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Examination of Optical Depth Effects on Fluorescence Imaging
of Cardiac Propagation
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ABSTRACT Optical mapping with voltage-sensitive dyes provides a high-resolution technique to observe cardiac
electrodynamic behavior. Although most studies assume that the fluorescent signal is emitted from the surface layer of
cells, the effects of signal attenuation with depth on signal interpretation are still unclear. This simulation study examines the
effects of a depth-weighted signal on epicardial activation patterns and filament localization. We simulated filament behavior
using a detailed cardiac model, and compared the signal obtained from the top (epicardial) layer of the spatial domain with the
calculated weighted signal. General observations included a prolongation of the action upstroke duration, early upstroke
initiation, and reduction in signal amplitude in the weighted signal. A shallow filament was found to produce a dual-humped
action potential morphology consistent with previously reported observations. Simulated scroll wave breakup exhibited effects
such as the false appearance of graded potentials, apparent supramaximal conduction velocities, and a spatially blurred signal
with the local amplitude dependent upon the immediate subepicardial activity; the combination of these effects produced
a corresponding change in the accuracy of filament localization. Our results indicate that the depth-dependent optical signal has
significant consequences on the interpretation of epicardial activation dynamics.

INTRODUCTION

Over the past thirty years, optical mapping has been shown

to be a powerful tool for discerning cardiac activation

patterns, in both isolated single cell (Sharma and Tung,

2001; Knisley et al., 1993) and whole heart preparations

(Choi and Salama, 2000; Bray et al., 2000). In such

experimental applications, the cell or tissue is stained with

a voltage-sensitive fluorescent dye that binds to the cellular

membranes and transduces transmembrane potential changes

into fluorescent signals. Such methods permit a noncon-

tact eans of recording electrical activity with temporal

resolution on the order of microseconds (Salzberg et al.,

1993) and spatial resolutions on the scale of 50–100 mm
(Grinvald et al., 1986). The generally held view within the

cardiac optical mapping literature is that the epifluorescent

signal emanates from the superficial layer of cells in a tissue

preparation, on the order of a few hundred microns, with an

upper limit of 1 mm. Therefore, it is often presumed that the

observed optical recordings of dynamic behavior faithfully

reproduce the epicardial distribution of the transmembrane

potential. Although this approximation may suffice for some

preparations, such as those involving cultured cell layers

(Entcheva et al., 2000), recently studies involving sections of

myocardium of more physiologically realistic thickness are

questioning the validity of this assumption (Roth, 2002;

Gray, 1999).

The question of the origin of the optically recorded signal

is particularly relevant in light of more recent literature

attempting to make inferences on the underlying electrical

activity on the basis of reentrant activity observed on the

surface. The spiral waves associated with reentry rotate

around topological defects known as phase singularities
(Winfree, 1987). It is believed that the phase singularity is

the surface cross-section of a topological line defect known

as a filament, which in turn forms the organizing center of

a scroll wave, the three-dimensional analog of a spiral wave.

Since the myocardium is a three-dimensional excitable

substrate, the additional degree of freedom makes the

contribution of filaments more complex to discern, yet no

less important to the study of arrhythmogenesis (Gray et al.,

1995). The extreme technical difficulty of filament observa-

tion in situ has made experimental studies of their dynamics

limited primarily to examination of oscillatory chemical

reactions (Winfree et al., 1996; Pertsov et al., 1993a).

Recently, however, the depth effects of the optical signal

have been used to infer the existence of underlying filaments

based upon the epicardial presence of ‘‘dual-humped’’ action

potentials (Efimov et al., 1999, 2000), and others have

tailored their imaging technique to pinpoint the location of

signals originating from subepicardial tissue (Choi and

Salama, 1998).

In this study, we will examine the effects of the inclusion of

optical averaging with depth in computational simulations of

spiral and scroll wave activity. We will begin with a simple,

single filament configuration and progress to the complex

case of the behavior of multiple filaments and the corre-

sponding phase singularity localization during fibrillation.

Our goal is to gain valuable insight in anticipating potential

difficulties in the interpretation of experimentally observed

epicardial electrical activity in terms of scroll wave dynamics.
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METHODS

For this study, we use the three-variable model implemented by Fenton and

Karma for the purpose of reproducing the reentrant wave behavior of more

complex ionic models while remaining computationally tractable for three-

dimensional applications (Fenton and Karma, 1998). The equations are

@u=dt ¼ D=
2
u� Jfiðu; vÞ � JsoðuÞ � Jsiðu;wÞ;

@v=dt ¼ Hðuc � uÞð1� vÞ=t�v ðuÞ � Hðu� ucÞv=t1
v ;

@w=dt ¼ Hðuc � uÞð1� wÞ=t�w � Hðu� ucÞw=t1
w ; (1)

where u is the dimensionless transmembrane potential, and v and w are

gating variables responsible for inactivation and reactivation of the currents

Jfi, Jso, and Jsi, defined by

Jfiðu; vÞ ¼ � v

td
Hðu� ucÞð1� uÞðu� ucÞ;

JsoðuÞ ¼ � u

to
Hðuc � uÞ1 1

tr
Hðu� ucÞ;

Jsiðu;wÞ ¼ � w

2tsi
ð11 tanh½kðu� u

si

c Þ�Þ;

t
�
v ðuÞ ¼ Hðu� uvÞt�v1 1Hðuv � uÞt�v2; (2)

and H(x) is the standard Heavyside step function (where H(x) evaluates to

0 for x\0 and 1 for x$ 0). For this article, we employ the parameter values

used to fit the model to the modified Luo-Rudy (MLR) and modified Beeler-

Reuter (MBR) restitution curves; these values are provided in Fenton and

Karma (1998), so we omit them here. D̃ is the diffusion tensor defined as

D̃ ¼
Dxx Dxy 0

Dyx Dyy 0

0 0 Dzz

2
4

3
5; (3)

where the zero-elements reflect the fact that the fibers all lie in the (x,y)

plane. The remaining elements are defined as

Dxx ¼ Djj cos
2
uðzÞ1D? sin

2
uðzÞ; (4)

Dyy ¼ Djj sin
2
uðzÞ1D? cos

2
uðzÞ; (5)

Dxy ¼ Dyx ¼ ðDjj � D?Þ cos uðzÞ sin uðzÞ; (6)

where D|| and D? are the diffusion coefficients for propagation parallel and

perpendicular to the local fiber orientation, respectively. u(z) is the angle

between the x-axis and the fiber orientation in plane z and is determined by

the formula

uðzÞ ¼ �uS=21 ðuS=ZÞz; 0# z# Z; (7)

where uS is the total amount of fiber rotation from epicardium (z ¼ 0) to

endocardium (z ¼ Z) as measured from the x-axis. The coefficients D|| and

D? are defined as s /(SvCm) where s|| ¼ 1.863 mS/cm and s? ¼ 0.186 mS/

cm (in accordance with values estimated by Roth, 1997), Sv is the surface-to-

volume ratio (3000 cm�1), and Cm is the membrane capacitance (1 mF/cm2).

sz was set equal to s?. We imposed no-flux (Neumann) boundary

conditions, i.e.,

n̂ � ðs̃=uÞ ¼ 0; (8)

where n̂ is the normal vector to the boundaries of the spatial domain. Eq. 8

leads to the equations

s̃xx@xu1 s̃xy@yu ¼ 0 for surfaces x ¼ 0 and x ¼ Lx;

(9)

s̃yx@xu1 s̃yy@yu ¼ 0 for surfaces y ¼ 0 and y ¼ Ly;

(10)

@zu ¼ 0 for z ¼ 0 and z ¼ Lz: (11)

The expressions in Eq. 2 are solved explicitly using a finite difference

scheme. The spatial discretization steps in all three dimensions were set to

0.133 mm with a timestep of 20 ms.

With this model, the study was conducted in three stages: 1), a two-

dimensional cross-section representative of a single straight intramural

filament; 2), examination of a rectangular slab with no fiber rotation, i.e.,

uS ¼ 0; and 3), examination of a rectangular slab with rotational anisotropy

with uS ¼ 1208. Initial conditions were constructed by selecting values for u
andw (a recovery variable analogous to the potassium current) by dividing the

u field into two adjacent regions, one set to a u value corresponding to excited

state, the other corresponding to the resting state; the same procedure was

followed for thew field. The border between the two regions in u and that inw

were aligned such that they were orthogonal to one another, thereby

producing a critical point around which a wavebreak would subsequently

form, asmight occur as a result of cross-field stimulation (Frazier et al., 1989).

The fluorescent signal corresponding to the depth-weighted trans-

membrane potential is given as

�uuðx; yÞ ¼
Ð Z

0
uðx; y; zÞwðzÞdzÐ Z

0
wðzÞdz ; (12)

where the integral is performed from the epicardium (z ¼ 0) to the

endocardium (z ¼ Z). w(z) is the epicardial weighting function experimen-

tally determined by Baxter and co-workers in a transillumination study of

sheep right ventricle (Baxter et al., 2001),

wðzÞ ¼ ð907 e�z=0:8 � 702 e
�z=0:44Þe�z=1:34 ðz inmmÞ: (13)

Although the Baxter et al. (2001) analysis was primarily focused on

transillumination, the values used in Eq. 13 for our study correspond to those

provided for epi-illumination. We use u0 to refer to the u-values located at

the epicardium (the top layer of grid nodes, z¼ 0) and �uu to refer to the signal
derived from the depth-weighted average of u.

RESULTS

The use of numerical simulations provides an ideal means to

catalog the effects of depth-weighting of the optical signal

on epicardial propagation activity, since we may create

filaments in a variety of configurations and directly observe

their evolution with time. We have chosen to develop our

study beginningwith a simple filament configuration andfiber

geometry (two-dimensional filament cross-section, no fiber

rotation) and then progress to a more complex filament con-

figuration (L-shaped filament, no fiber rotation) reminiscent

of that seen by Efimov et al. (1999). Finally, we concludewith

complex filament behavior characteristic of fibrillation aswell

as physiologically realistic fiber rotation. By progressing in

this manner, wemay note how the differences between u0 and
�uu present themselves in the simplified cases and observe

whether these observations apply to the simulations with

more realistic physiological structure.

Cross-section of intramural filament

The initial study observed a single intramural filament,

located close and parallel to the epicardium. We model this
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simple case as a two-dimensional cross-section of tissue in

the fiber plane; since the single straight filament is oriented

perpendicular to the longitudinal fiber direction, it appears as

an isolated singularity in the cross-section with an initial

location (x,z) of (2, 0.13) mm. For the model, we have

chosen to use the parameter values specific to the MLR

restitution curve. The reason for this choice is that the

observations of Efimov et al. (1999) indicated the presence

of a long, linear core around which the reentrant wave

rotated, a property also shared by the MLRmodel; the core is

defined as a region of excitable but unexcited tissue, which in

this case is linear (elongated) due to the long action potential

duration. For the tissue, we used a 4.8 cm 3 0.8 cm section

(362 3 62 nodes), with the longer dimension corresponding

to the longitudinal fiber direction; the geometry is shown

in Fig. 1 a. To localize the phase singularity (the two-

dimensional cross-section of the filament), we use the state-

space methodology of determining cardiac phase (Gray et al.,

1998) in conjunction with the topological charge algorithm

developed by Bray et al. (2001). We have shown previously

that using the u and v variables in the 3-variable model

produces the optimal phase portrait (Bray and Wikswo,

2002). The origin in (u(t),v(t)) state-space was set to (0.175,

0.03).

Fig. 1 b compares the u0 and �uu signals obtained from

a point on the epicardial surface at point 1 (0.13, 0), far from

the singularity. We see that although the morphology of �uu is

similar to that of u0, there are three noticeable differences

between the two signals: 1), the upstroke of �uu starts earlier

and its duration is longer than that of u0; 2), �uu is greater in

amplitude than u0 during the upstroke until the peak of both

signals; and 3), the repolarization trace of �uu is lower in

amplitude than that of u0 until the following upstroke. The

amount of this decrease varies over the duration of the

repolarizing phase, but it reaches a maximum reduction of

0.03 units (recall that u is in the range of [0, 1] ). Fig. 1 c
shows �uu and u0 at point 2 (2.33, 0), an epicardial point

directly above the transmural reentrant core at the closest

FIGURE 1 (a, Left) A three-dimensional intramural scroll wave and associated filament (black line) at t ¼ 400 ms; double arrow shows longitudinal fiber

direction, spatial units are in cm. (Right) Cross-section AA9 showing the position of the scroll wave and associated singularity (unfilled circle, with the

subsequent singularity trajectory from t¼ 400–580 ms shown as a white line), and the two recording locations on the epicardium (1 and 2). Time traces at point

(1) are shown in b; time traces at point (2) are shown in c. u0 drawn as dashed line, �uu drawn as solid line. Panels on the right are insets of an interval from

t ¼ 400–580 ms indicated with a box in the left panels.
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point of approach of the scroll wave with the epicardial

surface.

Here we observe that 1), the �uu signal has a dual-humped

morphology, with the first peak much larger in magnitude

that the second; 2), both peaks of �uu are significantly smaller

in amplitude than the single peak of u0; and 3), the upstroke

of the first depolarization is rapid, as sharp as its u0
counterpart. Calculating the activation time as the difference

between the time when u reached its minimum value before

activation and the time of du/dtmax of the activation upstroke,

we found that from 0# x# 1.95 cm, the activation time of �uu
could be as much as 15-ms longer than u0. For x[ 1.95 cm,

the activation time of u0 exceeded that of �uu slightly

(maximum activation time: 0.48 ms).

Fig. 2 depicts u0 and �uu in the form of a time-space plot.

Time-space plots are a simple means of illustrating the

spatiotemporal evolution of the transmembrane potential

signal; successive frames of the amplitude of a signal along

a line are stacked to form a two-dimensional plot of

activation behavior, with time as the y-axis (Pertsov et al.,

1993b; Gray et al., 1995). The one-dimensional nature of u0
and �uu in this simulation makes it ideal for this form of

visualization. In Fig. 2 a, we see the timecourse of the u0

signal across the length of the tissue. The presence of

epicardial breakthroughs, labeled ‘‘EB’’ in the figure, is

apparent by the V-shaped patterns of activation in the plot.

The corner of the V-pattern of depolarization moves upward

with time, indicating that the location of the initial

breakthrough is nonstationary. We have used white lines in

Fig. 2 a to indicate the slope of activation branches in the

vicinity of the breakthrough; the slope of the line is inversely

related to the propagation velocity. Also of note is that the

slope of the left activation branch is shallower (and hence,

the apparent conduction velocity is faster) than that of the

right branch (;74.0 cm/s vs. 43.5 cm/s). In fact, the

conduction velocity of the left branch is faster than the

maximum conduction velocity for the model in a one-

dimensional cable where D is set to D|| (;47 cm/s).

In Fig. 2 b, illustrating the �uu signal, we clearly see

additional ‘‘depolarizations’’ in between the epicardial

breakthrough patterns, lying in the region roughly between

x ¼ 1.5 to 3 cm. This behavior resembles a passive response

(as opposed to an action potential) since it is transient and is

restricted to a local region of tissue. However, the peak

magnitude of the depolarization is on the order of 0.42, far

above the threshold of activation (u is in the range of [0, 1] ).

FIGURE 2 Time-space plots of u from the epicardial surface. (a) Top layer of nodes. Solid white lines show average slope of activation. (b) Weighted

average. (c) Difference between a and b. Epicardial breakthroughs labeled as EB, additional secondary depolarizations labeled as AD. Initial transient of 50 ms

not shown.
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To highlight the differences between a and b, in Fig. 2 c, we
display the result of subtracting the u0 from the �uu images,

where the orange and yellow hues indicate the areas where �uu
is greater than u0, purple is close to zero, and the blue hue

indicates where u0 is greater than �uu. We see that the presence

of these apparent depolarizations is highlighted by the oval

regions of orange. Furthermore, we see adjacent regions of

blue color indicating that in these particular areas, the magni-

tude of the weighted signal in �uu significantly underestimates

the magnitude of the u0 signal in the epicardial layer.

The reason for both of these phenomena is shown in Fig. 3,

where we show the scroll wave cross-section u(x,z) and

filament trajectory (bottom panels), along with the corre-

sponding �uu and u0 traces as a function of x (top panels); the
difference in the two traces over time corresponds to Fig. 2 c.
As mentioned above, reentrant waves in the MLR model

possess a core trajectory that is approximately linear, in

contrast to the highly complex, epi-, or hypocycloidal

trajectories seen in other models (Fenton and Karma, 1998).

Hence, in Fig. 3 a at t ¼ 262 ms, the wave is rotating

clockwise and is in the process of completing the upper arc

of its trajectory (as shown by the white line). We see that the

trajectory has brought the leading edge of the wave near to

the epicardial surface; hence, u0 is still close to maximally

depolarized at the region of closest approach. Meanwhile, we

see that as the wave completes the turn of its reentrant

trajectory (t ¼ 370 ms), the portion of tissue underneath the

arc is in the process of repolarization. While the depolarized

tissue within the first few epicardial layers plays a substantial

role in the magnitude of the weighted signal, the reduced

value of u(x,z) in the repolarizing midmyocardial strata

contribute as well. The net effect of the summation over

depth at this point in time is that �uu is depressed with respect

to u0 (see the first peak of the double potential in Fig. 1 b),
with the maximum difference located at the point of closest

approach, producing the negative blue regions in Fig. 2 c.
Likewise, at t ¼ 340 ms in Fig. 3 b, the filament is

traversing the lower half of the linear core. Since the closest

approach of the filament brings it to within 1.07 mm of the

epicardial surface, those repolarizing surface layers experi-

ence a slight passive response, corresponding to a very small

positive deflection in u0 for those cells. On the other hand,

the contribution of the depolarized intramural layers is

sufficient to create a significant positive deflection in the

weighted �uu signal, as seen in the second peak of the double

potential in Fig. 1 b. Again, the location of the peak

corresponds to the local maxima in Fig. 2 c (orange regions)
at that point in time.

FIGURE 3 Snapshots of the temporal development of the depth-weighted and top layer signals. (Top panels) �uu (green) and u0 (blue) signals as a function of

x. (Bottom panels) Corresponding scroll wave cross-section, with the filament trajectory overlaid as white line. Figure shows wave traversing a above and

b below the core, as traced out by the white line.
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Further examination of scroll wave patterns can provide

additional details about the relationship between u0 and �uu.
The intramural wavefront approaching the epicardium on

the upper left of u(x,z) in Fig. 3 b at t¼ 400 ms, produces the

earlier upstroke of �uu (in comparison to u0) as expected, at the
point when the wavefront is ;2 mm from the epicardium,

with a clear peak at x ¼ 1.0 cm. This value is in agreement

with earlier studies of Baxter et al. (2001). We also observe

that �uu is greater than u0 only for the duration of the upstroke

in the regions where the wavefront is approaching the epi-

cardium. As the wave progresses, �uu is lower in magnitude

than u0 due to the decrease in u with depth during re-

polarization associated with the decreasing fluorescence

contribution from the lower tissue strata. However, in the

areas where the wavefront is traveling away from the

epicardium, such as in the upper right of u(x,z) in Fig. 3 a, t¼
362 ms, u0 remains greater than �uu for the duration of the

upstroke, and the two signals follow almost identical

timecourses for x 2 (0,1.6) and (3.2, 4.8) cm during this

rotation. Based upon the trajectory of the scroll wave with

respect to the epicardium, we can also see the reason for the

apparent supramaximal velocity. The scroll wave approaches

the epicardial surface at a shallow oblique angle as can be

seen in the upper left corner of the u image at t ¼ 400 ms.

This is exhibited in the difference image in Fig. 2 c as

a yellow ridge along the left branches indicating that �uu
increases rapidly whereas u0 remains at a fairly constant

value. This situation continues until the actual moment of

breakthrough when the underlying wavefront arrives at the

epicardium.

We varied the initial conditions such that the z-coordinate
of the closest approach of the filament to the epicardium

could be specified, and examined the amplitude of the

second peak of �uu as a function of filament depth. In this case,

the amplitude of the peak is occluded not only by increased

depth of the core itself but also by the fluorescence

contribution of the layers overlying the core which are in

the process of repolarization during the appearance of the

second peak. We found that the second peak is at least 10%

of the action potential amplitude for a filament passing

within 1.3 mm or less of the epicardium. However, for

a scroll wave of this configuration, the filament was unable to

pass much closer to the epicardium (\1 mm) without activat-

ing it outright and precluding a second peak altogether.

Furthermore, the peak is completely unnoticeable for a fila-

ment depth of 2 mm or greater.

To summarize, we have noted the following general

features in the comparison between u0 and �uu for an intra-

mural filament:

a. As the filament passes above the core, the �uu potential is

typically significantly lower in magnitude than that of u0.
b. The �uu activation often possesses a degree of directional

blurring, the magnitude of which is dependent upon the

incident angle between the epicardial surface and the

incoming scroll wave.

c. During epicardial breakthroughs, �uu tends to rise before u0
and produces a longer apparent activation time.

d. As the filament passes below the core, an additional peak

is superimposed on epicardial activity in �uu.

L-shaped filament, no fiber rotation

The second study consisted of our observing a shallow

L-shaped filament, located close to the epicardium. Such

filament comprises one-half of a U-shaped filament, which

have been predicted to occur under certain stimulus condi-

tions (Pertsov and Jalife, 1995; Sambelashvili and Efimov,

2002). The filament was initialized as described in Methods,

with the addition of an elliptical profile for the u variable; one
end terminated on the epicardial z¼ 0 plane, the other on the

y ¼ 0 plane. We model this preparation as a three-dimen-

sional section of tissue. The number of grid points is 362 3
1513 62, such that the tissue slab has dimensions 4.83 2.0

3 0.8 cm3, with the longest dimension corresponding to the

longitudinal fiber direction. In this case, the filament has one

end located on the upper epicardial surface and the other on

a longitudinal face. Again, we use the MLR parameter values

for the active kinetic model.

Fig. 4 illustrates the results from this portion of the study.

Fig. 4 a shows the filament and its trajectory within the

tissue slab at t ¼ 176 ms with u mapped on the bounding

surfaces; the orientation of the slab and the fiber direction

is the same as that shown in Fig. 1 a. At this point in time,

Fig. 4 b (right), depicting �uu � u0 indicates that there is a

positive difference between �uu and u0 at the region where the

underlying scroll wave is closest to the epicardium. Further-

more, the magnitude of (�uu � u0) is greatest at the shallowest
portion of the scroll wave, adjacent to the linear core, but

decreases rapidly in the direction of the filament’s major

axis (i.e., transverse to the fiber direction as shown by the

arrow in Fig. 4 a) due to the short space constant of the

weighting function with respect to the increasing filament

depth.

In Fig. 4 c, an epicardial activation map for one period of

the scroll wave is constructed from the �uu signal by locating

the maximum of the first derivative of �uu. The linear core

region is clearly demarcated by the convergence of the

isochrone contours along a central line, around which the

wave rotates. Eleven sites were chosen along the major axis

of the filament and the temporal traces of u0 and �uu are plotted
in Fig. 4 d; both c and d are formatted to permit comparison

between our simulations and the experimental data in Fig. 5

of Efimov et al. (1999). In this graph, a phase shift between

traces 1–5 and traces 7–11 is clearly seen as a result of the

time delay of the wave circling the linear core; trace 6 lies on

the core itself and possesses a morphology intermediate

between 5 and 7—characteristic of signals from the core

region (Pertsov et al., 1993b).
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An examination of the traces shows the differences

produced by the inclusion of optical weighting over the

length of the filament. Note that for the activation for traces

1–5 at t ; 50 ms, �uu exhibits a gradation in the depola-

rization shape, from an early initiation and prolonged

upstroke duration for trace 1, to a significantly reduced

peak amplitude and rapid upstroke for trace 5. This tran-

sition is a consequence of the increasing z-depth of the

initially elliptical filament along its major axis. In addition,

circled in red on Fig. 4 d are secondary peaks similar to

those observed previously in Fig. 1 c. In contrast, for traces

7–11, the depolarization and repolarization profiles are

almost identical, with no associated additional peak during

the repolarization phase. This one-sided spatial morpho-

logy is consistent with the observations of Efimov et al.

(1999).

Three-dimensional scroll wave breakup in
presence of fiber rotation

For our final study, we examined a rectangular slab with

rotational anisotropy, using uS ¼ 1208 as a typical value

(Streeter et al., 1978); as indicated by Eq. 7, the fibers at the

midwall are parallel to the x-axis. The slab has the same

dimensions as that of the previous section (4.6 3 2.0 3
0.8 cm). However, it has been shown that a perturbed scroll

wave using the MLR model in tissue up to 12-mm thick and

at 248/mm of fiber rotation fails to destabilize (Rappel,

FIGURE 4 Snapshots of the temporal development of the depth-weighted and epicardial signals for an L-shaped filament. (a) Three-dimensional tissue

slab with filament in black. Arrow shows the orientation of the filament as seen from the z ¼ 0 plane. u shown on bounding surfaces. (b) Snapshot of

u0 and �uu and epicardial signals: u0 (left), �uu (middle), and �uu � u0 (right). Trajectory of the filament on the bounding surfaces in a and b shown as a white

line. (c) Epicardial activation 4-ms isochrone map of �uu for the area outlined in a, showing the linear core of the scroll wave. Arrow is the same as that

shown in a. (d) Traces of �uu (green) and u0 (blue) as a function of time at the locations numbered in c. Red circles indicate the presence of additional

peaks in �uu.
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2001). Therefore, we chose to use the MBR parameter

values for Eq. 1 for which Rappel (2001) showed that a

single filament becomes unstable for the wall thickness

and rotation rate values selected for our study (see their

Fig. 8).

In Fig. 5, we show the results of scroll wave breakup

initiated from a single transmural filament in a more physio-

logically realistic model. Qualitatively, the optical effects

noted in the above sections (particularly those regarding

the intramural filament) are present in this simulation

as well.

a. The �uu potential is typically significantly lower in

magnitude than that of u0. In Fig. 5 a, we observe an

epicardial breakthrough activation. In u0, the depolariza-

tion is essentially uniform over the region of break-

through. In contrast, the activation in �uu is clearly of lower

amplitude except in those regions where the action

potential is reentering into the transmural epicardium,

thereby allowing more layers to contribute to the

weighted signal.

b. The �uu potential often possesses a significant degree of

directional blurring. In regions where a scroll wavefront

approaches the epicardium at a shallow angle, the en-

croaching wave exhibits a graded potential over a wide

area in the direction of the wavefront in �uu, producing a

subsequent rapid depolarization and an apparent supra-

maximal velocity in u0. Fig. 5 b illustrates an apparent

‘‘finger’’ of depolarization in �uu directed toward the left

(shown by arrows), that the epicardial wave in u0 subse-
quently follows as it breaks through.

c. During epicardial breakthroughs, �uu experiences a gradual

depolarization. If a filament is oriented parallel to the

epicardial surface, the signature of the rising scroll wave

is observable at the epicardium in �uu before u0. An

example is shown in Fig. 5 c, where the u time trace of

the point directly over the breakthrough would demon-

strate the apparent initiation of depolarization much

earlier in �uu than in u0.
d. Graded potentials from an intramural scroll wave may be

superimposed on epicardial activity in �uu. In Fig. 5 d, we
observe a slender region of repolarization at the top right

of the colored region of interest in u0. What is noticeable

in �uu, but not in u0, is a graded potential extending

retrograde to the repolarization tail (shown by arrows). In
this intervening region, the wave fails to achieve an

epicardial breakthrough, but is sufficiently close to the

surface such that it produces an apparent depolarizing

deflection in �uu, but no action potential in u0. This

situation is analogous to the double-humped potential

observed in the previous section and seen in Efimov et al.

(1999).

Singularity detection of filament breakup in
presence of fiber rotation

It stands to reason that the combination of the above

phenomena would lead to differences in the efficacy of the

detection and subsequent tracking of the intersection of the

filament with the epicardial surface (i.e., a phase singularity).

Given the recent interest in tracking singularities in epi-

FIGURE 5 Comparison of �uu and u0 signals during spiral wave breakup. Regions of interest are colored to highlight details. (a) Diminished �uumagnitude; (b)

apparent supramaximal conduction velocity in u0, arrow shows direction of propagation; (c) epicardial breakthrough; and (d ) subepicardial graded potentials in
�uu; arrow shows direction of subepicardial propagation.
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fluorescence movies recorded from isolated animal hearts

(Gray et al., 1998; Chen et al., 2000; Bray et al., 2001; Samie

et al., 2001), we investigated this effect by examining phase

singularity localization for both u0 and �uu for the previous

fibrillatory computation. Since an experimenter usually has

access to only one variable at a time when observing

epicardial behavior, rather than use the multivariate state-

space phase portrait (u,v) as previously, we use the Takens

time-embedding state-space methodology to produce a topo-

logically equivalent time-series phase portrait (Takens,

1981; Gray et al., 1998). This is done by expanding the

observed variable u into a vector time series by embedding

a time delay t into u(t) such that the state space in two

dimensions is composed of u(t) plotted against u(t � t). We

set the time-embedding delay t to a value approximately

equal to the upstroke duration of the action potential, i.e., 5

ms, to insure the absence of folding in the phase space

trajectories (Gray and Jalife, 1999). The origin in (u(t),
u(t� t)) state-space was chosen as (0.21, 0.21) by examining

the phase portrait for a two-dimensional spiral wave and

selecting a point which was encircled by the smaller phase

trajectories. The phase singularities were localized with our

topological charge algorithm detailed previously in Bray and

Wikswo (2002).

In general, we noted several trends in singularity creation

and annihilation which were seen to follow primarily as

a consequence of the observations detailed above:

a. In those regions where the magnitude of �uu is greater than

that of u0, the creation of the singularities is generally

observed to occur earlier in �uu than in u0. As mentioned

previously, the subepicardial activation causes a pre-

mature initiation of the upstroke in �uu as opposed to u0,
which leads to an apparent earlier phase resetting when

a singularity is produced. Likewise, the annihilation of

a singularity pair typically takes place later in �uu than in u0
in these regions since the underlying depolarization also

persists longer in �uu than in u0.
b. In contrast, in those regions where the magnitude of �uu is

less than that of u0, the singularities are created generally

later and annihilate earlier in �uu than in u0. In this case the

activated (whether depolarizing or repolarizing) epicar-

dial tissue is overlying tissue that is close to rest, but the

same reasoning in terms of apparent phase resetting

applies as in a.
c. As an extension of a, regions which experience graded

potentials in �uu are likely to exhibit the appearance of sin-

gularities in �uu which are absent in u0. In such areas, the

apparent propagation in �uu is not in fact epicardial at all and
hence, although the singularity may be visible in �uu, it does
not actually represent a filament intersecting with the

epicardial surface but instead the trajectory of a filament

has brought a section of it just underneath the surface.

d. Similarly, as an extension of b, regions in which the

activation is localized to the epicardial layer and layers

immediately beneath it may reveal singularities in u0
which are absent in �uu. This may occur for a very shallow

U-shaped filament, for example.

An example of the disparity in detection is illustrated in

Fig. 6, which shows eight epicardial singularities in u0 and �uu
tracked during a 20-ms period. In this instance, the error in

singularity localization between u0 and �uu over this period is

0.57 6 0.16 mm. Of note are the false positives represented

by trajectories 7 and 8 which were detected in u0 but not in �uu,
corresponding to situation c above. Because the immediately

underlying filament activity can produce adjacent areas

which are subject to a combination of the above conditions,

all of which are reflected in �uu, it is difficult to generate hard-

and-fast rules to determine which of the above scenarios will

occur. It should be noted that in many cases the qualitative

behavior of the detected phase singularities remained

basically the same between �uu and u0. That is, for meandering

singularities which persisted for a long time period, even

though discrepancies in spatial localization and creation/

annihilation times existed, the basic trajectory did not

change, such as trajectory 2 in Fig. 6.

DISCUSSION

The presence of a depth-dependent optical signal has been

well-documented in the literature (Wilson et al., 1985; Preuss

et al., 1983) but its effects on the interpretation of the

optically mapped cardiac signal have only recently been

a topic of investigation (Gray, 1999; Roth, 2002). Generally

speaking, investigations which have attempted quantitative

measurement of the dependence of emission wavelength

upon penetration depth in biological tissue have yielded

FIGURE 6 Illustration of phase singularity localization as a function of

(x,y,t) during a 20-ms segment of fibrillatory activity in the MBR model.

Trajectories from u0 and �uu shown in blue and green, respectively. The

singularities are labeled with numbers.
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varying results (Cheong et al., 1990), and unfortunately the

same is the case in the cardiac literature. Girouard found

decay constants of 0.29 and 0.43 mm for the excitation and

emission decay constants using di-4-ANEPPS in guinea

pig left ventricle (thickness: 2.25 6 0.20 mm), with the top

500 mm contributing 95% of the signal and the largest

contribution coming from the uppermost 100 mm; however,

this value was dependent upon the optical magnification

used (Girouard et al., 1996). Knisley estimated that the top

300 mm contributed to the majority of the optical signal for

a rabbit ventricular preparation using di-4-ANEPPS (max-

imum thickness measured: 600 mm; Knisley, 1995). Baxter

and co-workers found optical penetration depths of 0.80

and 1.34 mm for the excitation and emission decay cons-

tants of di-4-ANEPPS in transmural cross-sections of sheep

right ventricle (thickness: 8 mm) with 82% of the signal

emanating from the top millimeter (Baxter et al., 2001). A

study by Al-Khadra and co-workers observed optically-

recorded (di-4-ANEPPS) action potentials from papillary

muscles which had a dual-humped morphology (Al-Khadra

et al., 2000). Shielding the papillary muscle from the

underlying septum yielded action potentials of normal shape,

indicating that the optical signal was the sum of the signals

from the two tissues. Assuming this is the case, the

underlying signal originated from a tissue depth on the

order of a millimeter. Similarly, a Monte Carlo simulation by

Ding and co-workers using broad field illumination for tissue

stained with di-4-ANEPPS calculated that 62% of the col-

lected fluorescence originated within a 1-mm radius block of

tissue with a 1-mm depth (Ding et al., 2001). Quantitative

measurements on the tissue depth which contributes to the

signal have been shown to be dependent on such factors as

spectral sensitivity, light absorption, and scattering, among

others (Cheong et al., 1990; Baxter, 2001). Recent publi-

cations have called increasing attention to the need to be

aware of the location of the focal plane with respect to the

tissue surface as well as the associated depth-of-field used at

a given magnification with the collecting lens; the effect of

focus upon the signal becomes an issue if the depth-of-field

is smaller than the distance into the tissue from which

spatially-resolved light can be detected (Baxter et al., 2001;

Efimov, 1998).

In this study, we do not attempt to demonstrate the validity

of the numerical estimates of the weighting functions

mentioned in the literature. Instead, we report the expected

effects of applying the weighting function of Baxter et al.

(2001) on observed epicardial activation patterns, allowing

inferences to be drawn with other, similar w(z) functions.
Using the function in Baxter et al. (2001), Janks and Roth

(2002) demonstrated that the inclusion of optical averaging

with depth in a simulation of a passive membrane model may

provide a partial explanation as to why experiments fail to

observe the large transmembrane polarization near the

electrode during unipolar stimulation (as predicted theoret-

ically), and surmised that a longer length constant, l, in w(z)

would increase the discrepancy. Likewise, observing active

propagation with a larger value of l would most likely alter

the findings in Results (see Cross-Section of Intramural

Filament and L-Shaped Filament, No Fiber Rotation) in

a quantitative (not qualitative) manner. However, it is

doubtful that the effect of a longer l on fibrillatory tissue,

such as that seen in the last section of the Results section,

would be as predictable as in Janks and Roth (2002). As

noted in Baxter et al. (2001), a subepicardial wave becomes

noticeable when the wave approaches 1–2 mm of the surface

using their formulation of w(z). For this reason, an intramural

filament produced dual-peaked APs in �uu only when the

trajectory of the filament along the core brought the filament

very close to the epicardium without activating it. Obviously,

in regard to our observations of a single shallow filament,

a longer l would permit deeper filaments to be observed

epicardially, accompanied by even longer upstroke times and

larger magnitude second peaks in the filament axis.

However, in the case of full fibrillatory activity, the effect

of a longer l is more difficult to estimate due to the decreased

relative difference between l and the scroll wavelength in

the z-direction. That is, if more waves are present in those

layers which contribute significantly to �uu (as determined by

l), the activation seen at the surface will seem to become

increasingly complex as more of the total filament length

(along with the associated twist due to fiber rotation and

resultant scroll activity; Rappel, 2001) is represented in w(z).
The presence of a depth-dependent signal adds a new layer

of difficulty to the already complex interpretation of cardiac

activation patterns. It is well known that since the optical

signal is generated from an aggregate of cells, the action

potential upstroke can be blurred within a set of pixels and

erroneously lead to an artificially long upstroke duration; for

charge-coupled device cameras, blurring also increases as

a function of the photon integration time required to obtain

an adequate signal-to-noise ratio (Girouard et al., 1996;

Baxter et al., 1997). These results indicate that even if these

technical effects were corrected, blurring would still occur

and may be significant depending on the underlying filament

orientation. Baxter and co-workers note that their equation

for w(z) takes into account scattering losses at the surface

and not the effects of lateral scattering within the tissue;

fluorophores located deeper within the tissue will appear

transversely blurred due to scatter (Hyatt et al., 2003). The

effect of the inclusion of this behavior on our results is

unknown, but it would most likely exaggerate the effects

already reported and further complicate optical data in-

terpretation. The obvious extension of our work would be to

incorporate a recently developed optical transfer function

that accounts for photon scatter, and repeat the analysis

presented here (Hyatt et al., 2003).

The appearance of action potentials with two distinct

peaks (‘‘double-humps’’) has long been known as a signature

of reentrant conduction block (Allessie et al., 1977;

Olshansky et al., 1993) and has been used previously for

Optical Depth Effects During Propagation 4143

Biophysical Journal 85(6) 4134–4145



core identification (Jalife et al., 1998). Typically, these

double-humped potentials are attributed to electrotonic

interaction across the line of block. However, Efimov and

co-workers demonstrated double potentials at distances

greater than a space constant (up to 12 mm) from the line

of block (Efimov et al., 1999). Since this is a longer distance

than can be normally accounted for by electrotonics, this led

them to consider the possibility that a scroll wave may be

rotating sufficiently close to the epicardial surface in such

a way that the optical signal experiences two deflections

from the wave propagating on either side of the region of

conduction block. Our simulations confirm this interpreta-

tion as a possibility since a filament is unlikely to elicit

a noticeable isolated passive response in u0 unless it passes
within a fraction of a millimeter of the epicardium (in which

case a minor perturbation in the filament trajectory toward

the bounding surface will produce a full active response on

the epicardium), whereas the deflection in �uu can be observed
at a tissue depth of an order-of-magnitude larger than the

passive length constant. However, while we were able to

replicate the double-humped behavior in �uu in the controlled

case of a single L-shaped filament, it required an extremely

shallow filament to do so. Also, such multiple peaks were

observed to be fairly infrequent in the simulation of filament

breakup. This is understandable given that the recordings

made by Efimov and co-workers were of sustained poly-

morphic tachycardia as opposed to full fibrillatory activity,

indicating that just a single filament was present (Gray et al.,

1995); the dynamic activity of multiple filaments precludes

the stability needed to produce the extra peak in our simu-

lations. Also, it is important to note that in the experimental

setting, other factors come into play such as motion artifacts

and early after-depolarizations associated with some patho-

logical states which may lead to the erroneous presence of

multiple peaks in the optical signal.

The detection and tracking of surface phase singularities

remains the most straightforward means to discern filament

activity, albeit in a limited way (Fenton and Karma, 1998;

Gray et al., 1995). Although various methodologies exist to

localize singularities (see Bray andWikswo, 2002, for a short

review), all of them assume that the epicardial mapping is in

fact an accurate representation of the surface activation

dynamics. We have shown here that the inclusion of optical

signal depth information can lead to an erroneous charac-

terization of the phase singularity (and hence filament)

dynamics, including the occurrence of false-positive and

false-negative filament detection under certain conditions.

We note again that the basic meander pattern and trajectory

is often unaffected, and if the scroll wave is fairly per-

pendicular to the epicardium (i.e., transmurally) within the

length constant l, then the difference in localization (though

probably not the creation/annihilation times) between �uu and

u0 will be small. However, the presence of twist due to

rotational anisotropy or other heterogeneities will promote

filament bending, thus making such an optimal configuration

transient at best, especially once breakup events begin to

occur.

In summary, our results indicate that the depth-dependent

optical signal has significant consequences on the interpre-

tation of propagation dynamics, in terms of the distortion

of the magnitude, spatial extent, and temporal timing of

epicardial activation and, as a consequence, phase singularity

localization and behavior. As mentioned above, many

additional variables clearly play a role in determination of

the weighting function but their quantitative values remain

unknown or inconsistent thus far; furthermore, it is difficult

to reconcile the variability between experiments performed

with different protocols. Nevertheless, this study illustrates

that accounting for the three-dimensional nature of the

optical signal is vital to appropriately bridging the gap

between numerical simulations and experimental optical data

in understanding cardiac spatiotemporal electrodynamics.
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