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ajpheart.00123.2003.—In the heart, membrane voltage (Vi) and
intracellular Ca (Ca) are bidirectionally coupled, so that ionic mem-
brane currents regulate Ca cycling and Ca affects ionic currents
regulating action potential duration (APD). Although Ca reliably and
consistently tracks Vi at normal heart rates, it is possible that at very
rapid rates, sarcoplasmic reticulum Ca cycling may exhibit intrinsic
dynamics. Non-voltage-gated Ca release might cause local alterna-
tions in APD and refractoriness that influence wavebreak during
ventricular fibrillation (VF). In this study, we tested this hypothesis by
examining the extent to which Cag is associated with Vi, during VF.
Ca transients were mapped opticaly in isolated arterially perfused
swine right ventricles using the fluorescent dye rhod 2 AM while
intracellular membrane potential was simultaneously recorded either
locally with a microelectrode (5 preparations) or globally with the
voltage-sensitive dye RH-237 (5 preparations). Mutua information
(MI) is a quantitative statistical measure of the extent to which
knowledge of one variable (Vi) predicts the value of a second
variable (Ca). MI was high during pacing and ventricular tachycardia
(VT; 1.13 + 0.21 and 1.69 * 0.18, respectively) but fell dramatically
during VF (0.28 = 0.06, P < 0.001). Ca at sites 4-6 mm apart also
showed decreased M| during VF (0.63 = 0.13) compared with pacing
(1.59 * 0.34, P < 0.001) or VT (2.05 = 0.67, P < 0.001). Spatialy,
Ca waves usualy bore no relationship to membrane depolarization
waves during nonreentrant fractionated waves typical of VF, whereas
they tracked each other closely during pacing and VT. The dominant
frequencies of Vi, and Ca signals analyzed by fast Fourier transform
were similar during VT but differed significantly during VF. Ca is
closely associated with V, closely during pacing and VT but not
during VF. These findings suggest that during VF, non-voltage-gated
Ca release events occur and may influence wavebreak by altering Vm
and APD localy.

calcium transient; action potential; cardiac restitution; optical map-
ping

IT 1IsWELL KNowN that the intracellular Ca (Ca) transient shapes
cardiac action potential (AP) characteristics by modulating
Ca-sensitive ionic currents, such as the L-type Ca channel,
Na-Ca exchange, and Ca-activated Cl and nonselective chan-
nels (26). Ca overload also predisposes the myocardium to
delayed and early afterdepolarizations, which may contribute
to the initiation and perpetuation of cardiac arrhythmias. Dur-

ing ventricular fibrillation (VF), diastolic Ca may increase to
systolic levels (24), potentially triggering spontaneous (i.e.,
nonvoltage triggered) Ca release from the sarcoplasmic retic-
ulum (SR). This raises the possibility that VF may be main-
tained in part by effects of Ca-sensitive membrane currents on
AP propagation (13). Previously, we reported that in simulated
cardiac tissue, spiral waves could be destabilized and induced
to breakup into a fibrillation-like state as a result of spontane-
ously developing spatial nonuniformities in Cg caused by
spontaneous Ca-induced Ca release (4). If spontaneous Ca-
induced Ca release was prevented, the spiral wave remained
intact and did not break up. In this same study, we aso
demonstrated experimentally that Ca release in isolated car-
diac myocytes exhibited intrinsic complex dynamics indepen-
dent of membrane voltage (Vi). When isolated myocytes were
paced at rapid rates under AP clamp conditions (so that Vy, had
a fixed waveform), beat-to-beat Ca release developed ater-
nans and more complex periodicities, indicating that Ca-in-
duced Ca release was being regulated by other factors besides
Vmn aone. We speculated that during VF, the interaction be-
tween Ca-release dynamics and AP dynamics might influence,
and perhaps enhance, wavebreak in intact cardiac tissue.

Direct assessment of the role of Ca dynamics in wave
stability during VF in intact tissue is difficult because Vi, and
Ca cycling are highly interdependent and bidirectionally cou-
pled. It is not possible in intact tissue to control one process
(i.e., by voltage or Ca clamp) to study the other. This limita-
tion necessitates indirect approaches. A first step in under-
standing whether the two processes may destabilize each other
isto determine whether Ca; cycling isreliably and consistently
associated with Vy, during VF. If so, then it is less likely that
non-voltage-gated Ca release occurs and that Ca dynamics
contribute independently to wavebreak during VF. The pur-
pose of this study was to test this hypothesis by comparing how
closely Ca and Vi, are associated with each other in arterially
perfused swine right ventricles (RVs) during VF compared
with pacing and ventricular tachycardia (VT).

METHODS

The research protocol was approved by the Institutional Animal
Care and Use Committee and followed the guidelines of the American
Heart Association.

Tissue preparation. Eleven farm pigs (weighing 25-32 kg) of
either sex were anesthetized with 20 mg/kg iv thiopental sodium. The
chest was opened with a median sternotomy, the hearts were removed,
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and the RV was perfused through the right coronary artery as de-
scribed previously (10). The isolated RV was placed with the endo-
cardial side up in a tissue bath. In addition to continuous arterial
perfusion, the entire tissue was al so superfused with 37°C oxygenated
Tyrode solution at a flow rate of 20 ml/min. The composition of the
solution was as follows (in mmol/l): 125.0 NaCl, 4.5 KCl, 0.5 MgCl>,
0.54 CaCl,, 1.2 NaH,PO,, 24.0 NaHCOs3, and 5.5 glucose with 50
mg/l albumin; pH 7.35. Extracellular [Ca] was reduced to decrease
motion artifacts because no excitation-contraction uncouplers were
used to suppress contraction. Bipolar electrodes, a pacing electrode,
and pseudo-ECG electrodes were attached to the endocardia surface.
A pair of defibrillation coil electrodes (Guidant) were placed on either
side of the tissue bath and were connected to a HVS-02 external
defibrillator (Ventritex).

In al isolated RV tissues, spontaneous VT or VF occurred during
the isolation procedure (presumably induced by the combination of
transient ischemia and mechanical manipulation) and persisted with
stable characteristics after arterial perfusion was achieved unless
defibrillated. Ca transients during VT and VF were mapped while Vi,
was simultaneously recorded either optically or with microelectrodes.
Biphasic shocks of 1.5-3.0 Jwere used to defibrillate the RV. The RV
was then paced with electrical stimuli of 2-ms duration and twice
diastolic threshold current at 400 ms.

Transmembrane AP recording. In five preparations, Vi, was re-
corded with a standard glass microelectrode filled with 3 mol/l KCI
and digitized at 3.13 kHz with 12-bit accuracy (Axon Instruments).
The microelectrode was coupled with an Ag-AgCl wire leading to
amplifiers with a high input impedance and variable-capacity neutral-
ization (Am-2 and ME-3221, Warner Instruments). Microelectrode
impalements were made in a region injected with the fluorescent Ca
indicator rhod 2 AM to measure the Cg transient. Ca was recorded
optically using a charge-coupled device (CCD) camera as described in
the next section.

Optical mapping of Ca and voltage. In addition to the five
preparations locally injected with rhod 2 AM, an additional five
isolated, perfused swine RV's were double stained with the voltage-
sengitive dye RH-237 in addition to rhod 2 AM by arterial perfusion.
The double-stained heart was excited with a solid-state laser (532 nm,
Verdi, Cohereht), and Vi and Ca fluorescence were recorded opti-
caly by separate CCD cameras (CA-D1-0128T, Dalsa, Ontario,
Canada) using a 690-nm long-pass filter for RH-237 and a 585 =
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20-nm filter for rhod 2. The two CCD cameras were carefully aligned
to image the same region. To calibrate the alignment, we placed a
reference grid in the optical field to provide fiduciary points, which
were used to calculate the correct positions after stretching and
rotational corrections. After realignment, we ascertained the posi-
tional accuracy between the two camera images to be =1 mm. Data
were acquired at an acquisition rate of 2.3 ms/frame (435 frames/s).
Spatial resolution was 128 X 128 pixels over 30 X 30 mm?, corre-
sponding to 0.25 mm? tissue/pixel.

After acquisition, fluorescence signals were baseline subtracted.
The RH-237 signa was inverted to show increased Vr, in the upward
direction. A moving median temporal filter of 5 data points (sampled
at 2.3 ms/point) was applied, after which the signals at each pixel were
normalized on a scale from 0 to 256 (with the average of the lowest
5 values assigned 0 and the average of the 5 maximal values assigned
256). The signal at each pixel was then spatialy averaged with the
signals of eight neighboring pixels to improve the signal-to-noise
ratio. The overall recording area after spatia filtering was therefore
estimated at 0.75 mm?, with a 1-mm uncertainty between the relative
positions of the Vi, and Ca recording sites as noted above. Data were
displayed using MATLAB (Math Works; Natick, MA), ORIGIN
(Microcal Software; Northampton, MA), and customized (Wave-
finder) software. In spatial maps, both Vi, and Ca were color coded
from red (highest voltage) to blue (lowest). Wavelets were identified
using our previously described depolarization wavefront and repolar-
ization waveback detection algorithm (11). Points in which depolar-
ization and repolarization met were defined as wavebreak points.
Reentry was defined as wavefront rotation around a wavebresk point
completing a 360° cycle (although a stationary center of rotation was
not required).

The level of cross-talk between the optically measured voltage and
Ca dyes was assessed by staining preparations with only one dye and
then measuring the optical signals at both wavelengths from the dual
CCD cameras (Fig. 1). The absolute level of fluorescence detected in
the Cachannel when the preparation was stained with RH-237 but not
rhod 2 averaged <1% of the signal compared with when rhod 2 was
present. Modulation of the Ca signa (i.e., the difference between
maximum and minimum levels of fluorescence at each pixel) under
these conditions was also <1% of the modulation in the voltage
channel (Fig. 1). Conversely, with rhod 2 present but no RH-237
staining, the signal averaged <1% of the signal when RH-237 was

20 Fig 1 Lack of crosstalk between optical dye signas for
membrane voltage (Vm) and intacellular Ca (Ca). A: average
(Avg) fluorescence value at al pixels for simultaneously re-
corded signals from the Vm channel (F,, ; RH-237, top) and the
Ca channel (Fca; rhod 2, middie) during ventricular fibrillation
(VF) in a porcine right ventricle (RV) stained only with RH-
237. Bottom, average value of the difference between the
maximum and minimum fluorescence value (AF) at each pixel

20 for both channels. B: equivalent data for a porcine RV stained
only with rhod 2 AM.
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present. Thus cross-talk between the optical voltage and Cg signals
was insignificant.

Computer modeling. We carried out computer simulations in a
two-dimensional (2-D) tissue model using the following differential
equation with a no-flux boundary for transmembrane voltage (V)

RPN
at e e oy

where t is time, Cr, is membrane capacitance, D is the isotropic
diffusion coefficient, and x and y are spatia coordinates. The ionic
currents (lion) in the above equation were taken from two different AP
models. First, we used the ventricular AP model developed by Fox et
al. (8), in which weincreased the maximum conductance of L-type Ca
current by 50% to produce sustained spiral wave break up. In this
model, the Ca transient is passively triggered by voltage. Second, we
used the same modifications to the Fox et al. model but substituted a
new formulation of Ca cycling developed by us. In this new model,
Cacyclng is dynamically active by itself and oscillates independently
of voltage in certain parameter regimes. The equations are as follows

1)

dCa AcaCs
?:lrel+llesk_|up_<2;$ >(|L0a+lcab+ IpCa_2|NaCa) (Za)
myo
dCag Aca,Cs
dt R~ _<2F$ >(|L0a+ |Cab + IpCa_ 2|Naca) (Zb)
myo
dw (W, —w)
o = B (2¢c)
1
=~ 11 Keca (2d)
w..Cak,
" (2
rel ™ Caz + ktsz S <) ( )
(Cax — Ca)
Cs= s (29)
Ileak = "Uz(CS - Ca) (Zh)
o= vupCa2 (2i)
® = Cd + I,

where Ca is the Ca concentration in the myoplasm, l,¢ is SR Ca
release current, liea IS SR Caleak current, 1 is SR Ca uptake current,
Acep is Capacitive membrane area, F is Faraday’s constant, Vmyo iS
myocardial volume, | ca is L-type Ca current, lcas is Ca background
current, lpca is SR Capump current, Inacais Na/Ca exchange current,
Casr is the Ca concentration in the SR, w is the inactivation gate
variable of the SR Carelease channel, w.. is the steady state of w, Ty
is the time constant for the w gate, k is a rate constant for the w gate
and equals 4 mmol %, ks is arate constant for the w gate and equals
0.0105 ms ™%, v; is the maximum conductance of |, and equals 0.02,
kup is a rate constant for the activation gate of I« and equals 0.25
mmol, B is a constant for the volume factor and equals 0.02, v isthe
maximum conductance of liex and equals 1.5 X 104 ms™ %, and vip
is the maximum conductance of |, and equals 0.1 ms™*.

Data analysis. All data are presented as means = SE. In the five
hearts locally injected with rhod 2 AM, mutual information (M) was
used to assess the statistical dependency of Ca on V. MI is a
nonlinear measure of the statistical dependence between two variables
(% and y;) that quantifies how much knowing the value of x; reduces
our uncertainty in the value of y; (1). Ml is a useful measure of the
nonlinear relationship between two variables and is more sensitive
than correlation, which can only find linear relationships. Given a
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voltage signal V and a synchronous calcium signal Ca, we decimated
the signals by first estimating the time it takes for the autocorrelation
function of the signal to drop to zero. We then resampled the signal at
an interval dlightly greater than this “autocorrelation time,” thus
generating statistically independent points. MI, like most measures,
requires such statistically independent data points. Given a resampled
time series V,, and a synchronous calcium signal Ca, (n = 1, ..., N),
we formed the scatterplot {(Vn,Can)}, coarse grained into a K X K
grid, with columns Cy,. . ., Ck and rows Ry, . . ., Rc. The basic ideais
that the probability of apoint falling in abox B;j isequal to the product
of itsfalling in row R; times the probability of itsfalling in column C;,
provided that rows and columns are independent. M1 uses the dis-
crepancy between the two as a measure of the nonindependence of
row and column, i.e, voltage and calcium. The definition is as
follows: let #R, be the number of pointsin row R;, #C; the number of
pointsin column C;, and #B;; the number of pointsin box B;;. We then
define the probabilities as P(R) = #Ri/N, P(C;) = #Cj/N, and P(B;;) =
#(B;j)/N. M1 is then defined as follows

. P(B;)
Ml = > P(B;) X lo P[’} 3

2, P(B) X106 P| oo o) 3
For our case, this results in

PVm,Caq [Vm(tj) ’ Ca (tj )]
PVm[Vm(tj )] PCq [Ca (tj )]

Mlyes = 2, Py calValt), Cat)]log
Vi(tj),Cai(tj)

where Py c,[Vim(t;),Cai(t)] is the joint probability density for Vi, and
Ca resulting from vaues V() and Ca(t). Py [Vm(t)] and
Pca[Ca(tj)] are the individual probability densities for Vi, and Ca.
The probability densities are calculated from the data as above.
Because atime lag between two variables can affect M1, we calcul ated
MI using arange of lag times (7) from 0 to 225 ms [which exceeds the
average cycle length (CL) during VT and VF]. We report the M| data
by indicating the mean MI value as well as the minimum and
maximum M1 values over the full range of .

The statistical significance of differencesin Ml among pacing, VT,
and VF was assessed from the mean MI values by Student’s t-test
using the Bonferoni correction for multiple comparisons. In addition,
to assess whether M| values were significantly different from random-
ness, we used a bootstrapping method (6) in which the mean Ml for
actual data was compared with the M| obtained after reshuffling the x;
time series (Vm) and calculating M1 for the reshuffled x values and the
original y values (Ca). This procedure was iterated 100 times, and if
the actual M1 exceeded 95 of 100 of the Mls for the randomized time
series, the M| was considered to be significant at the P < 0.05 level,
independent of assumptions about probability distributions. Ml be-
tween Vp, and Ca was calculated for Ca signals recorded both near
(<1 mm) and far (46 mm) from the microelectrode V., recording
site. M1 between the two Ca signals at the near and far sites was aso
calculated to assess the spatial dependence of Ca during pacing, VT,
and VF.

Fast Fourier transform (FFT) spectra were derived from optical
recordings as described elsewhere (25), with the dominant frequency
defined as the highest peak in the 3- to 20-Hz range of the FFT
spectrum. FFT spectra were determined from a recording duration of
2.3 sin al cases. Wavebreak points in voltage maps from real and
simulated tissue were detected using customized software (16).

4

RESULTS

Relationships between local Ca and local V. Figure 2,
A—C, shows V, (black traces) and Cag transients from a heart
loaded with rhod 2 AM by loca injection during pacing
(400-ms CL), VT, and VF, respectively. Ca was recorded both
near (within 1 mm, red traces) and far (4—6 mm, blue traces)
from the microelectrode Vi, recording site. The superimposed
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MI = 1.53,1.52
7

0.0 0.5 1.0
t(s)

Fig. 2. The Ca transient remains synchronized to Vn during pacing and
ventricular tachycardia (VT) but not during VF. A-C: superimposed simulta-
neous recordings of microelectrode Vi (V; black traces) and optical Casignals
[Fea; in arbitrary units (au)] near to (<1 mm, red traces) and distant from (4—6
mm, blue traces) the microelectrode Vi, recording site during pacing at a cycle
length of 400 ms (A), VT (B), and VF (C and D). Mutua information (MI)
between Vi, and Fca at the near and far sites are shown. E and F: representative
simultaneous optical recordings of Vm (Fv; black traces) and Ca (Fca; red
traces) during VT (E) and VF (F) in preparations dually stained with RH-237
and rhod 2 AM. MI values are also shown. t, Time.

traces illustrate that Ca is closely associated with Vy, closely
during pacing and VT but not during the majority of VF,
although brief periods of synchrony were observed. During
VF, not only did Cg fail to track V, but nearby Ca signals
also did not track each other closely. To quantify statistically
how closely Ca at near and far sites tracked Vn, MI was
calculated as described in meTHops. Figure 3A shows the value
of MI for simultaneous recordings of Vm,, and Ca during
pacing, VT, and VF (n = 5 in each group) plotted against lag
time 7 (because M| is sensitive to the phase delay between the
Vm and Cag traces). Figure 3B summarizes the mean value of
MI for each experiment, with the minimum and maximum
values indicated by the vertical bars. M| between V,, and Ca
was much higher during pacing or VT than during VF, at both
the near and far Ca recording sites. M1 was also significantly
higher during VT compared with pacing because of the longer
diastolic interval during pacing. This reflects the fact that Vi,
and Ca have a greater influence on each other during systole
than during diastole. During diastole, the decay of the Ca
transient is primarily regulated by SR Ca uptake, which is

H1839

independent of V,,. Conversely, Ca has only a minor effect on
Vm because Vy, is dominated by the large inward rectifier K
conductance, against which Ca-sensitive currents such as
Na-Ca exchange have only minor influence. Because the same
relatively stable value of diastolic Vi, is associated with many
values of Cg as the Cqg transient trails off, Ml is low during
diastole, decreasing the overall value of MI during the full
cardiac cycle. This point reflects the robustness of Ml as a
sensitive quantitative measure of the extent to which Ca and
Vm are associated. Moreover, this point emphasizes that the
decrease in M1 during VF is highly significant, because dias-
tole is even shorter during VF, which would tend to increase
Ml if Ca were passively driven by Vp,.

To assess the degree to which MI between V,, and Ca was
significant, M| for actual data was compared with M| obtained
after reshuffling the Vi, time series and calculating MI for the
reshuffled Vi, values and the original Ca values. This proce-
dure is expected to destroy any M| that exists between the Vi,
and Cg signals and was iterated 100 times for each episode of
pacing, VT, or VF. For each pacing and VT episode, the actual
MI value was greater than the 100th percentile of all 100
shuffled MI values for both the near and far Ca recording sites.
This indicates that shuffling destroyed, at the P < 0.01 level,
the M| between Vi, and Ca. In contrast, for VF, the actual Ml
between Vi, and near Cg sitesfell at the 26th, 45th, 55th, 86th,
and 97th percentile of the 100 shuffled MI vaues for 5
episodes of VF and between the 14th, 22nd, 52nd, 61st, and
91st percentile with respect to the far Cag site. Thus the MI of
the rea data during VF was not statistically different (at the
P > 0.05 level) from the randomly shuffled datain all but 9 of
10 cases. This suggeststhat the bidirectiona influence of Vi, on
Ca and Ca on Vq, becomes highly interactive and complex
during VF, consistent with the idea that non-voltage-gated Ca
release occurs and has a strong influence on local V, which
affects wave propagation.

Figure 3C addresses the spatia coupling of Ca during
pacing, VT, and VF by calculating M| between Ca recorded at
the near (<1 mm) and far (46 mm) sites. M| was high during
pacing and VT but decreased significantly during VF (P <
0.0001). To estimate the spatial range over which M| decreased
during VF, we compared M| among three sites that were <1
mm apart (near), 2—3 mm apart (intermediate), or 4—6 mm (far)
(Fig. 3C). For five VF episodes, the mean MI between Ca
traces averaged 0.25 = 0.01 for adjacent sites, 0.25 = 0.01 for
intermediate sites, and 0.26 + 0.01 for far sites. Note that even
for nearby sites, M| between Ca traces was significantly lower
than that during either pacing or VT.

Five additional preparations were dually loaded with RH-
237 and rhod 2 AM via the arterial perfusate to permit
simultaneous optical mapping of Vi, and Ca; during episodes of
pacing, VT, and VF. Figure 2, E and F, shows representative
simultaneous optically recorded Vi, and Cg traces from the
same site during VT and VF, respectively. Similar to prepara-
tions in which V,, was recorded with microelectrodes (Fig. 2,
B-D), Ca was closely associated with Vi, during VT (Fig. 2E)
but not VF (Fig. 2F). Even though in the latter example peak
Ca appears to follow peak Vi, during VF, M1 was much lower
than during VT. It is unlikely that the Ca signa during VF
represented amplified noise, because the absolute values of
fluorescence of the Ca signal before any signal processing, as
well as the difference between the minimal and maximal
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Fig. 3. MI between Vi, and Ca (A, B, and D) and between Ca
at different sites (C). A: M| between Vi, and Ca (Fca) during
pacing (P) at 400 ms, VT (green lines), and VF (red lines) for
5 preparations in each group as a function of the time lag (7)
between the Vin and Ca traces. Vin was measured with a
microelectrode, and Ca was measured optically within 1 mm of 0
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B 2. <0.0001 00001
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the microelectrode. B: summary of M| values between Vi, and !
Fcain A during pacing (blue), VT (green), and VF (red). For al 0
values of T, the mean values of M1 are indicated by the squares

and the minimal and maximal M| values by the vertical lines.

The black points indicate M| between Vi, and Fca recorded far C

(f; 46 mm) from the microelectrode. C: mean, minimum, and 3_
maximum M| between Fc, at far sites 46 mm apart during

pacing, VT, and VF. For VF, M| between Fc, at near sites (n;

<1 mm apart) and intermediate sites (i; 2-3 mm apart) is also 2]
shown. D: mean, minimum, and maximum M| between Ry and  __
Fca @ the same sites during VT and VF in preparations dualy =
stained with RH-237 and rhod 2 AM. P values comparing the
mean M| values are indicated.

<0.0001
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values, were similar during VT and VF episodes. To calculate
MI between V, and Ca, four sites with good signals were
selected from each quadrant of the mapped area in five epi-
sodes of VT and five episodes of VF (Fig. 3D). The mean Ml
between V,, and Cqg averaged 0.66 + 0.06 (range 0.31-1.28)
during VT episodes and decreased to 0.28 + 0.01 (range
0.21-0.38) during VF. Despite the wide variation in Ml at
different sites during VT evident in Fig. 3D, the differences
between MI in VT and VF were highly significant using either
the mean, maximum, or minimum values of M| (P < 0.0001
for all 3 cases). These findings are consistent with the exper-
iments in which V,, was measured using a microelectrode. The
lower average MI value during VT when V,, was recorded
optically may be related to the lower signal-to-noise ratio or
spatial averaging of the optical signal compared with the
microelectrode Vi, signal.

Finally, to confirm that non-voltage-gated Ca dynamics
could account for the decrease in M1 during VF, we performed
simulations in 2-D homogeneous cardiac tissue using two
different AP models. In one model, the Ca transient was
exclusively triggered by Vi, depolarization. In the other model,
Ca cycling was dynamically active on its own in addition to
being triggered by voltage (see METHODS). Parameters were set
to the spiral wave breakup regime in both models, character-
ized by multiple meandering wavelets resembling VF (Fig. 4,
Aand B). Themeans = SD of CL (168 *+ 70 vs. 190 = 93 ms),
AP duration (123 = 50 vs. 133 + 41 ms), and diastolic interval
(49 + 56 vs. 50 + 60 ms) were similar during ssmulated VF for
the passive and active Ca cycling cases, respectively. Figure 4,
C and D, shows representative traces of Vi, and Ca at the same
site, with Ca passively tracking Vi, in the passive Ca cycling
model (Fig. 4C) and Ca in a self-oscillatory regime in the
dynamic Cag; cycling model (Fig. 4D). Note the similarity of the
traces in the latter case to the experimental recordings in Fig.
2C. Figure 4E shows the calculated M1 between V, and Ca as
a function of 7 between the V., and Ca traces. When Ca

n i f

passively tracked Vi, M1 during VF was high (~1.5), but when
Ca and Vi, were both dynamically active, Ml decreased to a
much lower value (~0.5), similar to values measured during
experimental VF. Moreover, the incidence of wavebreak in-
creased significantly when Cg cycling was dynamically active,
from 3.85 = 1.89 to 7.23 + 2.35 wavebreaks/frame (P <
0.01). Thus localized non-voltage-gated Ca release promoted
wavebreak during simulated VF in this model.

Relationship of Ca waves to membrane depolarization
waves. In the five preparations dually loaded with RH-237 and
rhod 2 AM, simultaneous high-resolution spatiotemporal opti-
cal mapping of Vi, and Ca was performed during episodes of
pacing (3 hearts), VT (3 hearts), and VF (3 hearts). During
pacing (not shown) and VT (Fig. 5), Ca waves closely tracked
the spread of membrane depolarization after a delay averaging
32 = 20 ms. During the majority of VF when multiple
fractionated wavefronts were present in the mapped area, Ca
waves bore no consistent relationship to voltage waves (Fig.
6A). For example, at 0 ms, membrane depolarization was
propagating in the upper right corner into aregion in which Ca
was aready elevated, as though the membrane depolarization
had been preceded by Ca release. Similar findings were ob-
served in 15 nonreentrant waves during VF in 3 hearts. Similar
non-voltage-gated Ca-release events were also observed in
simulated VF when Ca cycling in the cell AP model wasin a
self-oscillatory mode (Fig. 4B, yellow oval) but not when Ca
cycling was passively driven by Vi, (Fig. 4A). Occasionally,
however, cycles of complete reentry (360° loop) were observed
during VF [~15% of al wavefronts (25)]. In these cases, the
Ca wave tracked the membrane depolarization wave after a
brief time delay, similar to pacing and VT. Figure 6B shows an
example in which the membrane depolarization wave had a
center of rotation in the lower right corner and rotated clock-
wise. The Ca wave showed an identical pattern but delayed (at
0 ms, the membrane depolarization wave is vertical at 12
o'clock and the Ca wave is a 10 o'clock). A similar pattern
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Fig. 4. Two-dimensional tissue simulation of VF using the action potential
model with Ca passively driven by Vi, (passive Ca) or with Ca dynamically
active in a self-oscillatory mode (dynamic Ca). A and B: grayscale snapshots
of Vm and Ca during smulated VF in the two cases. Red lines indicate
wavefronts, and green lines indicate wavebacks. The yellow ova in B high-
lights a region in which a rise in Ca preceded membrane depolarization,
indicating a non-voltage-gated Ca-release event. C and D: representative
superimposed traces of Vi (black lines) and Ca (red lines) at a site in the
tissue. E: MI between Vy,, and Ca as a function of 1 for the Vi, and Ca traces
shown in C and D, as labeled.
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was observed in 15 other reentrant waves during VF in 3
hearts.

Figure 7 compares the spatial dominant frequency (DF)
maps of the Vi, and Ca signals during 2.3-s recordings of VT
in five hearts and VF in five hearts. During VT (Fig. 7A), the
DFs of the Vi (DFy,) and Ca (DFca) signals were closely
matched over most of the mapped surface, asillustrated best in
the difference maps (DF,,_.) obtained by subtracting the DF
of the V, and Ca signals at each pixel. In the VT episodes
analyzed, the average absolute value of DF,_, for al pixels
was 1.07 = 0.66 Hz. In contrast, during VF (Fig. 7B), the
absolute value of DF, ., averaged 5.02 + 1.22 Hz (P =
0.00022 compared with VT), reflecting that Ca was no longer
passively tracking Vi, aone.

DISCUSSION

Under normal physiological conditions, regulation of con-
tractile force by Ca in the beating heart is tightly controlled by
Vm, such that the systolic Ca transient tracks the AP reliably
and consistently with each beat. However, the Ca-induced Ca
release system in the heart is an excitable subsystem capable of
exhibiting its own dynamics independent of V,, such as prop-
agating Ca waves due to regenerative Ca-induced Ca release
from the SR in the setting in Ca overload (3, 17, 19, 27) and
from the endoplasmic reticulum in other tissues (2). In the
heart, such Ca waves have even been shown to propagate
intercellularly from myocyte to myocyte at 0.3-5.5 mm/s (20).
Because Cg affects Vi via various Ca-sensitive ionic currents,
and conversely because Vy, affects both Carelease and Ca
removal processes, these two excitable systems are bidirection-
ally coupled. This coupling raises the possibility that under
pathophysiological conditions, they may destabilize each other
sufficiently to influence wavebreak (13). Computer simulations
support this scenario. Chudin et a. (4) showed that a stable
reentrant spiral wave became destabilized enough to break up
into a fibrillation-like state when spontaneous Ca-induced Ca
release was allowed to operate in the model.

The purpose of this study was to seek indirect evidence in
real cardiac tissue to corroborate this scenario by examining
how tightly Cag is associated with Vi, during VF. We show that
the Ca transient tracks Vi, closely during pacing and VT as

Wavebreak

60 points

100 ms

,-ﬁ .
LA

80

Fig. 5. Snapshots of Vim and Ca during VT. For Vi, (top), the gray scale is black for most hyperpolarized and white for most
depolarized, whereas for Ca (bottom), black is lowest and white is highest. In both cases, red and green lines show wavefront and
waveback positions, respectively. The far right panel shows all wavebreak points (cyan) during the episode. The Vi, wavefront

propagates from right to left and is tracked by the Ca wavefront with a delay.
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A Wavebreak
80 100 ms points
VITI
Ca%

Wavebreak
points

100 ms

15 mm

Fig. 6. Snapshots of Vim and Ca during VF using the same display format asin Fig. 5. A: typical pattern during VF, with multiple
Vm waves and a complex distribution of wavebreak points (far right panel). The Ca wave pattern and wavebreak points bear no
consistent relationship to the Vi wave pattern and wavebreak points. B: episode of clockwise reentry (white arrows) during VF,
which was observed only occasionally and in this example lasted for 7 rotations. The Cawave tracked (after a delay) the reentrant
Vm wave, and the distribution of wavebreak points (yellow arrows) was similar.

0O Hz
20 Hz
+10 Hz
Fig. 7. Spatia distribution of dominant frequency (DF; be- 0 Hz
tween 3 and 20 Hz) of opticaly recorded Vi, and Ca signals
during VT (A; 5 episodes) and VF (B; 5 episodes). Top and 10 Hz

middle, DF maps of Vim (DF) and Ca (DFca) on the grayscale
indicated; bottom, corresponding difference DF maps (DFv.ca)
with red and green representing positive and negative differ-
ences, respectively.
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expected, but not for the mgjority of time during VF. During
VF, MI between simultaneously recorded traces of V, and Ca
was significantly lower than during either pacing or VT.
Although MI, which quantifies the extent to which knowledge
of one variable's value (Vi) predicts the value of a second
variable (Ca), is a statistical measure that does not imply
causality, the decreased M| during VF quantitatively indicates
that the highly predictable tracking of Ca; to Vi, during pacing
and VT is disturbed during VF, as is qualitatively apparent
when traces of V,, and Ca during VF were superimposed (Fig.
2). A plausible mechanism is that the intrinsic Cg dynamics,
reflected by non-voltage-gated Ca-release events, cause Vi,
and Cag to interact in an increasingly less predictable fashion.
This conjecture is further was directly supported by simulta-
neous spatiotemporal maps of Vy, and Ca;. These maps showed
that when fractionated multiple wavefronts were present during
VF, Ca waves bore no consistent relationship to membrane
depolarization, as they did during pacing and VT. With mul-
tiple fractionated wavefronts, Ca waves could either precede
or follow membrane depolarization, suggesting that both AP-
dependent and voltage-independent Ca release events were
occurring. Only occasionally during VF, when complete reen-
trant cycles occurred in the mapped area [~15% of the time
(25)], did Ca waves closely track membrane depolarization
(Fig. 6). The analysis of DFs of V,, and Ca signals during VF
also showed much greater differences during VF than during
VT. By virtue of the bidirectional coupling between Cg and
Vm, these observations indicate that Ca dynamics influence
wave behavior in a complex manner during VF. However, they
do not prove that this complex interaction is an independent
cause of wavebreak during VF. It is just as possible that
increased spatial Ca heterogeneity due to non-voltage-gated
Carelease could prevent wavebreak as promoteit. However, in
the computer simulation, the net effect of non-voltage-gated
Ca release was to increase the incidence of wavebreak.

Possible mechanisms underlying dissociation of Ca; and Vi,
during VF. The mechanism by which Ca is no longer associ-
ated with Vi, in a consistent and reliable fashion during
multiple wavefront VF remains speculative, but several possi-
bilities exist. At ageneral level, theoretical studies have shown
examples in which feedback between two or more coupled
excitable systems induces unstable chaotic behavior (7, 14,
21). Wavebreak promoted by Ca-induced Ca release could be
an example of this, because the AP and Ca-induced Carelease
are coupled excitable systems each capable of exhibiting com-
plex dynamics.

At the cellular level, we speculate that the failure of Cg to
faithfully track Vi, during VF might be explained by sponta-
neous Ca-induced Ca release becoming dominant over Ca
release triggered by the L-type Ca current during the AP.
Because Ca transients due to spontaneous Ca-induced Ca
release are localized events that propagate only slowly from
myocyte to myocyte [0.3-5.5 mm/s (20)], this speculation is
consistent with our observation that during VF, Ca transients
at sites even <1 mm apart had a significant drop in Ml
compared with Cg transients during pacing or VT (Fig. 3C).
Ca overload is known to potentiate Ca-induced Carelease and
also to predispose hearts to VF. Clusin et al. (5) reported that
Caoverload induced VF-like activity in aggregates of cultured
chick myocytes, which could be prevented by Ca channel
blockers. In intact rabbit heartsin which VF was induced either
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electrically or by Ca overload, Merillat et a. (18) found that
Ca channel blockers or removal of extracellular Ca abolished
VF. However, ryanodine, which depletes SR Ca (by locking
Carrelease channels into an open subconductance state so that
the SR becomes leaky) and prevents Ca oscillations, did not
prevent VF [see also Kusuoka et a. (12)]. Kihara and Morgan
(9), using aequorin to record Cg directly, found that ryanodine
abolished Ca oscillations and spontaneous VF, but VF could
till be induced electrically. Lappi and Billman (15) also found
that spontaneous VF induced by Ca overload was prevented by
ryanodine, whereas VF induced by ischemia was not. Saito et
al. (23) reported that Ca dynamics are the main cause of
electrical and mechanical aternans in ventricular muscle, and
alternans is well known to predispose the heart to VF (22). In
summary, these observations suggest that, although intact Ca
cycling is not essentia for the maintenance of VF in all
settings, it exerts a significant profibrillatory effect by enhanc-
ing initiation of VF by promoting triggered activity. Our
simulations suggest that spatialy heterogeneous Ca may also
promote maintenance of VF by increasing the incidence of
wavebreak (13).

Although technical limitations prevented us from measuring
absolute changes in resting Ca levels in this study, it was
shown previoudly that resting Ca can increase significantly to
systolic levels during VF, depending on the pharmacological
setting (24). This previous study in rat and hamster hearts also
documented two types of Cg transients during VF, with either
minimal (type 1) or preserved (type 2) amplitude modulation.
In our experiments in the pig heart, we only observed type 2
Ca transients during VF. However, the Ca signal in the prior
study was spatially averaged over a much larger area (38.5
mm?) than in our study (0.45 mm?), so that the lack of
modulation of the Cg transient during type 1 VF may have
reflected spatial averaging of locally dysynchronous Ca sig-
nals. Thisis supported by our observation that Ca transients at
sites <1 mm apart had a significant drop in mutual information
compared with pacing or VT (Fig. 3B).

Sudy limitations. There are several limitations to this study.
The finding that Ca is no longer reliably and consistently
associated with Vi, during VF does not directly address the
issue of whether Ca; dynamics promote or inhibit wavebreak in
VF or whether modifying Ca dynamics would have antifibril-
latory effects. MI is a statistical measure of the relationship
between two variables and, if high, indicates an association,
but, like all purely statistical measures, does not imply causal-
ity. Neither do the simultaneous Vi, and Ca maps prove that
Ca cycling promotes or prevents additional wavebreaks during
VF. Nevertheless, it is interesting to note that in multiple
wavefront VF, regional elevationsin Cg often preceded mem-
brane depolarization (Fig. 6A). This suggests that Ca release
was being triggered regionally by non-voltage-gated mecha-
nism(s). In our ssimulations, the net effect of non-voltage-gated
Ca release due to dynamicaly active Ca cycling was to
increase the incidence of wavebreak, but whether this is also
true in real tissue is unproven. Our study also does not shed
light into details of the underlying cellular mechanisms: for
example, the roles of early or delayed afterdepolarizations,
intracellular or intercellular Ca waves, intercellular Ca diffu-
sion, or refractoriness of SR Ca-release channels; the relative
importance of specific Ca-sensitive ionic currents that couple
Ca to Vm,; or the role of regional tissue heterogeneities in AP

AJP-Heart Circ Physiol - vOL 286 « MAY 2004 - www.gj pheart.org



H1844

and Ca-release properties that might promote wavebreak under
these conditions.

Our studies were conducted at reduced extracellular [Cal
(0.54 mM) but in the absence of excitation-contraction uncou-
plers such as diacetyl monoxime, raising the possibility that
contraction artifacts may have contaminated the optical sig-
nals. Even if a motion artifact contaminated the optical Ca
signal, however, there was still very high MI between Vi, and
“Cag.” Itisdifficult to imagine that a contaminating contraction
motion would increase M| between the optical Ca trace and
the microelectrode Vy, signal. During VF, contraction (and
therefore potential contamination of optical signals by motion)
is minimal, yet the MI between V,, and Ca decreased com-
pared with pacing or VT. This finding indicates that the
calculation of Ml isfairly robust and makes it unlikely that the
decrease in M1 during VF was related to motion artifacts. The
reduced extracellular [Ca] would be expected, if anything, to
ameliorate Ca overload during VF and therefore inhibit the
uncoupling of Ca from V. However, M| between Vi, and Ca
still decreased during VF.

Finally, VF was studied in isolated arterially perfused ven-
tricles, whereas VF in in vivo hearts quickly leads to superim-
posed acute ischemia. Thus our findings are most relevant to
the initial phase of VF in the setting of either chronic heart
disease or eectricaly induced VF in the normal heart before
acute ischemia sets in. The findings may not apply to VF
induced by acute ischemia or other settings (13).

In conclusion, Cg is closely associated with V., closely
during pacing and VT but not during the majority of time in
VF. The failure of Ca to passively track Vi, during VF may
alter local refractoriness and therefore influence wavefronts
affecting the maintenance of VF. Strategies to prevent of VF
will need to consider Ca cycling dynamics in addition to other
factors such as cardiac electrical restitution properties.
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