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An optical imaging technique with high spatial and temporal resolution was developed to record
fractional changes in laser-induced epifluorescence associated with the cardiac transmembrane
potential during and after the application of monophasic point stimuli. The technique takes
advantage of the repeatability of the recorded events, and uses a synchronized laser strobing
mechanism to overcome the speed limitation inherent to slow-scan charge-coupled device cameras,
and achieves an effective frame rate of 500 frames/s at a spatial resolution>01Q0@ixels in a

single frame with a pixel resolution of 7am. The signal-to-noise ratio can be improved with
boxcar averaging. Patterns of virtual cathode and anode with distinctive regions of simultaneous
depolarization and hyperpolarization during stimulation are demonstrated with stimuli applied to the
resting myocardium of an isolated rabbit heart. The technique described in this article provides a
powerful tool for investigating repeatable dynamics in the function of electrically active tissue.
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I. INTRODUCTION cording sites of the “optrode > Video techniques provide
qualitative images with a large number of pixels and can be
Cardiac activation is an important biophysical processused to create movies of propagating activation and
directly relevant to the application of clinical arrhythmia reentry?'2'® However, the fixed acquisition rate of 60
treatment devices such as pacemakers and defibrillators. Tricames/s and a 16.7 ms elapsed time between consecutive
ditionally, this phenomenon was studied using electrical reframes prohibits detailed observation of cardiac dynamics.
cording approaches. In the last decade, cardiac optical map-urthermore, digital video cameras typically have only a nar-
ping became an emerging technique which has been appligdw dynamic range of 8-bit, or 256-level digitization, which
to preparations including cardiac celisiwo-dimensional creates a major drawback for quantitative studies of the
slices of cardiac muscfeand whole heartd? Developed transmembrane potential distribution. Because the change in
around the principle of staining the tissue with voltage-fluorescence that corresponds to the transmembrane action
sensitive dyes and recording the variation in the intensity opotential is typically 5% of the background illuminance, an
the induced epifluorescence, a variety of approaches basé&dbit dynamic range would generate data with only 12 digi-
on different light-sensing components have been utilized tdized levels, i.e., 5% of 256, for signals of more than 100 mV
measure the transmembrane potentigl) distribution dur-  in amplitude.
ing different electrical states in cardiac tissue. In principle, ~The system described in this article uses a high-
the V,,, of a site on the tissue is estimated witlAF/F, in  sensitivity cooled charge-coupled devi¢@CD) camera as
which F is the fluorescence intensity obtained from the restthe optical detector. The sensitivity allows a short exposure
ing tissue,AF the variation of fluorescence intensity when duration that avoids the problems of dynamic image blurring
the recording site of tissue is excited. The minus sign repreand dye-bleaching. The 12-bit dynamic range of the camera
sents a decrease Fwith a more positiveV,,,. The spatial and the frame-grabber provides a digitization of the trans-
variation in—AF/F can be recorded with sufficient accuracy membrane action potential of more than 150 levels. Most
to allow quantitative comparisons of theory and experimenimportantly, a synchronous-capture scheme, which locks the
that provide confirmation of the bidomain model for cardiaclaser exposure timing to that of the stimulation, was devised
electrical behavior. to achieve an effective 500 Hz frame rate. All these engi-
A major engineering compromise that has to be madd€ering improvements in optical mapping techniques led to
during the system design is the trade-off between the spatiéhe successful observation of virtual electrode effects in car-
and temporal resolution of the recording. For example, phodiac activatiorf.
todiode arrays and laser scanning systems provide good time
resolution at a limited number of poims® Fiber optic sys-
tems provide excellent signal-to-nois&/N) ratios at one t0 || EXPERIMENTAL SETUP
four points, and can be used to map out cardiac activation
patterns at a small number of locations by changing the re- The experiments were performed on the left ventricle of
Langendorff-perfused isolated rabbit hearts. The voltage-
aJCorresponding author; present address: Department of Physics & As§ensmve dye dl_4_ANEPP8\AOIeCU|ar P.mbes’ EuQene’ Or-
tronomy, P.O. Box 1807, Station B, Nashville, TN 37235; T6tt5 343- ~ €90n was added to the Tyrode’s solution that perfused the
0649; FAX: (615 322-4977; Electronic mail: linsf@ctrvax.vanderbilt.edu heart at a concentration of 0/M. The mechanical decou-
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FIG. 2. Block diagram of the synchronous imaging system.

Edge . . . .
Stimulator lected pixels was performed to group adjacent nine pixels

into a “superpixel.” The resulting image format thus be-
came 10100 superpixels. The binning is important to en-
hance the S/N ratio and lower the required laser intensity that
pler diacetylmonoximé&DAM, Sigma, St. Louis, MQof 15  would allow use of the full dynamic range of the CCD. Dur-
mM was added to the Tyrode’s solution to inhibit muscleing imaging, the isolated heart was pushed gently against the
contraction. front circular window from the back side with a plastic sup-
The imaging systenmFig. 1(A)] consisted of a high- porting plate. A 1-cm-diam spiral of silver wire situated at
sensitivity digital cooled-CCD camera with 12-bit image the center of the supporting plastic plate on the opposite side
digitization (Model 4100, Astrocam, Cambridge, England of the heart was used as the reference electrode for electrical
with a 50 mm fl.8 objective lenfPentay, and a 5 Wargon  stimulation. Figure (B) shows a detailed schematic drawing
laser(Innova 70-5, Coherent, Palo Alto, GAvith a 514 nm  of the imaging window. The short test stimuli were delivered
single line output of 1.5 W. An acousto-optical modulatorthrough the center stimulator, which was a Teflon-insulated,
(AOM, NEOS N23080, Melbourne, BLserved as a light- 100 um platinum wire wound two and half turns around a
strobe mechanism for illuminating the heart. The internalsupporting suture stretched across the window. The Teflon
mechanical shutter of the camera has an inherent inductiomsulation was removed from a central kink in the wire to
delay of 11 ms, hence the minimum CCD exposure time isllow the platinum to contact the epicardium over an area of
around 23 ms, far too long for observing dynamic cardiacl00 umx200 um. A pair of platinum wires mounted along
events with millisecond rise time. The laser strobe light pro-the edge of the window were used for additional conditional
vided by the instantaneous beam deflection capability of thetimulation, providing the capability to “prime” the tissue to
AOM, when working in the dark, serves as an effective fasta predetermined electrical status such as depolarization or
shutter for imaging of dynamic events without significantrepolarization during the point stimulation. The timing and
blurring. The laser beam after the AOM was split in two with strength of both test and conditional stimuli provided the
a 50/50 beam splitteBS), each beam directed with mirrors necessary combination of stimulation for different experi-
(M1, M2) through ground glass diffusek®1, D2) toward ments.
the imaging area on the heart. These two diffused beams The block diagram shown in Fig. 2 illustrates the control
were adjusted in position and distance to induce an approxand wiring of the system. The electrocardiogréBCG) sig-
mately even and shadowless fluorescence from the imagingals obtained from the bipolar electrodes attached to the im-
area. aging window were continuously monitored through a mul-
The laser-induced fluorescence was filtered with a 57Qiple input/output(MIO) card installed in a computer. The
nm long-pass colored glass filt€FLT) to remove the 514 synchronous-imaging setup, which locked the laser exposure
nm inducing light before the camera. 20000 pixel images to that of the onset of electrical stimulation, was devised to
covering a 7.5 mm7.5 mm field of view were taken achieve an equivalent 500 Hz frame rate, taking advantage of
through a circular 12 mm window opening in the planarthe repeatability of cardiac activation events. The core of the
electrode support that held stimulating and recording elecsystem was a programmable timing devi{@O) producing
trodes adjacent to the heart. In practice, an area of interest ¢ifming signal with variable delay and duration. TIO was trig-
300X 300 pixels out of a total of 768520 pixels on the gered by the periodic pulses from the pulse generator, and
CCD was selected. A>383 binning operation on these se- generated four timing signals for stimulating the tis$8é&,

FIG. 1. (A) Schematic drawing of imaging setuf®) The imaging window.

214 Rev. Sci. Instrum., Vol. 68, No. 1, January 1997 Imaging of cardiac activation

Downloaded-16-0ct-2001-t0-129.59.117.79.=Redistribution-subject-to-AlP-license-or-copyright,~see-http://ojps.aip.org/rsio/rsicr.jsp



Mast
Clock L S .

Pacing I “ —— “

Action ! I\ I\ B)
Potential | — Thresholding
C'

G, | ____#F

©)
Shutt
Open — Division
| 15| 1 ] ;)
Laser |
Strobe D)

1 — 1
| | I | Exposure

20 ms Normalization
L « . E)
FIG. 3. Timing diagram of the system. Note that the “shutter open” and
“laser strobe” signals are locked to “camera external trigger” with fixed Filling-in
delays.

. Filtering
camera. The operation of the camera was controlled by the
Camera Control UnifCCU), which controlled the tempera- G)
ture of the camera, digitized the images, and fed the digital  syptraction
signal to the frame grabber in a personal computer.
Before the imaging, the sinus rhythm of the heart was 1 mm
captured by stimulator S1 at a rate slightly higher than the

L . FIG. 4. Th fi i f f cardi
natural rhythm. During imaging, an image was taken for ev- © sequence ol IMage processing on a frame sequence of cardiac

) . ~ " activation following monophasic, cathodal stimulation. The muscle fiber
ery trigger to the CCU. Therefore, the actual rate of imagingaxis runs from lower right to upper left. In all the sequences except A and B,
was the same as the frequency of the pulse gene(atet black is depolarization and white is hyperpolarization.

Hz). However, the progressive shift in the timing of the

strobe light relative to the pacing stimulus could produce b tential distributi di t 1o the virtual el
frame sequences with an effective frame rate much fasté{rne dm ra(r;e potentia 'T r:j?f lon ? Jacc(ejn 0 fe ;’.'r u? ﬁe ec-

than the actual rate of imaging. In a typical imaging protocol, rodes l:rr]mg fsevert:_:l c; ere_rg)_ m?h e? or's 'mg ation.

a sequence of 6—9 frames were taken with a successive 2 rﬁgcause € information describing the transmembrané po-

shift of timing in exposure, thus achieving an effective frametentlal distribution is embeddeq in the modullatlo.n of the
rate of 500 Hz. background fluorescence level, image processing is required

Figure 3 shows the timing diagram of the system. Forl0 extract such information from the raw images and to en-

the monophasic current activation experiment, the S1 pacinBanff the i/Nhratlo. h its f h in the i
pulse was locked to the master clock signal from the pulse \gure < S OV:;S t eTrﬁsu ts from cac Steir']n the rl]mage
generator with a constant delay of 20 ms. The pacing curreri’ 0C€SSINg proceaure. The sequence in g, 4hows the

pulse induced a propagating action potential beneath the ceffW ep|f|uor(_ascence Images. The region coyered by the su-
ter electrode. The camera trigger pulse activated the shuttetHre S“pF?O”'T‘g the §t|mulat|on electrode, which appeared as
which became fully opened after 11 ms. The strobe light waé black Img n the 'mages, can be de_tected_ b_y a threshold
delivered after this period of induction delay. It should peProcess to identify the pixels with low intensitifig. 4B)].

noted that because all the timing signals were synchronize-(ghese low-intensity pixels were inhibited from further math-

to the master clock, box-car averaging technigue can be en(?_ma}tical operations because they ca rrigd no sigpificant infor-
ding q mation. The transmembrane potential distribufibig. 4C)]

ployed to e_nharjce the S/N ratio by repeating the timing Se\_/vas obtained by dividing the image to be processed with the
quence of imaging. . . . . .

image obtained immediately before the delivery of the elec-
trical stimulus[the left-most frame in Fig.@)], when all of
the tissue in the imaging area was at its resting, diastolic

In cardiac electrophysiology, the virtual electrodes arepotential.

the regions of tissue that are instantaneously depolarized The background levels of each of the frame in FigC)4
(virtual cathodepsor instantaneously hyperpolarizédrtual  are not equal due to the temporal instability of the laser out-
anodé by the stimulus pulsé&* For strong stimuli that are 10 put energy, as evidenced by different gray levels in the as-yet
to 20 times threshold, the virtual electrodes can have a spalepolarized region in each frame. Such a variation was ac-
tial extent several orders of magnitude larger than the actualounted for by a normalization procedure, which selected a
stimulus electrode. The relationship between virtual elecregion of tissue that remained at rest throughout the sequence
trodes and tissue anisotropy is reviewed in detailthe regions in the white squares in FidC#], and normal-
elsewheré®® The objective of the present study was to ob-ized each frame to the average intensity of that region. To
tain high spatial and temporal resolution images of the transfurther enhance the S/N ratio, digital filtering can be em-

F)
S2), for strobing the light with AOM and for triggering the Spatial —

Ill. RESULTS AND DISCUSSION
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ployed to remove the appearance of pixels for easier visuakameras, combined with the additional capability of synchro-
ization of regions with meaningfully different fluorescence nous laser strobing, are at present the device of choice for
levels. However, the spatial filtering operation would smearstudies of the transmembrane potential distributions during
the region of the suture into the neighboring region. Weand after direct activation.
filled the suture region with random numbers that had a Our approach represents a compromise that provides
mean and variance calculated from the adjacent pixels. In odrigh spatial resolution, 0.5 ms exposure timas2 ms or
application, at each point along the suture, we used the meahorter frame interval, and a 12-bit dynamic range. It is pos-
and the variance of the three pixels on both sides of theible to further reduce the exposure duration with the syn-
suture. The results after random filling and the subsequerthronous imaging technique, and therefore to further reduce
spatial filtering are shown in Figs(B) and 4F). To facili-  the blurring of wave front edges due to propagation. How-
tate the observation of the propagating wave fronts, a “dif-ever, because the AOM has a fixed contrast ratio of 500:1, a
ference” image sequend&ig. 4G)] was generated by sub- short exposure will result in a reduced signal amplitude and
tracting successive frames, which produced the propagatinigwer gray scales in the images. Imaging of cardiac action
wave fronts similar to a derivative operation in the time do-potentials should not require exposures of less than several
main. The gray-scale in Fig(@) was adjusted to accommo- hundred microseconds, as demonstrated by a fiber optic
date the smaller signal level and to facilitate visualization.Systent. ** However, such short exposures for a large-area
The dog-bone virtual cathode and the adjacent regions dmaging system will require either higher laser power, with
virtual anode became apparent as predicted by theory. TH&€ concomitant risk of dye bleaching, or the use of one- or
gray-scale can be converted to pseudo-color for illustratioiwo-stage image intensifiers, which may compromise the
purposes. spatial resolution. On the other hand, shortening the frame
In contracting hearts, the optical properties of tissuenterval could lead to a large increase in the number of
change dynamically with the inhomogeneous heart walframes in a movie, presenting problems of data transfer and
movement. Such changes would significantly alter the deStorage.
tected fluorescence due to the time-varying optical The synchronous technique is at present limited to using
absorption-excitation relationship in dye-stained tissue. IfP0x-car averaging techniques to create movies that are only
order to avoid such spurious changes in the background flugieveral frames long. The studies of asynchronous or nonsta-
rescence, cardiac optical recording procedures are usualfiphary phenomena such as ectopic beats, reentry, or fibrilla-
performed with the muscle movement blocked by introduc-tion are not possible with the system. Future enhancements
ing mechanical decoupling agents such as DAM, which wad0 our camera should extend the capabilities of the imaging
found to have minimal effects on cardiac cell membraneSyStem to imaging asynchronous events. Some realistic im-
conductance¥’ '8 The resulting stable background fluores- Provements would include removing the slow mechanical
cence intensity in the resting tissue is necessary for the exahutter and replacing the current image sensor to a frame-
ecution of the normalization procedure described in this ariransfer CCD, as well as employing a laser stabilizer to re-
ticle. An additional requirement for a satisfactory duce the _mstablhty in I_aser output power. With th_e rapid
normalization is soma priori knowledge of the tissue status Progress in the resolution and speed of commercial large-
in each frame to be normalized. This is straightforward informat CCD cameras, it can be expected that direct imaging
activation studies, because the wave front propagates ouf aperiodic cardiac events should be possible in the near

wardly from the point stimulus in a regular way. However, fUture.
t!‘lIS situation dogs nqt qpply to irregular wave front Propaga-, ~ NOWLEDGMENTS
tion such as during fibrillation. _
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