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Abstract. We develop an optical fluorescent mapping system that is
able to record the action potential wavefront propagation within car-
diac tissue samples with high spatial and temporal resolutions. The
system’s main component, the fluorescence acquisition device (cus-
tomized CCD camera), offers a high spatial resolution of 1283128
pixels, with 12-bit digitization and a frame rate of 490 frames/s. The
system is designed and implemented to image an area of approxi-
mately 20320 mm at its minimum object distance of 140 mm, corre-
sponding to a spatial resolution of approximately 3 line pairs/mm.
Experiments using this system with di-4-ANEPPS-stained canine car-
diac tissues with stimulated action potentials through external elec-
trodes result in successful mappings of the distribution and propaga-
tion of the action potential wavefronts, showing the system’s
sensitivity to the change in fluorescence intensity in regions of action
potentials. These data demonstrate this optical mapping system as a
powerful device in the study of cardiac arrhythmia mechanisms.
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1 Introduction
Cardiac arrhythmias are the results of irregularities in the ac
tion potential wavefront propagations within the heart tissue
For instance, during myocardial infarctions, a leading cause o
ventricular tachyarrhythmia, a significant amount of scars are
deposited across the cardiac tissue. These scars distort t
normal orientations and connections of the myocardial fibers
Although the surviving myocytes are able to generate norma
action potentials, slow conduction velocity and distorted
propagation paths have been observed.1–3 Due to the com-
plexity of the wavefront distributions and high propagation
velocities of the action potential, in the study of the cardiac
arrhythmia phenomenon a high spatial and temporal resolu
tion technique is required to accurately map the action poten
tial wavefront propagation and distribution within cardiac
tissues.4,5

Optical mapping using voltage-sensitive dyes has becom
a prominent technique in the study of electrical activities
within cardiac tissues. The technique can be carried out with
devices that can acquire optical signals with both high spatia
frequency and high temporal frequency. Currently, two de-
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vices dominate the field, charge-coupled devices~CCDs! and
photo diode arrays~PDAs!. Both optical mapping technique
possess advantages and disadvantages. However, due
unique ability of CCD detectors in offering both high spati
resolution and temporal resolution, it has been selected as
detector of choice. The objective of this investigation is
design and to implement an optical mapping system usin
CCD detector as its main component, and to validate the
tem through characterization and experiments in optical m
ping of action potentials in cardiac tissue.

2 Background
2.1 Optical Mapping
A number of techniques have been applied to investigate
propagation of action potential within cardiac tissues. Te
niques such as using patch clamps provide meticulous in
mation regarding the ionic currents across the membranes
do not offer information regarding the interaction betwe
cells. Multielectrode recordings provide reasonable spa
resolution but not the time course of action potential prop

1083-3668/2005/$22.00 © 2005 SPIE
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Fig. 1 Optical mapping system. Light from the halogen light source is filtered by the excitation filter and reflected by the dichroic mirror onto the
tissue sample. The induced fluorescence from the di-4-anepps molecules, bonded to the tissue sample, is then filtered twice through the dichroic
filter and then through the emission filter before reaching the CCD detector.
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gations. Optical mapping techniques, although relatively new
have the ability to provide both high spatial resolution and
temporal resolution.6–9

Optical mapping systems are generally composed of spe
cialized illumination and detection instruments with a variety
of characteristics depending on the application. In this pape
stained cardiac tissue preparations are illuminated with a cho
sen light source. The light source is filtered to select the op
timal excitation wavelengths for the specific dye chosen to
convert transmembrane potentials into optical signals. Fluo
rescent light from the preparation, due to the excitation by the
illumination, is filtered to remove the background-reflected
light before reaching the CCD detector. The CCD detector is
placed in the objective image plane and acquires the fina
optical signals. The signal is then processed and stored by
frame grabber.10–19

3 Methodology
3.1 Optical Mapping System
A digital imaging system setup was designed to map the ac
tion potential propagation within a piece of cardiac tissue with
dimensions of 20320 mm. A detailed representation of the
setup is shown in Fig. 1. The system consists of a 150-W
quartz halogen light source, a fiber optic light guide, an emis
sion filter, an excitation filter, a dichroic filter, and a custom
CCD imager.

3.2 CCD Imager
The spatial complexity of the propagating wavefront dictates
the spatial resolution requirements for the CCD detector
However, it is often difficult to know, before hand, the spatial
complexity of wavefronts, thus making it difficult to decide
on a minimum spatial resolution. Independent of wavefront
complexity, with a spatial resolution of 1 mm or lower, many
cells will contribute to the light signals acquired by an indi-
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vidual detector element and to the optical action potent
This can result in blurring of the action potential. Therefore
photodetector with a spatial resolution significantly high
than 1 mm is required. However, without adequate tempo
resolution, it is impossible for any detector, no matter ho
high the spatial resolution, to accurately acquire an act
potential wavefront propagation.

The temporal resolution requirement of the detector is d
tated mainly by the propagation velocity of the action pote
tial within the tissue preparation. The wavefront propagat
in cardiac tissues has an average velocity around 0.5 m/s,
individual velocities ranging from 0.1 to 1 m/s. With a 2
320-mm tissue preparation, an action potential starting at
corner of the tissue with a velocity of 0.5 m/s will take a
proximately 28 ms to traverse to the opposite corner. It w
take a photodetector with a minimum frame rate of
frames/s~1/28 ms! to capture the propagation. The detaile
information of action potential propagation requires high
temporal resolution.

Another factor involved in setting a standard for tempo
resolution is the temporal characteristic of the individual a
tion potential. Experiments using floating microelectrode
cordings from the epicardial surface of guinea pig ventri
showed20 that approximately 90% of action potential sign
was below 150 Hz. Since sampling theory requires a rate o
least twice the highest frequency component of a given sig
for its correct reconstruction, a CCD detector with a sampl
rate at least greater than 300 frames/s is necessary.

The dynamic range of the photodetector is also a cru
factor. A low dynamic range makes it difficult to capture lar
background fluorescence while providing adequate volt
resolution for the action potential. This is important becau
the total fluorescence measured consists mostly, around 9
of background fluorescence. A system with high temporal a
spatial resolutions but low dynamic range will not be able
distinguish between noise and changes in signal intensity
-2 March/April 2005 d Vol. 10(2)
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Fig. 2 Linearity curve. The output intensity in digital units is linearly proportional to the integration time.
.

a

n
-

e

d

s
t

s

he
uo-
ap-
as

nd
, a
re
al
e the
t
time
e to

ing
ith
dual
cor-
ean

nc-

ap-

on-
-

to the propagation of the action potential wave front.
Taking account of the preceding considerations, a CCD

chip with 1283128 pixels, each pixel having a dimension of
0.01630.016 mm ~Dalsa, Ontario, Canada!, was selected.
With dedicated readout electronics, the CCD detector system
provides a frame rate of 490 frames/s and 12-bit digitization
The lens system was designed to image an area of approx
mately 20320 mm at its minimum object distance. A 25-mm/
f -0.95lens was chosen. It utilizes a C-mount connection. The
resulting lens setup has a demagnification ratio of 9.2:1, and
spatial resolution of 3.2 line pairs/mm with an image area of
20320 mm at its minimum object-image conjugate.

3.3 Optical Filters
The fast fluorescence dye di-4-ANEPPS as the mapping age
was selected for the experiment. Di-4-ANEPPS is a voltage
sensitive, fast dye used in detecting the action potential acros
all, or portions of, the membranes of nerve and cardiac muscl
cells. It has a high SNR and a relatively high fluorescent
change in the presence of a change in voltage21–26~;10% per
100 mV!. Di-4-ANEPPS has an absorption maximum around
475 nm and an emission maximum around 617 nm. Designe
in accordance with the dye absorption/emission characteris
tics, the excitation filter is a bandpass filter~480630 nm!, the
emission filter is a bandpass filter~635627.5 nm!, and the
dichroic filter transmits light only with a wavelength above
550 nm.

3.4 System Characterization
The performance of the system must be evaluated. Becau
CCD detectors have different responses to differen
wavelengths of light, all the illuminations used in the evalua-
tion experiments were filtered to approximate the wavelength
given off by Di-4-ANEPPS dye molecules during
fluorescence.
024009al Optics
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3.4.1 Linearity
Linearity is one of the most important characteristics of t
optical mapping system. To be able to accurately acquire fl
rescence signals and to study their behaviors, the optical m
ping system must have as close to a linear relationship
possible between the input intensity of the light photons a
its digital output. To test the linearity of the optical system
series of frames of a uniformly illuminated constant field we
taken, with variations in integration time for each individu
frame. Because the camera under inspection does not hav
ability to allow the control of the integration time, differen
frame rates were used to acquire the frames. The readout
was then subtracted from the acquisition time of each fram
deduce the integration time for each particular frame:

1

frame rate
~1 frame!2frame transfer time~133.9 ms!

5 integration time. ~1!

A series of frames were acquired at a frame rate rang
from 30 to 490 frames/s in 10-frame/s intervals. Along w
the images, dark images were also acquired at each indivi
frame rate. The dark image was then subtracted from the
responding image to remove the offset dark current. The m
was then calculated over a 10310-pixel region in the center
of the processed image. The final result is plotted as a fu
tion of integration time in Fig. 2.

3.4.2 Spatial resolution and contrast transfer function
To determine the spatial resolution of the entire optical m
ping system, a target U.S. Air Force~USAF! 232-in. NEG
made by Edmund Industrial Optics was imaged and the c
trast transfer function~CTF! was calculated using the follow
ing equation:
-3 March/April 2005 d Vol. 10(2)
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Fig. 3 CTF versus the spatial resolution of the system.
e
-
t

-

e

e

e

e
n

el-
the

of

on
at

the

o 0.
ess
ise
ise
l of
of
he

ed
ity
is
the

ced
ith

ha-

me-
he
fec-
ifi-

f
e
on-
CTF5
I max2I min

I max1I min
, ~2!

whereI max and I min are maximum and minimum signals, re-
spectively. The resulting curve is shown in Fig. 3.

3.4.3 Photon transfer curve
The photon transfer technique has proven to be one of th
most valuable CCD transfer curves for calibrating, character
izing, and optimizing system performance. Every componen
in a CCD camera must work correctly in order to produce a
photon transfer curve with the right characteristics. The pho
ton transfer curve is a plot of signalS(DN) versus noise
sS(DN) for the optical mapping system, where DN is dark
noise.

In our experiment, 50 frames were acquired at a frame rat
ranging from 30 to 490 frames/s in 10-frame/s intervals. To
improve the statistics for the photon transfer data, the 50
frames taken at the same illumination level were averaged
Then,S(DN) was determined by calculating the mean of the
resulting image.

Noise data for the ordinate were determined by calculating
the standard deviation of the region of pixels after pixel-to-
pixel nonuniformity was removed. Pixel nonuniformity was
eliminated by simply differencing two identical images taken
back to back at the same exposure level. The variance
sS

2(DN), of this differenced frame was given by

sS
2~DN!5

( i 51
Npix@Si~DN!2S~DN!#2

2Npix
, ~3!

where Si(DN) is the signal ofi’th pixel of the first image,
S(DN) is the mean signal of the two images, andNpix is the
number of pixels of one image.

A factor of 2 must be included in the denominator because
when two identical frames are either subtracted or added, th
random noise component~the standard deviation! of the re-
sultant frame increases by a square root of 2. To improve th
statistics for the noise data, the actual noisesS(DN) was
determined by first differencing frames 1 and 2, then frames 2
and 3, and so on with the last differencing being between th
first frame and the very last frame. These values were the
averaged to yield the final noisesS(DN). The final curve is
024009Journal of Biomedical Optics
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shown in Fig. 4. The averaged curve, the solid line, is env
oped between two additional dashed curves, which are
maximum and minimum limits derived from all the series
photon transfer curves calculated without averaging.

The behavior of the optical mapping system’s phot
transfer curve is normal, which is an excellent indication th
the system works properly. In Fig. 4, the curve is flat when
signal is low ~in analog digital units@ADU#!. This area is
independent of the signal intensity, thus the slope is close t
Furthermore, the read noise in this area is very small, l
than 10 ADU. In the main body of the curve where shot no
dominates, the slope of the line is close to 1/2. Shot no
represents the noise associated with the random arriva
photons on the CCD, it is proportional to the square root
the number of incident photons, hence the slope of 1/2. T
third and final region of the curve is governed by the fix
pattern noise that is the result of variations in sensitiv
among detector elements. Noise from pixel nonuniformity
proportional to the signal intensity, and is represented by
slope of 1.

3.5 Experiments with Tissue Samples
A canine cardiac tissue sample approximately 25325 mm was
harvested from an adult mongrel dog. The tissue was pla
within a constant-flow perfusion apparatus immersed w
37 °C Tyrode’s solution ~mmol/L: NaCl 123, KCl 5.4,
NaHCO3 22, NaH2PO4 0.65, MgCl2 0.5, glucose 5.5,
CaCl2 2.0 bubbled with95% O2 and 5% CO2 gas mixture!.
To reduce motion artifacts in the optical recordings, cytoc
lasin D at concentration of approximately 25mmol/L was
added to the solution, since light scattering caused by
chanical contraction could distort the optical signals of t
action potentials. Cytochalasin D has been shown to ef
tively suppress the cardiac contractile force without sign
cantly altering the action potential characteristics.27

After perfusion with the 37 °C Tyrode’s solution, 5 mg o
di-4-ANEPPS dissolved in 4 ml of dimethyl sulfoxid
~DMSO! was added to the perfusate to achieve a final c

Fig. 4 Photon transfer curve. The curve is initially flat, where DN
dominates. The curve then takes on a slope of 1/2 due to shot noise.
The final section of the curve has a slope of 1 governed by noises
caused by pixel nonuniformities.
-4 March/April 2005 d Vol. 10(2)
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Fig. 5 Optical mappings of action potential propagations within a
canine cardiac tissue sample. Each frame consists of 1283128 pixels,
imaging an area of approximately 20320 mm. The signals were col-
lected with a temporal resolution around 2 ms. The stimulation was
applied at the top right corner of the tissue sample. The cycle consists
of 64 consecutive frames acquired over a period of approximately
131 ms.
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centration of 2mmol/L. Following the staining with Di-4-
ANEPPS, the tissue preparation was again perfused wit
37 °C Tyrode’s solution containing 20mmol/L of cytochalasin
D. The final size of the preparation was approximately 20320
mm. Continued perfusion with warm Tyrode’s solution was
used throughout the experiment.

Light coming from a 150-W quartz halogen light source
was first filtered through the excitation filter. The remaining
light with a wavelength around the absorbance peak of th
di-4-ANEPPS dye~;475 nm! was reflected by the dichroic
mirror upon the cardiac tissue preparation. The di-4-ANEPPS
dye molecules bonded to the tissue preparation fluoresces u
der the excitation. The light resulting from the fluorescence
~;617 nm! was double-filtered by the emission filter and the
dichroic filter, minimizing the noise from extraneous wave-
lengths ~see Fig. 1!. The CCD camera received the optical
signal and converted it to digital signal, and then the signa
was sent to the computer by the frame grabber. During thi
process, the tissue preparation was paced by a 23 diastolic
threshold current, 1 Hz frequency, using a sheathed plung
bipolar electrode and a programmable stimulator.

4 Results
A total of 4900 frames were collected over a period of 10 s.
The images showed a periodic pattern, with an approximatel
1-Hz frequency. Figure 5 illustrates one of the cycles col-
lected. The illustration consists of 64 individual frames taken
consecutively at a frame rate of 490 frames/s, spanning a tim
period of 131 ms. The images clearly indicate a change in
fluorescence level of the di-4-ANEPPS dye molecules unde
the influence of voltage changes across the cardiac membra
due to the application of electrical stimulations and the result
ing action potential propagation. In each frame~around 2-ms
temporal resolution!, the pattern is determined in a 20
320-mm section of left ventricular canine epicardium. The
timing sequence starts in the upper left-hand corner and pro
ceeds from left to right, from the uppermost row sequentially
024009Journal of Biomedical Optics
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to the lowermost row~lower right-hand corner!. Depolariza-
tion ~local activation! is indicated by decreased fluorescen
~as depicted by increased brightness in the present rec
ings!. Epicardial activation originated from the bipolar stim
lation site~a 4-ms-duration square-wave pulse at 1 Hz! in the
upper right-hand corner of the tissue sample. The activa
wavefront proceeded slowly in both a clockwise and a co
terclockwise direction around a central zone of poorly exc
able myocardium~the dark center of each individual frame!.
The two wavefronts met and extinguished~not shown! in the
lower middle portion of the frame. Activation of the tissu
took place over approximately 100 ms. Since the tissue
mensions were approximately 20320 mm, to travel from one
corner of the tissue to the other, the action potential wavefr
must traverse a distance of approximately 28 mm. With t
knowledge, one can calculate the action potential propaga
velocity to be;0.21 m/s, which is within the normal propa
gation velocity of most cardiac tissues.

To further validate the capabilities of this optical mappin
system, the optical signal intensity collected by a single
tector element over time was evaluated with respect to mic
electrode signals. Figure 6 shows the signal intensity o
chosen pixel~detector element! with respect to time, while
Fig. 7 shows the microelectrode recordings of the sa
events. In the microelectrode recordings, consecutive ac
potentials are separated by approximately 1300 ms betw
each initial upstroke~Fig. 6!. This pattern is almost identica
to the optical signals captured and displayed by the opt
mapping system, which also shows a separation close to 1
ms between initial upstrokes of consecutive action potent
~Fig. 7!. These evaluations demonstrated the capabilities
the optical mapping system in mapping the action poten
wavefront propagations within cardiac tissue samples w
high spatial/temporal resolution and high sensitivity.

5 Conclusion
The study of cardiac arrhythmia mechanisms requires an
tical mapping system that can provide high spatial and te
poral resolutions and high sensitivity to capture the comp
action potential wave propagation within the tissue prepa
tion. An action potential can have a propagation velocity ra
ing from 0.1 to 1 m/s. For a tissue sample of 20320 mm, it
will take an action potential approximately 28 ms to traver
from one corner to the opposite corner, enough time for
optical detector with a frame rate of 36 frames/s~1/28 ms! to
capture the propagation. However, a much higher temp
resolution is required for an optical mapping system to be a
to acquire enough data during this 28 ms to enable an accu
study of the wavefront propagation and distributio
mechanism.

We designed, constructed, and evaluated a CCD-dete
based optical mapping system for mapping the action po
tial wavefront propagation across cardiac tissue preparati
The system has competitive characteristics in all three cate
ries: temporal resolution, spatial resolution, and dynam
range. This is important because the detailed information
quired by mapping the action potential wavefront propa
tions is not dependent solely on either spatial resolution
temporal resolution but on the combination of the two. D
namic range is also crucial, without an adequate dyna
-5 March/April 2005 d Vol. 10(2)
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Fig. 6 Consecutive action potentials collected by a single detector element of the optical mapping system.
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range, the optical mapping system will not be able to distin-
guish the small variations in the incoming light intensities due
to action potential stimulations. The optical mapping system
offers a spatial resolution of 3.22 line pairs/mm, with a tem-
poral resolution of 2.04 ms or 490 frames/s, 1283128 detec-
tor elements or pixels with 12-bit digitization, and a dynamic
range close to 3000. The customized lens system provides
minimum working distance of 140 mm and optimizes the
light collection efficiency with anf -# of 0.95. Although a
lens can be custom designed to have an even larger aperture
increase light collection efficiency, it may come at a signifi-
cantly increased cost.

When tested in action potential wavefront propagation
mapping experiments within a tissue preparation of approxi
mately 20320 mm, the optical mapping system demonstrated
its ability to acquire detailed information regarding the propa-
gation of the action potential wavefront and its distribution. It
was able to capture 64 frames within 130 ms, the time it took
for one action potential wavefront to travel from one corner of
rch
p-
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i-
hia

as
mic

n-
,’’

ard

024009Journal of Biomedical Optics
a

to

the tissue preparation to the opposite corner. Evaluation w
microelectrode recordings verified the accuracy of the
quired data.

We are currently investigating the possibility of using
dual-CCD setup and the ratiometry techniques. Each C
camera would selectively acquire light of a specific region
the Di-4-ANEPPS spectrum, taking advantage of the sp
trum shift that results from the change in transmembrane
tential. The CCD cameras would acquire data simultaneou
during an experiment. Data from both cameras would be p
cessed to magnify the variations in signal intensity due to
action potential wavefront propagation.
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