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ABSTRACT OF THESIS

ROLE OF CONDUCTION IN THE GENESIS OF ALTERNANS OF ACTION
POTENTIAL DURATION IN A SIMULATED ONE DIMENSIONAL FIBER

Ventricular fibrillation is one of the leading causes for Sudden Cardiac Death and
is characterized by multiple activation wavefronts. Multiple activation wavefronts
originate from a reentrant circuit which requires the presence of a unidirectional
block in the path of a propagating excitation wave. It has been proposed that at
the cellular level beat to beat alternation in the action potential duration at rapid
pacing rates can result in a conduction block. Various mechanisms have been
postulated to show the mechanisms of alternans. We use simulated activation in
a one dimensional tissue fiber to show the existence of a new mechanism via
which alternans can result. We used a new pacing protocol to eliminate alternans
at the pacing site, and thus eliminating restitution of action potential duration at
this site to reveal existence of alternans down the fiber. Effects on alternans of
manipulations of specific ionic currents such as the sodium current (Ina), calcium
current (lcar), potassium current (li,) and of the diffusion co-efficient (Dx) which
simulates reduced expression of connexin 43 were determined. Decrease in
sodium conductance, i.e. in excitability by half caused the alternans to occur at
the pacing site itself even though APD restitution was eliminated. An increase or
decrease in calcium current (Ica) eliminated alternans throughout the fiber. The
use of a novel pacing approach in investigation of alternans, as in this study,
furthers our understanding of the mechanism of alternans and may prove helpful
in the development of better anti-arrhythmic drugs in the future.

KEYWORDS: Ventricular fibrillation, reentrant circuit, unidirectional block,
alternans, anti-arrhythmic
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Chapter One: Introduction

Beat by beat alternation in action potential duration (APD), which is known as
alternans of APD have been shown to be closely linked with onset of ventricular
arrhythmia and sudden cardiac death [1-5]. It has been proposed that at the
cellular level, beat to beat alternation in APD that occurs at rapid pacing rates

can result in conduction block [6].

Various mechanisms of alternation of cardiac APD have been reported. One of
the well known mechanisms is the restitution hypothesis [7]. The restitution
hypothesis states that a necessary condition for instability or alternans to occur is
that the slope of the restitution curve should be greater than or equal to 1. An
implication of this hypothesis is that if the slope of the restitution curve is less
than 1 the heart rhythm would be anti-arrhythmic. Some studies have shown anti-
arrhythmic effects of drugs that decrease slope of restitution, consistent with the
hypothesis [8, 9]. However, recent experimental studies in canines, in which
alternans of APD was observed even when the diastolic interval (DI) preceding
the action potentials were constant, questions the validity of APD restitution as a
“‘necessary” mechanism of alternans of APD. The above study revealed the
existence of a restitution independent component of alternans [10]. In addition to
the restitution hypothesis, the interplay between restitution of conduction velocity
(CV) and restitution of APD is also thought to influence alternans importantly [11].
Conduction velocity is the time taken for a depolarization charge to travel a unit
distance. Typically the unit is mm/msec. Conduction velocity across the
myocardium is not uniform and varies across species and also with respect to the
fiber orientation [12]. Restitution of CV is the dependence of CV on DI. Typically
the CV decreases with lower Dls. The CV restitution curve is obtained using the
standard or the dynamic protocols and is similar in procedure to APD restitution
with the difference being in the Y co-ordinate. Of the two trajectories namely the
APD restitution (figure 3A) and the CV restitution (figure 3B) the CV restitution

curve has a much flatter trajectory (slope).



We conducted simulation studies that revealed alternans distal to pacing site in
a one dimensional tissue even after eliminating alternans at the pacing site using
a novel feedback pacing protocol [13]. We investigated the mechanisms of
alternans in this specific situation by varying certain ionic currents that are
expected to influence conduction and APD importantly. For each ionic
modification, plots of restitution of APD and of conduction velocity were obtained
using the standard protocol. These plots were obtained to study the effect of

modifications of specific ionic currents on the restitution curves.



Chapter Two: Background
2.1 Sudden Cardiac Death

The primary function of the heart is to pump blood to various parts of the body
and it performs this operation by means of an electromechanical process. The
mechanical action is always accompanied by means of electrical impulse
propagation. Electrical impulses travel from the sino atrial node (the pacemaker)
from the right atrium to the left atrium via the Bachmann bundle and with a slight
delay to the ventricles via the atrioventricular node, bundle of His and purkinje
fibres [14]. Disruption of electrical impulse propagation in this pathway can lead

to fatal consequences such as Sudden Cardiac Death.

“‘Sudden cardiac death (also called sudden arrest) is death resulting from an
abrupt loss of heart function (cardiac arrest). About 325,000 people a year die of
coronary heart disease (CHD) without being hospitalized or admitted to an
emergency room. That's about half of all deaths from CHD — more than 890
Americans each day. Most of these are sudden deaths caused by cardiac arrest.
Most of the cardiac arrests that lead to sudden death occur when the electrical
impulses in the diseased heart become rapid (ventricular tachycardia) or chaotic
(ventricular fibrillation) or both” [15]. These data show that ventricular fibrillation is

one of the major causes of sudden cardiac death.

2.2 Ventricular Fibrillation and Restitution

The propagation of electrical charge during ventricular fibrillation is not according
to the rhythmic pattern as described above, instead, it is highly unorganized. The
ventricles contract in a rapid and unsynchronized manner and is described
mechanically more as a “flutter” than as a beat. A person with a fibrillating heart
is very highly likely to collapse and experience sudden cardiac death if medical
help is not provided within minutes [16]. A high percentage of dangerous

arrhythmias have been attributed to the result of a phenomenon known as “re-



entry” [17-21]. Re-entrant activity is characterized by electrical waves that “may
rotate uninterruptedly and in a self-sustaining manner to give rise to high
frequency electrical activity that propagates throughout the ventricles” [17]. The
possible reasons for a re-entrant activity to occur could be the interaction
between a propagating electrical wavefront with a block in its path [22, 23] or be
initiated by a premature beat [24, 25]. Rapid pacing of the heart is also well
known to induce a conduction block [6]. At high pacing rates beat to beat
alternation in action potential duration known as alternans is observed. One of
the mechanisms that is used to explain alternation of cardiac action potentials is
the restitution hypothesis and cardiac electrical restitution is thought to have a
major influence on whether an electrical disturbance in the hearts rhythm would

degenerate into a re-entrant activity [26].

The restitution curve (figure 3A) is obtained by plotting the action potential
duration (APD) of one beat versus the preceding diastolic interval (DI) for that
beat (figure 1A). APD restitution is the dependence of APD on DI. Some of the
protocols that exist for the obtaining the restitution curve (RC) are the standard
protocol [27] and the dynamic protocol [9, 28]. In the standard protocol the cells
are paced at a constant cycle length (X) for N beats followed by a single beat of
shorter cycle length (Y) and then pacing at X cycle length for another N beats
followed a single beat cycle length shorter than Y. This pattern is repeated for
shorter and shorter cycle lengths until a point where conduction fails. The RC is
obtained by plotting the APD of the ‘Y’th beat versus the DI preceding that beat.
This is repeated for the succeeding ‘Y’ beat and so on. In the dynamic protocol
instead of a single beat of shorter cycle length after constant cycle length pacing
for N beats the single beat of shorter cycle length is replaced also with N beats
and the pattern is repeated for shorter and shorter cycle lengths for N beats until
block occurs. The RC is obtained by using the APD of the last stimulus for a

particular cycle length.



The restitution hypothesis states that a necessary condition for instability or
alternans is that the slope of the restitution curve should be greater than or equal
to 1 [29, 30].

2.3 Basis of Modeling

Models of cell membrane behavior are often based on the Hodgkin and Huxley
model [31] where Kirchhoff's current law (sum of currents entering a node is
equal to the sum of the currents leaving the node) is applied. Here the current
entering the node would be the stimulus current, | s which can be expressed as;

X=N
Is=lc+ > Ix—> (1)
X2

Ic and Ix are the capacitive and Xy, ionic currents respectively. The capacitive and
the ionic currents Ic and Ix can be expanded as follows.

X=N
|s=cdvdt+ 3 g (V- Vi) = (2)
X=1

C is the capacitance per unit area; V is the membrane voltage; g x is the
conductance of the Xy channel which maybe time and voltage dependant and V
is the equilibrium voltage of the Xy channel. The conductances are generally
expressed as a function of gating variables, y and can be expressed as,

d,’s are experimentally determined constants and f’s are experimentally
determined functions [32].



Chapter Three: Methods and Analysis

We used the Canine Ventricular Model (CVM) developed by Fox et al[33] to
simulate electrical activity in a linear strand of 220 cells. lonic currents were
computed individually for each cell using the CVM and the cells were coupled
using a diffusion equation[34]. The cell length was set at 200 um with a diffusion
constant of 0.001 cm?ms[6]. The one dimensional tissue was stimulated with no

flux boundary conditions[35, 36].

The model was paced at 500 ms cycle length for 100 beats to achieve a steady
state. Once steady state was reached the protocol was changed from constant
cycle length (CL) pacing to a feedback based pacing protocol such that the DI
preceding each activation at the pacing site was equal to 40 ms. To achieve
feedback control, the location of APDgy i.e. the instant when the transmembrane
voltage repolarized to 90% of its maximum value was identified. The next
stimulus was delivered after a predetermined interval from the point of APDgy,
this interval became the DI for the next action potential [13, 37]. The tissue was
paced such that the DI was constant for each of the 100 beats. Feedback based
DI control was established only at the pacing site. The reason for choosing DI
equal to 40 msec was because we had previously observed occurrence of
alternans experimentally in canines when 40ms of DI preceded activations of
alternating duration[10]. A change in APD between successive beats of at least 8
milliseconds was considered as alternans. A standard protocol was used to
obtain APD restitution and conduction velocity restitution curves. Briefly, for the
standard protocol, the tissue was paced at a constant cycle length (CL) equal to
500 msec (S1) for 50 beats and the interval between the 50™ pacing pulse and
the 51% pulse was shortened in the following sequence; 500, 400, 300, 250, 220,
210, 200, 190, 185, 180, 175 and 170 ms. For all protocols the pacing stimuli
strength was 1.5 times diastolic threshold while for the S1S2 pacing protocol the
stimulus strength was 9 times diastolic threshold to ensure that activations

occurred at shorter DIs. Custom programs were written in Matlab 7.0 (The



MathWorks, Inc., Natick, MA) for determination of APDgy and DI, which were
quantified as follows: The time instant when the transmembrane voltage became
> -80.5 mv was considered as the start of an action potential. The time instant
when the transmembrane voltage repolarized to 90 percent of its maximum value
was considered as the end of the action potential. The interval between the end
of an action potential and the start of the next action potential became the DI for
the next beat (figure 1A). To investigate the role of restitution in genesis of
alternans and to compare results with previous studies, first derivative of the APD
restitution curve was computed to determine the Dls for which the slopes of
restitution were 1 or greater. A curve was fit to the restitution data using
TableCurve 2D v5.01 and the first derivative of the fitted function was obtained
using the same software. To simulate changes in a particular ionic current, at the
end of the computation for that specific ionic current, the computed value of the
current was multiplied by a factor 0.5 to represent 50% decrease in current and
by a factor of 1.5 to constitute a 50% increase in current. Two types of pacing
sequences were used; one was a constant DI protocol and the other sequence
was used to obtain the restitution of APD and CV curves using the standard

protocol.



Chapter Four: Results

We paced the tissue such that the feedback protocol ensured that the DI was
constant at the pacing site, i.e. at the first cell. During pacing at constant DI = 40
msec, the first cell where DI control was established did not exhibit alternans
(figure 1B). Figure 1C shows that all activations were conducted and as
expected, the cycle length for all cells for any particular beat was the same.
Calculation of conduction velocities did not reveal any variation from beat to beat.
Restitution curves obtained using the standard protocol from the last cell in the
fiber revealed slopes of restitution (AAPD/ADI) to be always > 1 for all trials when
the DI was less than 50ms. In the constant DI trial from which data are shown in
figure 1, the first occurrence of alternans (using the 8 msec threshold) was at cell
38 once the pacing was switched to constant DI. Figure 2 illustrates action
potentials obtained at the pacing site (figure 2A, cell 1) and at the last site (figure
2B, cell 220), clearly showing alternans at the end of the fiber. Restitution of APD
and restitution of conduction velocity curves were obtained using the S1S2
pacing protocol and are shown in figures 3A and 3B. Figure 4 shows a time-
space plot of the transmembrane voltages from all cells during the entire 100
beat pacing with constant DI protocol. In figure 4, time is on the x-axis and the
cell numbers are on the y-axis with cell number 1 on the top. In figure 4, blue
color represents repolarized state of a cell and yellow represents the depolarized
states, therefore, blue bands indicate DI while yellow bands indicate APD. An
expanded view, in figure 4B, clearly shows alternation of DI and of APD which is

more pronounced in the bottom half of the fiber.

Reduction of sodium current, Iya by 50% decreased rate of change of voltage
during early part of action potential, as expected (figure 5A) and affected
conduction velocity as well (decrease from 0.783 mm/ms for baseline Iy, to 0.578
mm/ms(figure 5B)). Interestingly, when Iy, was decreased by half, alternans were
observed at the pacing site where DI's preceding each activation were held

constant. Figure 5C shows very small variation in DI at the pacing site, a



consequence of the feedback protocol. The figure shows changes in DI to be
less than 2ms. However, figure 5D shows that when Iy, was decreased,
alternans of APD occurred at the pacing site as well. The conduction delay (the
duration for an activation to travel from cell 1 to cell 220) observed during this
trial with reduced Ina was 78ms as compared to a delay of 57ms for the protocol
with baseline Ina. The increased delay translated in a decrease in CV from 0.783
mm/ms during baseline level of Iya to 0.578 mm/ms with decreased Ina. The
standard pacing protocol used during reduced Iy, showed that the slopes of APD
restitution curves were greater than one for DlIs less than 60ms as compared to

being greater than one for Dls less than 50 ms during baseline conditions.

An increase in sodium current, Ina, by 50% increased dv/dt as expected (figure
6A). As in figure 5A, figure 6A shows the start of action potentials during baseline
levels of Ina and increased Ina current. With increased sodium current, Iya,
conduction velocity increased by 17% (i.e. from 0.783 mm/msec to 0.913
mm/msec). Alternans were observed nearer to the pacing site, i.e. at cell 31,
when Iya was increased compared to baseline levels of Ina, in which case
alternans occurred at cell 38. The slope of restitution of APD, obtained using the
S1S2 pacing protocol had slopes greater than one at DIs < 50ms similar to those
observed during baseline levels of Ina. Pronounced alternans of APD were

observed during increased Iy, at cells distal to the pacing site (figure 6B).

With decrease in calcium current (lca), as expected, the APDs decreased as
seen from figure 7A. While there were large changes in APD upon decrease in
lcaL, the variation in conduction velocity was small (change from 0.783 mm/ms for
baseline levels of Ic, to 0.789 mm/ms with reduced Ica. (change of 0.8%)). The
mean values of DI at the pacing site (cell 1) where DI control was established
was calculated to be 38 ms and was 49 ms at the end of the fiber (cell 220) with
a variation of £ 1ms. The plot APD at the pacing site (cell 1, blue) and at the end
of the fiber (cell 220, red) revealed the variation in APD to be less than 3ms at

both the pacing site and at the end of the fiber (figure 7B). Interestingly, APD



restitution curves revealed a linear relationship between APD and DI (figure 7C),
with a slope of 0.24. Increase in calcium current (Ica.), as expected, increased
action potential duration (figure 8A) but did not have appreciable variation in

conduction velocity as compared to baseline Ica., the change was only 0.15%.

When calcium current (lca ) was increased, alternans were not only absent at the
pacing site but were also eliminated at the end of the fiber (figure 8B). The slope
of the restitution of APD curve obtained for this ionic modification revealed slopes
greater than 1 for DIs smaller than 41ms (figure 8C) although no alternans were

observed.

To explore effects of cell to cell coupling in the genesis of alternans, the diffusion
co-efficient (Dx) was reduced by 50%. The reduction in diffusion co-efficient
resulted in slowing of conduction by 36% (change in CV from 0.783 mm/ms
during baseline value to 0.5 mm/ms). No appreciable variation in APD compared
with baseline (0.34%) was observed. Slope of the restitution of APD curve was
greater than 1 for DIs less than 50ms similar to that seen during baseline values
of the diffusion coefficient. With reduced diffusion coefficient, alternans were first

observed at cell 20 in the fiber.

A decrease in potassium current (lg,) resulted in an increase in APD when
compared with baseline levels of Iy, (figure 9A), but conduction velocity was
almost unaltered. The conduction velocity computed was 0.786 mm/ms as
compared to 0.783 mm/ms for baseline levels of Iy. Slope of restitution of APD
became greater than 1 for DIs of 44ms and less. The first onset of alternans
occurred at cell 65 in the fiber. Figure 9B, illustrates the APDs measured from
cell one and cell 220. Though the variation in APD from beat to beat was not
more than 1 ms at the pacing site (cell 1), variation in APD was as high as 32ms

from beat to beat at cell 220.

10



An increase in the potassium current (l,) resulted in APD to be shortened (figure
10 A), and as with the case of decreased Iy, no large variations in conduction
velocity were detected (change of 0.2%). Slope of restitution of APD was greater
than 1 for DlIs less than 50ms similar to that observed during baseline values of
lr. Alternans were first observed at cell 25 but were absent at the pacing site
(figure 10 B). Figure 11 illustrates the summary of all ionic modifications that
were executed and the cell number at which alternans first occurred for that ionic
modification.

11
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Figure 1A, illustrates the action potentials obtained from a single site paced at
500ms cycle length. Green circles indicate the start of the action potential while
red circles represent 90 % of the action potential duration (APDg). The points
were determined by custom written programs. Figure 1B shows the beat to beat
variation in APD. Cell 1(blue) did not reveal any APD alternans whereas
alternans were very prominent at cell 220(red). Cell one APD characteristics also
reveals the progressive decrease in APD with time until a steady state is
reached. Figure 1C. Progressive decrease in cycle length CL as pacing protocol
is switched from constant cycle length pacing to constant DI pacing with DI=
40ms. Note that cycle length of cell 1(blue) and cell 220(red) are identical.
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were first observed at cell 38.
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Figure 5A shows the start of action potentials during baseline (blue) and reduced
sodium current conditions (red) that exhibits lower dv/dt when sodium current
(Ina) is reduced. Figure 5B. Restitution of CV exhibits lower conduction velocity
for reduced Ina Wwhen compared with baseline levels of Iy, (figure 3B). Figure 5C.
With decreased Ina, alternation in DI at the pacing site (cell 1) was small (£2ms),
however, alternans of APD were evident at the pacing site (figure 5D).
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Figure 6A shows the start of action potentials during baseline (blue) and
increased sodium current conditions (red) that exhibits higher dv/dt when sodium
current (Ina) is increased by 50%. Figure 6B. With increased Ina , alternation in
APD at the pacing site (blue, cell 1) was small (€4ms), however, alternans of
APD at the end of the fiber (red, cell 220) was as high as 45ms (figure 6B).
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Figure 7A. Reduction of APD evident with reduced calcium current (lca., red)
The trace shows the last two beats of constant cycle length pacing followed by
the first three beats at constant DI pacing with DI= 40ms. Figure 7B. The
variation in APD at the pacing site (cell 1, blue) and at cell 220(red) was very
small (<3ms). Figure 7C. Restitution of APD at cell 220 obtained using S1S2
pacing protocol revealed a linear relationship between APD and DI. The slope
was constant at 0.24. Curve fitting was done using the software, Tablecurve 2D,
SYSTAT software Inc.
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Figure 8A. Elevation in APD with calcium current, Ica. enhanced by 50% (red)
when compared with baseline Ic,. (blue). The trace shows the last two beats of
constant cycle length pacing followed by the first three beats at constant DI
pacing with DI= 40ms. Figure 8B. When calcium current was increased, the beat
by beat change in APD observed at cell 220 was very small (<3ms). Figure 8C.
Slope of restitution of action potential duration for enhanced calcium current, lca.
using the S1S2 pacing protocol. The slope of the curve fitted data was obtained
using the software Tablecurve 2D, SYSTAT software Inc.
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Figure 9A. Elevation in APD with potassium current, Ik, decreased by 50% (red)
when compared with baseline Ik, (blue). The trace shows the last two beats of
constant cycle length pacing followed by the first two beats at constant DI pacing
with DI= 40ms. Figure 9B. With decreased Ik,, the beat by beat change in APD
observed at the pacing site (cell 1, blue) was very small (£2ms) although
alternation in APD at the last cell (cell 220, red) was as high as 32 ms.
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Figure 10A. Decrease in APD with potassium current, Ik, increased by 50% (red)
when compared with baseline Ik, (blue). The trace shows the last two beats of
constant cycle length pacing followed by the first two beats at constant DI pacing
with DI= 40ms. Figure 10B. With increased Ik,, the beat by beat change in APD
observed at the pacing site (cell 1, blue) was very small (<2ms) although
alternation in APD at the last cell (cell 220, red) was as high as 56 ms.
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number at which alternans first occurred for that ionic modification.
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Chapter Five: Discussion

Our main objective in this study was to explore mechanisms of alternans of APD
that occur in a one dimensional fiber when pacing is initiated at one end of the
fiber such that DI's preceding each activation at the paced site are invariant. The
reason for removing changes in DI at the pacing site was that this eliminated a
confound of restitution of APD at the site of origin of activation that is present in
virtually all previous investigations of effects of spatio-temporal parameters on

alternans of APD.

We observed that even when alternans of APD were eliminated at the pacing site
via use of DI control, alternans occurred downstream in the fiber in the model
with nominal parameters (i.e. in normal state). A possible mechanism of the
occurrence of alternans in this circumstance is as follows: When pacing was
switched to shorter DIs during DI control, the cycle lengths decreased
progressively because of slower adaptation of APDs until they reached a steady
state (figure 1C). This phenomenon of slow adaptation of APD to a decreased
cycle length of pacing has been seen in previous studies [38]. After switching to
constant DI, the APD of the cell at the pacing site shortened compared to the
previous APD because of shorter DI as a result of restitution of APD as shown by
Pt. 1 in figure 11, 172 ms compared to previous APD of 207ms). There was a
5711 ms delay for the depolarization to travel from the first cell to the last cell
(figure 11, Pt.2). The DI was maintained nearly constant (note the very small
variation in DI at the pacing site) at 40 ms at the pacing site (cell 1) but because
of constant conduction delay (56 ms) and shorter APDs for cells away from the
pacing site the DI for the last cell became 51ms (figure 11, Pt.3). The APD was
longest at the pacing site but decreased down the fiber. The likely reason for
increased APD being that the stimulus current was added only at the pacing site
(cell number 1) at the predetermined DI and the charge was distributed down the
fiber because of the diffusive process. At the pacing site for the next beat, the DI

being constant and the cycle length being progressively shortened, the
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depolarization charge at the last cell arrived at an earlier time (i.e. DI was

shortened, equal to 45 ms, figure 11, Pt.4) compared to the previous DI of 51ms.

The decrease in DI was because conduction delay was almost constant. As a
consequence of short DI, the succeeding APD became shorter compared to the
previous APD. The cycle length being constant, the DI for the next beat at the
last cell became longer than the previous beat producing a longer APD. This
cycle was repetitive and the difference between the DI's of one beat to the other
beat progressively increased (figure 12) as the cycle length at the pacing site and
at all other sites progressively decreased (figure 13). Figure 13 which is an
expanded view of figure 1C, shows the progressive decrease in CL with constant
DI pacing accompanied by slight alternation in CL. The alternation in CL was not
more than 3ms although alternations in APD of 40ms were observed in the last
cell (cell 220).

We explored effects of changes in sodium current, Iya because of its role in
conduction. A decrease in sodium current caused alternans to occur at the
pacing site. In a previous study by others in which a single cell was simulated,
reduction of Ina was reported to increase the magnitude of alternans but the
simulation was done using cycle length pacing [33]. However when we recreated
the same model of the single cell and used a DI based feedback protocol no
alternans were observed even for very short Dls including a Oms DI. Using the
same mechanism that we propose above explains the mechanism of alternans
during the DI control protocol, with decreased Iy, alternans were expected to
occur earlier in the fiber as the APDs were similar to that during baseline Iy, but
the conduction delay was much higher, subsequently the DI for the last cell
increased. The APDs however decreased until they approached a steady value.
The increase in conduction delay caused the difference between the consecutive
DI's for the same cell to increase. However, reasons as to why alternans
occurred at the pacing site still remain unclear. Increased Ina would cause

alternans to occur nearer to the pacing site in the fiber as there was an increase
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in conduction velocity but the difference between successive DIs was similar to

baseline Iya.

It can be concluded from the two modifications of decreasing and increasing Ina
that slowing of conduction has a greater influence in the genesis of alternans

than increasing conduction velocity.

Calcium current, Ica. plays a major role in the plateau phase of the action
potential and hence has a major influence on the APD. Ic, has also been
reported to dramatically affect the slope of the restitution curve[39]. In our study,
elevation or decrease in Ica. had the same response of eliminating alternans.
Even though restitution slope was less than one (0.24) with reduction of Ic,. and
resulted in no alternans, alternans were eliminated when the slope of the APD
restitution was equal or greater than one for the region of pacing with increased
lcaL contrary to what the restitution hypothesis would suggest for the value of the
slope for alternans to occur. Elimination of alternans by blocking the calcium
current, lca, would require the use of Ica blocker clinically, unfortunately, the
disadvantage of using calcium channel blockers clinically is that it would result in

reduction of contractile force [33].

Reduction of the diffusion co-efficient is similar to gap junctional uncoupling and
as expected the reduction of the diffusion co-efficient by half slowed
conduction[40]. Although reduced diffusion caused conduction velocity to be
much lower than during baseline, the APDs were similar to the baseline protocol.
The reduction in diffusion caused an increased conduction delay, increasing the
DI for the last cell much more than the baseline diffusion co-efficient and hence
an increase between the successive difference in Dls for the last cell. We
consider that the increase in successive differences between the DlIs was the

reason alternans occurred nearer to the pacing site in the fiber (cell 20).
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Potassium currents, like calcium currents, also have a direct influence on the
APD. An elevation in potassium current would reduce the APD whereas a
decrease would increase the APD. With respect to the mechanism of alternans,
during changes in potassium current (l), similar conduction velocities (between
baseline and decreased Ii) and an increase in APD resulted in successive
differences between the consecutive Dls to become smaller. This decrease in the
difference in DI resulted in alternans to occur farther away from the pacing site in
the fiber, i.e. at cell 65. For the protocol with increased li;, similar conduction
velocities, but with decreased APDs compared to the baseline levels of I,
resulted in alternans occurring earlier in the fiber (cell 25). Fox et al [33] had
reported the elimination of alternans with a 62% increase in Iy, in a single cell
model. Even with 65% increase in ly,, alternans were not eliminated in our model.
In his single cell model, Fox et al [33] had also reported the elimination of
alternans with increase in the transient outward K* I, and the inward rectifier K”,
lk1 current. We however did not observe similar results. The differences may be
attributed to the fact that cells in isolation can behave differently electrically than

cells that are inter-linked together in the tissue [41].
Effects of change in sodium conductance (g na) and its influence on the calcium

current (Ica ) or the effects of sodium current (Ina) on the calcium current (lca)

was not studied.
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Figure 12. Plot of transmembrane voltages (normalized) at the pacing site (cell 1,
blue) and at the end of the fiber (cell 220, red). All values in the figure except for
the normalized values in the y-axis have units in milliseconds. lllustrated is the
last beat of constant cycle length pacing (500ms) followed by constant DI pacing
through feedback control at 40ms at the pacing site.
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Figure 13. Plot of transmembrane voltages (normalized) at the pacing site (cell 1,
blue) and at the end of the fiber (cell 220, red). All values in the figure except for
the normalized values in the y-axis have units in milliseconds. lllustrated are
action potentials at beats 80-84 to show the increase in alternation of DI and of
APD at the end of the fiber (cell 220, red) with time.
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Figure 14. Progressive decrease in cycle length with constant DI (40 ms) at cell
220. All cells had the same cycle length (figure 1C). Alternations in CL was not

more than 3ms.

33



Chapter Six: Limitations

The major limitation of our study is that it is a simulation. Like all other models it
suffers from various limitations. One such limitation is the way in which calcium is
handled. Most models like the CVM model correspond to an all or none response
whereas global rise in calcium is due to the summation of many local release
events or calcium sparks [42-46]. Coupled to the above limitation is that there is
no separate handling for the junctional sarcoplasmic reticulum in the CVM as the
concentrations of calcium in the JSR and NSR have been combined to a single
variable. This is because there is evidence to suggest that local depletion of JSSR
plays an important role in spark termination [47, 48]. The model being a one
dimensional model would not be physiologically very relevant as there is

evidence to show that a single cell is coupled to 11+ 2 other cells [49].
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