mm-1, a = 0.12 mm-1 and ls = 1.0 mm for the emission. 

D. Experiment 
All experimental protocols conformed to the Guide for the 

Care and Use of Laboratory Animals and were approved by 
the Committee for the Humane Use of Animals of the 
SUNY Upstate Medical University. Guinea pigs (n=3) were 
isolated and Langendorff perfused with a standard 
oxygenated Tyrode’s solution at 80 mm Hg and 36ºC (see 
[18] for details). The heart was continuously paced at the 
frequency of 3.3 Hz. Diacetyl-monoxime was added to the 
Tyrode’s solution (15 mmol/l) to stop contractions. The 
preparation was stained by injecting 1 ml Ringer solution 
containing 10 nmol of the voltage-sensitive dye di-4-
ANEPPS into the perfusion flow.

The optical setup was similar to the one described 
previously [18]. The video images, 20 mm in diameter area 
(80x80 pixels, 14bit), were acquired at 2000 frames per 
second. We used ensemble averaging to improve signal to 
noise ratio (i.e., averaging the optical signals from ~70 
sequential recordings). 

III. RESULTS

A. Simulated intra-myocardial cusp waves 
In order to study the manifestation of intra-myocardial 

cusp waves in optical signals, we generated several 
computational examples where the cusp breaks through at 
various distances, denoted by xc, from the stimulation site. 
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This was achieved by varying the initial depth of the cusp 
through the parameter endo in (5) [8].  

Fig. 3. Distance xc of cusp breakthrough on epicardium as a function of the 
endocardial fiber orientation endo. Transmural isochronal maps are shown 
for two values of endo: 15  (a) and 30  (b). Isochrones are plotted at 5 ms 
intervals in a slab of 5 cm  1 cm  0.2 cm. 

The plot in Fig. 3 shows how the distance xc depends on 
endo: the distance xc increases as endo increases, because the 
=90  layer gradually moves away from the epicardial 

surface. Transmural isochronal maps are shown for two 
selected values of endo: in panel (a) the cusp is formed near 
the epicardial surface and breaks through at a distance xc = 
7.5 mm ( endo = 15 ), whereas in panel (b) the cusp is 
formed deeper in the myocardial wall and reaches the 
epicardium at a distance xc = 27.5 mm ( endo = 30 ). Note 
also the sudden acceleration on the epicardium when the 
cusp reaches the surface in both cases (compare the 
differences in the spacing of isochrones before and after the 
breakthrough).  

B. Simulated optical signals of intra-myocardial cusp 
waves
For each of the propagation patterns discussed in the 

previous section, we calculated optical signals and 
constructed V*-maps that reflect the optical upstroke 
morphology (see Fig. 2).  Fig. 4 shows such a V*-map for a 
simulation where the cusp wave was at an initial depth of 2 
mm below the epicardium ( endo=30 ). Before the cusp 
reaches the epicardial surface, the wave front has a positive 
angle with respect to the epicardium and accordingly a low 
V* value 0.3 (blue) [11]. When the cusp sufficiently 
approaches the epicardial surface, V* gradually increases. 
Finally, after the cusp has disappeared, the wave front shows 
a negative angle with respect to the epicardial surface and 
V* has a value  0.6 (yellow). Note that V* changes long 

before the cusp reaches the surface. 

Fig.4. V*-map of an intra-myocardial cusp. The initial location of the cusp 
was 2 mm below the epicardial surface ( endo=30 ). Optical action potentials 
were normalized and V* was calculated in each pixel of the image. The 
colors range from blue (low V*) to yellow (large V*).

Fig. 5 shows V* as a function of the cusp’s distance from 
the epicardial surface. V* remains small as long as the cusp 
is deep inside the myocardial wall. The influence of the cusp 
on V* becomes visible when the cusp reaches a depth of 
approximately 1 mm. From then on V* increases linearly 
until the cusp vanishes at the epicardial surface.

Similar results were obtained for different values of endo:
cusps affect the optical action potential upstroke and 
increase the value of V*, long before they reach the 
epicardial surface. 

Fig. 5. V* as a function of the depth of the propagating cusp ( endo=30 ).

C. Experimental recording of a cusp wave 
We tested the validity of our simulations experimentally 

in Langendorff-perfused guinea pig hearts. Earlier computer 
simulations [19] showed that apical stimulation produces 
intra-myocardial cusp waves. Here, we test this prediction as 
well as our method for cusp wave detection using V*-maps.  

Fig. 6A shows an isochronal map of apical stimulation in 
our experiments. A sudden acceleration of the wave is 
observed at a distance xc ~ 8 mm from the apex, typical of an 
intra-myocardial cusp wave reaching the epicardial surface 
at the dotted line (compare isochrones in the box with 
surface isochrones in Fig. 3). Similar patterns were observed 
in all three hearts.  

If the acceleration is indeed caused by a cusp wave, our 
computational analysis showed that the optical upstroke and 
V* should be affected long before the cusp breaks through. 
Fig. 6B shows the V*-map corresponding to the activation 
sequence displayed in Fig. 6A: close to the stimulation site 
(+), V* has a value of about 0.2 (blue). At the point where 
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the cusp reaches the epicardium and the wave starts 
accelerating (dotted line) V* has a value of about 0.7 
(yellow). However, V* starts increasing several millimeters 
before the cusp reaches the epicardial surface. These 
observations are consistent with our numerical simulations 
of intra-myocardial cusp waves. 

Fig. 6. Optical recording of a cusp wave in an isolated guinea pig heart. The 
heart was stimulated in the apex  (+). The grey shaded area indicates the 
electrode. Panel A depicts the activation map after ensemble averaging 
(isochrones at 2 ms intervals). The dotted line indicates the approximate 
location where the cusp breaks through. The grey arrow indicates the 
direction of propagation. Compare isochrones in box with surface activation 
in Fig. 3. Panel B shows the corresponding V*-map.  

IV. DISCUSSION

Optical imaging has become an important tool in the 
study of cardiac electrical activity [20]. Although optical 
mapping has mainly been used for surface imaging, recent 
studies have shown that deeper layers also contribute to the 
optical signals [10,11]. Specifically, the optical action 
potential upstroke was found to contain three-dimensional 
information on the intra-myocardial wave front orientation 
with respect to the interrogated surface. In the present study, 
we used this knowledge to detect intra-myocardial cusp 
waves through their effects on the optical action potential 
upstroke. We found that the level of maximal upstroke 
velocity (V*) changes due to the presence of a cusp in the 
vicinity of the epicardial surface. Our experimental optical 
recordings of apical stimulation in isolated guinea pig hearts 
are consistent with these findings. These results could 
provide an explanation for the high V* values that were 
observed near the base of the ventricles in a computational 
study of apical stimulation in the whole heart [19].  
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