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Abstract
Background—Spatially discordant alternans (SDA) has been linked to life-threatening
arrhythmias. The mechanisms underlying SDA development in cardiac tissue remain unclear.

Methods and Results—We investigated the role of conduction velocity (CV) restitution and
short-term memory in the organization and evolution of alternans in action potential duration using
high-resolution optical mapping of the epicardial surface in 8 isolated, Langendorff-perfused rabbit
hearts. To assess the spatial organization of alternans, we tracked the evolution of nodal lines that
separate out-of-phase regions of SDA. We measured the action potential duration heterogeneity index
and maximal slope of CV restitution and estimated the effects of short-term memory by calculating
time constant of action potential duration accommodation (τ). We found that 2 mechanisms underlie
the development of SDA in the heart, leading to 2 distinct behaviors of nodal lines. The first
mechanism is based on steep CV restitution and is associated with small τ and stable nodal lines. The
second mechanism is associated with short-term memory (large τ) and is characterized by shallow
CV restitution and unstable behavior of nodal lines. The maximum slope of the CV restitution was
steeper (18.16±3.34 m/s2) and τ was smaller (τ=4.31±0.33 stimuli) for areas with stable nodal lines
than for areas with unstable nodal lines (6.32±0.96 m/s2 and τ=10.3±1.84 stimuli; P<0.01).

Conclusions—Our results provide new insight into the mechanisms underlying SDA formation
in the rabbit heart. Specifically, our results suggest that a new mechanism associated with short-term
memory underlies SDA formation in the heart, in addition to steep CV restitution.
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T-wave alternans is a precursor of cardiac electrical instability and consequently sudden cardiac
death.1,2 T-wave alternans results from action potential duration (APD) alternans. APD
alternans can be spatially concordant (SCA), when all cells from different spatial locations
oscillate in phase, or spatially discordant (SDA), when neighboring regions of cells alternate
with the opposite phase. These discordant regions are separated by a nodal line in which no
alternans is present. SDA causes an increase in the spatial dispersion in the repolarization,
whereas in theory, considerable SCA may occur with minimal dispersion of repolarization.
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Therefore, SDA is thought to be proarrhythmic3-5; however, its underlying mechanism
remains unclear.

CLINICAL PERSPECTIVE

T-wave alternans often are a precursor to ventricular fibrillation and thus sudden cardiac
death. It has been suggested that spatially discordant alternans (SDA) of action potential
duration may lead to T-wave alternans, but the underlying mechanisms of SDA
development are not clear. Previous studies have proposed preexisting action potential
duration heterogeneities and steep dependence of conduction velocity in the myocardium
on the preceding diastolic interval as possible causes of SDA. Our experiments demonstrate
that a new mechanism associated with pacing history, ie, short-term memory, might also
underlie SDA formation in the heart. In addition, we show that the heterogeneity of action
potential duration does not necessarily correlate with the onset of alternans. Our findings
have significant clinical relevance because they suggest that new dynamic factors such as
the rate at which the heart muscle is paced also may play a role in the development of SDA
and subsequently ventricular fibrillation. This suggests that cardiac memory needs to be
considered an additional factor that can contribute to arrhythmia initiation. Ultimately, our
findings can be used to define a new paradigm in the clinic for testing arrhythmia inducibility
and need to be considered in the design of antiarrhythmic drugs.

Two possible mechanisms have been proposed to explain the appearance of SDA. The first
requires the presence of preexisting heterogeneities, and SDA can be formed via an
appropriately timed stimulus or a change in pacing rate.5-7 Because in heterogeneous tissue
alternans amplitude varies spatially, it is possible to time a stimulus that reverses the alternans
phase in one part of the tissue.7 The SDA will appear around locations of heterogeneity
immediately as pacing rate increases.8 However, several numerical studies have suggested that
tissue heterogeneity is not essential for the formation of SDA. The second mechanism proposed
for SDA is based on a steep conduction velocity (CV) restitution mechanism, ie, when CV of
a propagating wave has a steep dependence on the preceding diastolic interval.9-13 In addition,
some studies have suggested that both tissue heterogeneity and steep CV restitution can be
involved in the formation of SDA.14,15

Recently, Hayashi et al8 demonstrated that these 2 mechanisms can be distinguished by the
behavior of the nodal lines. Their elegant numerical study shows that if SDA develops by the
first mechanism, ie, heterogeneity, nodal lines would form at locations dictated by underlying
tissue heterogeneity with 2 different scenarios. First, in the case of APD heterogeneity, once
a nodal line forms, it can drift away from the pacing site on a beat-to-beat basis without reaching
a steady state. Second, in the case of heterogeneity of intracellular Ca2+ cycling, the nodal line
may reach a steady state and remain pinned at the original position despite acceleration of the
pacing rate. In contrast, if SDA develops through the second mechanism, ie, steep CV
restitution, nodal lines reach steady state and move toward the pacing site as the pacing rate
increases. Hayashi et al8 also presented some indirect experimental evidence that this
mechanism is responsible for alternans formation in the isolated rabbit heart. In particular, they
showed the presence of a steep CV restitution but were unable to detect CV alternans, which
must accompany the SDA formed by this mechanism.9

Because the behavior of nodal lines has been shown to be crucial in determining the underlying
mechanism of SDA, here we use an approach similar to that of Hayashi et al8 to investigate
experimentally the organization and evolution of SDA in the ventricles of the isolated rabbit
heart. Our results demonstrate that 2 different scenarios of the nodal line dynamics may be
present in the same heart: Nodal lines can (1) remain stationary during pacing at constant rate
and move toward the pacing site as the rate increases or (2) be unstable and undergo
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spatiotemporal evolution. We confirm that the first scenario is associated with a steep CV
restitution, as demonstrated previously. In addition, we demonstrate experimentally for the
first time the spatial distribution of CV alternans and its strong correlation with APD alternans.
We demonstrate also that the second scenario is associated with short-term memory, ie, a slow
change of APD in time after a change in the pacing rate.16-19

Methods
Whole-Heart Preparation

Animals (n=8) were used according to National Institutes of Health guidelines. New Zealand
White rabbits of either sex (2.5 to 3 kg) were injected with heparin sulfate (300 U) and
anesthetized with sodium pentobarbital (75 mg/kg IV). After thoracotomy, the hearts were
quickly removed and immersed in cardioplegic solution containing (mmol/L) glucose 280, KCl
13.44, NaHCO3 12.6, and mannitol 34. The aorta was quickly cannulated and retrogradely
perfused with warm (36±1°C) oxygenated Tyrode’s solution under constant pressure (70 mm
Hg). The Tyrode’s solution contained (mmol/L) NaCl 130, CaCl2 1.8, KCl 4, MgCl2 1.0,
NaH2PO4 1.2, NaHCO3 24, and glucose 5.5 (pH 7.4 adjusted with HCl). The hearts were
immersed in a chamber and superfused with the same Tyrode’s solution; temperature was
controlled (36±1°C). Blebbistatin (10 μmol/L) was added to the Tyrode’s solution to reduce
motion artifacts.20

Optical Mapping System
A bolus of 5 mL of the dye Di-4-ANEPPS (10 μmol/L) was injected. A diode-pumped
continuous-excitation green laser (532 nm, 1 to 5 W, Millenia Pro 5sJ, Spectra-Physics Inc,
Mountain View, Calif) was used for excitation. Two fast charge-coupled device cameras (CA-
D1-0128T, DALSA, Waterloo, Ontario, Canada) were used to record simultaneously from the
anterior and posterior epicardial ventricular surfaces (>80% of total surface). Movies (8
seconds) were acquired at 600 frames per second, with 64×64-pixel resolution (0.4 mm per
pixel). The background fluorescence was subtracted from each frame, and spatial (5×5 pixels)
and temporal (9 pixels) conical convolution filters were used. A volume-conducted ECG was
recorded.

Pacing Protocol
A dynamic pacing protocol was used in which the basic cycle length (BCL) was changed from
300 to 200 ms in steps of 20 ms and from 200 to 100 ms in steps of 5 ms. Two hundred stimuli
were applied at each BCL to achieve steady state. Movies were taken to capture responses to
the last 10 stimuli at each BCL (steady state) and during transition to a new BCL. We applied
the pacing protocol 2 to 5 times in each heart while pacing from left and/or right ventricle
bases. Overall, we successfully completed 27 runs of the pacing protocol in 8 hearts.

Parameter Measurements
Optical APDs were measured at 50% repolarization because incomplete repolarization at high
pacing rate prevents assessment of APDs at 70% or 80% levels.

The local CV was measured as described previously.15,21 Specifically, the distributions of
activation times for the spatial regions of 5×5 pixels were fitted with the plane, and gradients
of activation times gx and gy were calculated for each plane along the x and y axes, respectively.
The magnitude of the local CV was calculated for each pixel as (gx2+gy2)1/2. Mean values and
SEs for CV were calculated for the visible anterior and posterior surfaces. The maximal slopes
of CV restitution curves were calculated using fits with sigmoidal functions in Origin software
(Origin 7.0, OriginLab Corp, Northampton, Mass).
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Local alternans was measured by calculating the difference in APD and CV between odd and
even beats as described previously.22 The amplitude of the APD and CV alternans was
calculated as ΔAPD=|APDodd−APDeven| and ΔCV=|CVodd−CVeven|, respectively. The phase
of alternans was positive for long-short APD sequences and fast-slow CV sequences
(represented by red). The phase of alternans was negative for short-long APD sequences and
slow-fast CV sequences (represented by blue).22 Nodal lines were defined as areas separating
out-of-phase regions of discordant alternans in which the amplitude of alternans was below
the threshold: ΔAPD<3 ms and ΔCV<3 cm/s. Two-dimensional alternans maps were
constructed to reveal the spatial distribution of the amplitude and phase of the alternans. Mean
values and SEs for steady-state APDs were calculated for the visible anterior and posterior
surfaces as follows: during 1:1 response and SCA, for the odd and even APD maps separately;
and during SDA, for the areas of longer and shorter APDs from the odd and even APD maps
separately.

We calculated the APD heterogeneity index (μ) for the steady-state maps at each BCL
according to the following formula15: μ=(APD95−APD5)/APD50, where APD95 and APD5

represent the 95th and 5th percentiles of the APD distribution, respectively, and APD50 is a
median APD distribution.

The onset of SCA was defined as the BCL at which at least 5% of either the anterior or posterior
surface displayed APD alternans >3 ms. The onset of SDA was defined as the BCL at which
at least 5% of anterior of posterior surface displayed phase shift.

Statistical Analysis
Group data are presented as mean±SE. Statistical comparisons between posterior and anterior
surfaces were performed with a paired 2-sample t test and Wilcoxon 2-sample nonparametric
test. Fisher’s and McNemar’s tests were used to compare categorical variables between
independent and dependent groups, respectively. Values of P<0.05 were considered
statistically significant.

The authors had full access to and take full responsibility for the integrity of the data. All
authors have read and agree to the manuscript as written.

Results
The Onset of SCA and SDA Is a Local Phenomenon

Typical examples of optical action potentials recorded by a single pixel during 1:1 responses
and alternans are presented in Figure 1A. The steady-state alternans maps constructed at
different values of BCL are displayed in Figure 1B for the anterior (top) and posterior (bottom)
surfaces. At a BCL of 300 ms, both anterior and posterior surfaces demonstrate 1:1 responses
shown as the absence of APD alternans (black). At a BCL of 155 ms in the same heart, the
anterior surface has a 1:1 responses (black), and the posterior surface displays SCA (blue). At
a BCL of 135 ms, both anterior and posterior surfaces display SDA shown as a combination
of the blue and red areas separated by the black nodal lines. Figure 1B demonstrates that
different regions of the heart can have different vulnerability to alternans.

In Figure 1C, we have quantified the percentage of total area occupied by the alternans on the
posterior (solid line, filled circles) and anterior (dashed line, open circles) surfaces as a function
of the BCL. We define the onset of alternans as the value of BCL at which at least 5% of the
surface is occupied by alternans (gray horizontal line). The 1:1 responses are shown as black
open and filled circles; SCA is shown in blue; and SDA is shown in red. SCA occurred at
different values of BCL for the posterior and anterior surfaces and initially occupied a small
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percentage of the area. As BCL decreased, the area of SCA increased and rapidly transformed
into SDA.

Figure 1D shows the steady-state mean APD on the anterior and posterior surfaces as a function
of BCL. The magnitude of both SCA (blue) and SDA (red) increases as BCL decreases. For
this particular example, the alternans is larger and appears at longer BCLs for the posterior
than the anterior surfaces. The onset of SCA was 175 and 150 ms and the onset of the SDA
was 150 and 140 ms for the posterior and anterior surfaces, respectively. SEs calculated for
both surfaces are included in Figure 1D, but they are almost negligible.

Altogether, SCA was observed in 100% (27 of 27 attempts in 8 of 8 hearts), and SDA occurred
in 85% (23 of 27 attempts in 7 of 8 hearts). SCA onset occurred at a shorter BCL for the anterior
surface (160.1±5.87 ms) than for the posterior surface (170.45±5.53 ms; P<0.05). The SDA
onset was not significantly different for the anterior (140.81±6.59 ms) and posterior (150.14
±7.42 ms) surfaces. For each surface, SCA onset occurred at a longer BCL than SDA onset
(P<0.05).

The Transition From SCA to SDA Is Time Dependent
After the BCL was changed from one value to another, the transition from SCA into SDA did
not always occur instantaneously. Instead, in some areas, after a change in the BCL, the spatial
organization of SDA was a dynamic, time-dependent process. A representative example is
shown in Figure 2A for the posterior surface when BCL was decreased from 140 to 135 ms.
The steady-state alternans map at a BCL of 140 ms is shown on the left; the alternans maps
for consecutive stimulus numbers at a BCL of 135 ms are on the right. At a BCL of 140 ms,
the presence of SCA is shown in blue. After a change in BCL to 135 ms, SCA is still present
during the first 30 stimuli. At 34 stimuli, the phase of alternans had switched in some areas, as
indicated by the appearance of red regions, and SDA had developed. The size of the red regions
increases as the number of stimuli increases. Note that some regions keep the original phase
(remain blue); ie, they display temporal concordant alternans (TCA) throughout the entire
episode. Other regions change their phase (blue becomes red); ie, they display temporal
discordant alternans (TDA). The regions that display either TCA or TDA at a BCL of 135 ms
are indicated by the blue arrows and contour lines at 80 stimuli. For comparison, the same
contour lines are shown at 34 stimuli. Note that the development of TDA is associated with
the development of SDA, leading to increased APD heterogeneity.

In Figure 2B, we illustrate the temporal evolution of alternans in the TCA (open circles) and
TDA (filled circles) regions from Figure 2A (n=80 stimuli) after a change in BCL from 140
to 135 ms. Note that for each region the alternans has 2 APDs, 1 long and 1 short, and the
amplitude of alternans can be estimated as the difference between these APDs. The amplitude
of the TDA region decreases over time, switches phase, and then increases. The amplitude of
TCA decreases more slowly with time, suggesting that TDA might have developed later. We
observed a time-dependent transition from SCA to SDA in 6 of 7 hearts.

Organization of the Nodal Lines in SDA
Numerical experiments have shown that the behavior of a nodal line reflects the underlying
mechanism of SDA formation.8 Specifically, steady-state nodal lines are predicted to move
toward the pacing site as the BCL decreases when SDA is induced dynamically by steep CV
restitution. However, when SDA is due to tissue heterogeneities, nodal lines should form at
locations dictated by the underlying tissue heterogeneity and either remain pinned or drift away
from the pacing site without reaching a steady state, depending on whether the alternans is due
to intracellular Ca2+ cycling or steep APD restitution.8
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We tested the above predictions experimentally and investigated whether one or both types of
behavior prevail in the isolated rabbit heart. First, we investigated the temporal evolution of
the nodal lines during adaptation after changing from one value of BCL to another. A
representative example of such behavior is shown in Figure 3A when the BCL was decreased
from 140 to 135 ms. Our results indicate that the nodal lines can behave according to the 2
different scenarios. Nodal lines may remain at the same position after the BCL is changed
during pacing, as shown here for the anterior surface. We have called this “stable” behavior.
Or, in the same heart, nodal lines may undergo temporal evolution, as shown for the posterior
surface. We designate this “unstable” behavior. In the latter case, the dynamics of the nodal
lines are very complex and do not exhibit stable patterns. Nodal lines can drift in varying
directions, toward or away from the pacing site, suggesting that APD heterogeneity cannot be
the underlying mechanism for unstable nodal lines. For the particular case of Figure 3A, the 2
top unstable nodal lines on the posterior surface drift toward each other (see blue arrows) and
mutually annihilate over time (see steady state at a BCL of 135 ms). Overall, of 23 pacing
protocols leading to SDA formation in 7 hearts, we observed 10 (10) cases of stable (unstable)
nodal lines on the posterior surfaces and 16 (6) cases of stable (unstable) nodal lines on the
anterior surfaces (P=NS). Thus, overall, 62% of the nodal lines were stable and 38% were
unstable.

Second, we investigated the positions of stable nodal lines at different values of BCL to
determine whether they remained pinned or moved toward the pacing site as BCL decreased.
Figure 3B illustrates the positions of the steady-state nodal lines at BCLs of 145 ms (red), 140
ms (violet), and 135 ms (blue). Two nodal lines are present at each value of BCL, 1 proximal
and 1 distal to the pacing site (asterisk). As the BCL decreases, the nodal line drifts toward the
pacing site (see arrows in Figure 3B). Thus, our results suggest that the steep CV restitution
could be a possible mechanism of SDA formation8 for the case of stable nodal lines.

Heterogeneity of APD Does Not Correlate With the Onset of Alternans
Although the behavior of the unstable nodal lines described in the previous section suggested
that tissue heterogeneity cannot be its underlying mechanism, we further investigated the
relationship between the heterogeneity of APD and the onset of alternans in more detail. Figure
4A illustrates the dependence of the mean APD heterogeneity index (μ) from 8 hearts calculated
separately for the anterior (open circles) and posterior (filled circles) surfaces for each BCL.
As the BCL decreased, μ increased for both surfaces as described previously.5,15 At all BCLs,
μ was not statistically significant between both anterior and posterior surfaces (P=NS).

To determine whether the onset of alternans at the anterior and posterior surfaces is dependent
on APD heterogeneity, we calculated the correlation between the following pairs: the onset of
SCA and μonset and the onset of SDA and μonset, where μonset is μ measured at the onset of
alternans. All 4 correlation coefficients of the linear regression functions calculated from 27
pacing protocols in 8 hearts were <0.5 (P>0.05), indicating the lack of significant correlation
between μonset and the onset of alternans on either surface.

Figure 4B shows that μonset calculated separately for the stable and unstable nodal lines from
8 hearts are not significantly different (P=NS).

CV Restitution and Alternans
The behavior of the stable nodal lines at different BCLs described in Figure 3B suggested that
steep CV restitution may underlie SDA formation in this case. Figure 5A shows mean CV
restitution curves measured for the anterior (open circles) and posterior (filled circles) surfaces
for that particular experiment. CV restitution is steeper on the anterior surface where the stable
nodal lines are present than on posterior surface where nodal lines are unstable. These results
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were consistent throughout all our experiments: the maximum slope of the CV restitution
curves measured in 8 hearts was steeper for the areas with stable nodal lines (18.16±3.34 m/
s2) than for the areas with unstable nodal lines (6.32±0.96 m/s2; P<0.01). In contrast, the
difference in the maximum slopes measured for the anterior (7.75±1.22 m/s2) and posterior
(14.07±3.09 m/s2) surfaces was not significant statistically (P=NS).

Numerical studies have predicted that alternans in APD should be accompanied by alternans
in CV.9 However, although alternans in conduction time has been documented experimentally
in single-electrode recordings,23 nothing is known about spatial distribution of CV alternans
or about its correlation with APD alternans. Figure 5B (left) shows the amplitude map of CV
alternans on the anterior and posterior surfaces (BCL=135 ms) in a representative experiment.
For comparison, the APD alternans map recorded at the same BCL is shown in the middle,
and a superposition of the CV (red lines) and APD (white lines) nodal lines is shown on the
right. Clearly, although the CV and APD nodal lines correlate strongly on the anterior surface
(stable nodal lines), they are not correlated on the posterior surface (unstable nodal lines).

Further quantification is presented in Figure 6, which illustrates the CV-to-APD relationships
for all pixel values at a BCL of 135 ms on the anterior (top) and posterior (bottom) surfaces in
experiment shown in Figure 5B. On the top, the amplitude and phase of APD alternans strongly
correlate (P<0.01) with those of CV alternans. Positive (negative) CV alternans coincides with
positive (negative) APD alternans on the anterior surface, where stable nodal lines are present.
In contrast, no correlation was observed for the posterior surface (unstable nodal lines), where
both positive and negative CV alternans exist for positive and negative APD alternans.

Short-Term Memory and SDA
The behavior of the unstable nodal lines suggested that short-term memory, ie, dependence of
APD on the entire pacing history and not just the immediately preceding diastolic interval,
might be involved in SDA formation. It is well known16-19 that one of the consequences of
short-term memory is slow APD accommodation on changing the pacing rate. Figure 7A
illustrates the typical temporal evolution of the longer APD during alternans for single pixels
on the anterior (open circles) and posterior (filled circles) surfaces after the BCL was changed
from 140 to 135 ms. The data are calculated from the example shown in the Figure 3, in which
nodal lines are stable (unstable) in the anterior (posterior) surfaces. The data were fitted with
the exponential function APD=APD0+a×exp(−t/τ), and the time constant (τ) of APD
accommodation was calculated for each pixel. The APD on the anterior surface reached steady
state much faster (τ=2.03) than on the posterior surface (τ=18.64). It has been demonstrated
that the longer it takes for the APD to reach a steady state after changing the BCL, the larger
τ is and therefore the greater the amount of short-term memory in the tissue is.12,18,24

The spatial distribution of τ on the posterior and anterior surfaces is presented in Figure 7B.
Note the homogeneous distribution and small values of τ for the anterior surface, where nodal
lines are stable. In contrast, the values of τ are much larger and the distribution of τ is much
more heterogeneous on the posterior surface, where nodal lines exhibit unstable behavior.
Figure 7C quantifies the mean values of τ calculated from 7 experiments for the cases with
stable (n=26) and unstable (n=16) nodal lines. The difference is statistically significant
(P<0.01).

Discussion
The major new findings of this study are as follows. First, the onset of alternans displays
complex spatiotemporal dynamics. Second, the evolution of nodal lines during SDA shows 2
distinct behaviors at a given BCL. Nodal lines can remain at the same positions (stable
behavior) or undergo drifting (unstable behavior). Third, stable nodal lines are associated with
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a steep CV restitution and are correlated with CV alternans, a numerical prediction that is borne
out for the first time by our experiments. Fourth, the unstable nodal lines are consistent with
the more pronounced effect of short-term memory, ie, larger time constant of APD
accommodation. Finally, heterogeneity of APD does not correlate with the onset of alternans.

Temporal Evolution of Alternans
In the literature, there are numerous theoretical and experimental studies on APD alternans.
5-15,22 For example, it is known that SCA can appear when the pacing rate is increased and
become SDA when the pacing rate increases further. However, very little is known about the
dynamical origin of the onset of alternans. Our results indicate for the first time that the onset
of APD alternans is a local phenomenon that undergoes complex spatiotemporal dynamics.
The onset of SCA is characterized not only by the value of BCL but also by the percentage of
the heart surface at which SCA appears. The transition from SCA to SDA can occur via 2
different pathways. First, as the BCL decreases, the regions displaying SCA become larger,
and the instantaneous transition to SDA occurs. Second, the transition to SDA occurs over time
during adaptation.

SDA, Steep CV Restitution, and CV Alternans
Previously, a steep CV restitution was proposed theoretically as a possible mechanism of SDA
formation in homogeneous tissues.9-15,22 Later, it was demonstrated, also theoretically, that
a steep CV restitution results in stable nodal lines.8 It has been suggested that this mechanism
is responsible for alternans formation in the whole rabbit heart. This suggestion was based on
indirect experimental evidence such as the presence of a steep CV restitution and the drift of
the nodal line toward the pacing site as the BCL decreases. However, direct evidence had not
been obtained for the CV alternans that must accompany APD alternans as predicted by theory.
9 Our results strongly suggest that a steep CV restitution is one possible mechanism of SDA
in the isolated rabbit heart. We observed stable behavior of the nodal lines in 62% of our
experiments. This behavior is associated with a steep CV restitution and with drifting of the
nodal lines toward the pacing site as the BCL decreases. Moreover, we have demonstrated for
the first time the spatial distribution of CV alternans and its strong correlation with APD
alternans for this case. Specifically, we show that the positions of the nodal lines for the CV
and APD alternans coincide.

SDA, APD Heterogeneity, and Short-Term Memory
Our results indicate that a steep CV restitution is not the only mechanism underlying SDA in
the whole rabbit heart. Indeed, in 38% of our experiments, the nodal lines are unstable and are
not associated with steep CV restitution. In this case, the nodal lines exhibit a complex
spatiotemporal behavior as SDA slowly develops with time from SCA during adaptation on
shortening of BCL.

Similar drifting of nodal lines has been described elsewhere8 when SDA was modeled in
sharply heterogeneous tissue. In that study, when the BCL was changed, the nodal line appeared
immediately at the border of a preexisting heterogeneity (of IK1) and drifted away from the
pacing site. However, in our experiments, the behavior of unstable nodal lines is different.
First, SDA alternans did not appear immediately as the BCL changed. Instead, there was a slow
temporal transition from SCA to SDA. Second, nodal lines do drift during adaptation, but the
direction of drift is seemingly unpredictable. To rule out the possibility that the unstable nodal
lines result from APD heterogeneity, we demonstrated that the heterogeneity indexes measured
at the onset of SCA μonset are not statistically different for stable and unstable nodal lines.

Our results suggest that the unstable behavior of the nodal lines is associated with slow APD
accommodation. We demonstrated that the time constant of APD accommodation (τ) is
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significantly smaller for SDA with stable nodal lines than for SDA with unstable nodal lines.
The large τ leads to slow temporal change of APD and a slow increase in heterogeneity. This
creates a substrate for the development of the SDA from SCA. However, although our results
strongly suggest that SDA can be associated with short-term memory, further experiments are
needed to elucidate the mechanism precisely.

Study Limitations
Our study has limitations that need to be considered. First, the optical mapping technique allows
measurements from the epicardial surface only. This limits our ability to interpret nodal line
behavior. Of course, in the real 3-dimensional geometry of the rabbit ventricle, the behavior
of the nodal lines is expected to be much more complex. Second, it is important to note that
we used blebbistatin (10 μmol/L) to reduce motion artifacts. It has been demonstrated20 that
even higher doses of blebbistatin do not affect the APD in the rabbit heart. To be sure, we
conducted patch-clamp studies in isolated rabbit myocytes (data not shown) and demonstrated
that the resting membrane potential and 3 levels of APD (APD50, APD70, and APD90) do not
change in the presence of blebbistatin at different frequencies.
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Figure 1.
Formation of APD alternans in the rabbit heart. A, Typical single-pixel optical action potentials
during 1:1 responses and alternans. B, Examples of steady-state alternans maps on posterior
(Post) and anterior (Ant) surfaces for 3 different BCLs. C, Percentage of posterior (solid line)
and anterior (dashed line) surfaces occupied by 1:1 responses (black), SCA (blue), and SDA
(red). The onset of alternans was determined as 5% of the total area (gray horizontal line). D,
Mean steady-state APD as a function of the BCL for posterior (●) and anterior (○) epicardial
surfaces. Black, blue, and red represent 1:1 responses, SCA, and SDA, respectively.
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Figure 2.
Temporal evolution of SDA. A, Examples of alternans maps from the posterior (Post) surfaces
showing the development of SDA after the BCL was changed from 140 to 135 ms. The stimulus
number is shown on top of each map. Note the eventual development of TCA and TDA regions
indicated by the blue arrows and contour lines. The same contour lines are shown at 34 stimuli
for comparison. B, Change in average APDs in the TCA (○) and TDA (●) regions (see n=80
stimuli, Figure 2A) at a BCL of 135 ms as the stimulus number increases.
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Figure 3.
A, Temporal evolution of the nodal lines on anterior (Ant) and posterior (Post) surfaces as the
BCL changes from 140 to 135 ms. Stimulus numbers are indicated on top of each map. Blue
asterisk shows the location of the pacing electrode; blue arrows show the direction of nodal
line drift as the stimulus number increases. B, Superposition of the stable nodal lines at steady
state for different values of BCLs. The white arrow shows that nodal lines drift toward the
pacing site (white asterisk) as BCL decreases.
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Figure 4.
A, Mean APD heterogeneity index (μ) from 8 hearts as a function of BCL for the anterior (Ant)
and posterior (Post) surfaces (P=NS for all BCLs). B, Mean values of μonset from 8 hearts
calculated separately for the stable and unstable nodal lines are not significantly different
(P=NS).
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Figure 5.
CV restitution and alternans. A, Mean CV restitution calculated for anterior (Ant; ○) and
posterior (Post; ●) surfaces in a representative experiment. B, Steady-state alternans maps for
posterior and anterior surfaces at a BCL of 135 ms showing alternans in CV (left), alternans
in APD (middle), and superposition of their nodal lines (right). The APD and CV nodal lines
are shown in white and red, respectively. DI indicates diastolic interval.
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Figure 6.
Correlation between APD and CV alternans at a BCL of 135 ms for the anterior (Ant; ○) and
posterior (Post; ●) surfaces in experiment shown in Figure 5B. On the anterior surface, positive
(negative) CV alternans correlates with positive (negative) APD alternans. On the posterior
surface, both positive and negative CV alternans exist for positive and negative APD alternans.
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Figure 7.
APD accommodation. A, Representative examples of the temporal evolution of the longer APD
during alternans from 1 pixel on posterior (Post; ●) and anterior (ant; ○) surfaces after BCL
was changed from 140 to 135 ms. B, Spatial distribution of τ for the posterior and anterior
surfaces. C, Mean±SE of τ for stable and unstable nodal lines from 7 experiments.
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