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A graphic method for the study of

alternation in cardiac action potentials
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“ Novrasco, J- B., anp Rocer W. Danrex.
/';r the study of alternation in cardiac acton potentials. J. Appl
Physiol. 25(2): 191-196. 1968.—The cardiac action-potential
duration (A) is influenced by the preceding diastolic interval
{Do) and inversely affects the next diastolic interval (Dy).
Action potentials were recorded through microelectrodes im-
paled into frog ventricular muscle strips driven electrically to
produce alternation. The graph of A = [(Do) during the steady
state was plotted and the relationship Dy = f(A) was drawn,
The point of intersection of these two curves describes the
action-potential duration and diastolic interval in the steady
state. When stimulus frequency is altered, the plots of action
potentials immediately following the rate change deviated from
the steady-state curve. The action-potential behavior in this
ponsteady state was explicable by a functional curve, the slope
of which determined the occurrence of alternans. Transient
aernation appeared and lasted longer as this slope increased
and at a driving rate where the slope was +1, persistent
alternans occurred. The existence of more than one amplitude
of alternation at a given rate was also deduced from the graphs
and demonstrated experimentally,
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A graphic inethod

rate effect on intracellular cardiac action potentials; negative
fedback; cardiac electrical alternans; arrhythmias; home-
astasis; nonsteady-state behavior; diastolic interval
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ALTERNATION IN THE ACTION POTSVTrore of Dt o0
ardiac tissues and in the electrocardiogram in man and ani-
mals has been reported in diverse conditions (1, 2, 5, 7-9,
11-14, 18). The alternation consists of reciprocal variation in
the voltage, duration, and shape of adjacent electrical com-
plexes during a regular rhythm. Ordinarily, during regular
thythmic activity, the transmembrane action potentials in
ardiac tissues are remarkably constant. Variations appear
vhen the rate is changed and even if only one cycle length is
dtered (3, 4, 8, 11, 12, 17, 21). This rate effect has been
mplicated in the genesis of alternation (8, 12, 18) but except
“r the observation that alternation is prevalent in tachycardias
ind may be precipitated by an abrupt cycle length change (5,
12 18, 20), the relation between alternation and rate has not
%en explicitly defined.
By considering cardiac alternation analogous 10 the oscilla-
%on in electrical circuits and utilizing mathematical principles
ady established for the latter, we devised a graphic model
ich permitted prediction of the duration of the action
Mentials elicited after a change in rate. With this model, the
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behavior of the action potentials which follow different degrees
of acceleration was charted and from the charts, postulates
defining the conditions leading to alternans were formulated. !

In this communication we aim to explain the theoretical
basis for the graphic model, including the model's construction
and operation, and to present the postulates, the experimental
observations supporting these postulates, and some perspectives
about cardiac alternation suggested by this approach.

ANALOGY TO AN ELECTRICAL FEEDBACK SYSTEM AND
IDENTITY OF TRANSFER FUNCTIONS

In a simple electrical negative feedback svsterm where an
independent signal (X) is a part of the inpur (1) and following
amplification (G) a fraction (F) of the output (O) is fed back
to the input, the equations defining the relationship berween
Tand O as elements in the feedback loop may be used to solve
for the steady-state value of O at any given value of X (]9),
The transfer functions O = G andI = X — F(O) may be
plotted on common coordinates and the intersection of the
graphs provides a simultaneous solution for the two equations
and vields the steady-state or set-point values of Oand ] at a
given X,

By relating the action-potential duration to the diastolic
interval rather than to the stimulus interval, a similar feedback
loop may be shown to exist in the cardiac tissue that is driven
regularly. The stimulus interval (S) represents the signal par-
tially contributing to the Input which, in this case, is the
Aiacralic inene..1 2. Dy influences the duration of the fol-
lowing action potential (A) and the latter inversely affects the
next diastolic interval (Dv). The transier functions for the
cardiac tissue are: A = f(D,) and Di = fA) =S — A The
parallelism between electrical system and cardiac tissue js
clearly apparent in the feedback loops and equations shown
in Fig. 1.

CONSTRUCTION AND OPERATION OF GRAPHIC MODEL

Plotting the two transfer functions on common coordinates
with A on the ordinate and D on the abscissa creates a graphic
model from which the durations of successive action potentials
and diastolic intervals following a change in rate may be
mapped out. The graph of A = f(Da), which will be termed
the A curve, is drawn from measurements of action-potential
durations and diastolic intervals in the steady state at different
driving rates. At constant conduction velocity, Dy = § — A
and, if S is maintained constant at the new rate, dD VdA = —1.
Hence, for any regular rate, the plotof Dy = f(A) = § _ Als
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Fic. 1. Feedback loops and equations for an electrical system
and the cardiac tissue. X = signal, I = input, G = gain, O
output, F = fraction of O fed back to input, S = stimulus interval,
Dy = diastolic interval preceding, Dy = diastolic interval following,
A = acrion-potential duration.

a straight line with X and ¥ intereepts equal to S. This plot
will be termed the D line.

To obtain the values of successive A’s and D’s after a rate
change, the D line for the basic rate is drawn first. Its inter-
section with the A curve corresponds to the steady-state A at
the basic rate. The D line for the final frequency is drawn next.
If the change in stimulus rate is instantaneous, that is, there are
no cvele lengths intermediate beuwveen the basic cycle and the
final cycle lengths, a horizontal line is drawn from the basic A
to the D line of the final rate. Its intersection with the D line
gives the magnitude of the first D at the new rate. From this
point, a vertical line projected to the A curve vields the first A
at the new rate. This procedure of projecting fromD line to
A curve and vice versa is conunued to vyield the successive
values of D’s and A’s until a projection line hits the intersection
of the A curve and the D line. The point represents the steady
state ov set point for the new rate.

[f the change in stmulus frequency is not instantaneous and
a cycle of intermediate length is interposed between the basic
cveles and the desived final stmulus cvcle, this wransition cvcle
mayv be distegarded and the D of that cycle which is the frst
to attain a constant length at the new rate is measured from
the experimental record and utilized as the starting point for
the projection process.

POSTULATES ON OCCURRENCE AND PERSISTENCE
OF ALTERNATION

Using a pilot model with a hypothetical A curve and D
lines, the projections lines mayv be charted tw predict the
behavior of the action potentials at different rate changes.
Such a pilot model is shown in Fig. 7 where five different D
lines have been drawn. Each D line represents a different final
stimulus rate and the closer the D line to the origin, the faster
the rate it represents. The small circle on each D line stands for
the firse D following the rate change and, for projections 1, 2,
3, and 4, it would be the initial D at the new rate if the basic
A s that indicated by the Ineersection of the horizontal dotted
line and the A curve at its extreme vight

With the projection technique described above it could be
established that: «) When the D line crosses the A curve where
the latter’s slope is zero (no. 2 in Fig. 7) the steadv-stawe

action-potential duration is instantly attained, no osciilation of

the action-potential duration may be expected at this stimulus
rate. &) When the D line intersects the A curve where the slope
is between zero and +1 (no. 3 in Fig. 7) the projection lines
course centripetally around the set point before evenuually

“of different degrees of

J. B. NOLASCO AND R. W. DAHL;

ending on it. The corners formed by the lines on the A cm%
represent the action-potential durations and diastolic intervig
whose values oscillate about the steady-state value. The stccpq
the slope of the A curve, the more the number of turns it taku
to reach the steady point. This implies that the atcrnax%
though transient, persist longer on acceleration to faster ra
than to slower rates. ¢) If the intersection is where the sl Opcs
+1 (no. 4 in Fig. 7) the projection lines form a square and &z
to converge on the set point and persistent or sustained altm;
nans result The size of the square is an index of the ampli
or degree of alternation. ) If concomitant with condition:
above a sizeable segment of the A curve lies symmetrically qg}
each side of the D hne it is possible to draw several separazz'
squares each representing a different amplitude of altcmam
(no 5 in Fig. 7). Since each square originates from a dxﬂ"err_ng
initial valuc of D, persistent alternans of different amplitu
may be induced at the same stimulus rate if the inital D.
varied. ¢) When the D line crosses the A curve where the lattes
slope is negative (no. 1 in Fig. 7) the projection lines course
toward the set point in a stairlike manner suggesting that after.
the change in rate, the action potential durations approack’
the steady-state value in direct steps without oscillating. f) If
the stmulus rate is so rapid that its D line cuts the A curve at
a slope greater than +|, the projection lines pursue a cenuifd
ugal course and veer away from the left limit of the A curve
(no 6 in Fig. 7). Failure to respond to subsequent :umunn
implied.
Experimental observations supporting postulates a—d ar
given below. Auention is partcularly invited to the induction
alternation at the same alternang

inducing rate as predicted by poswulate 4. %
2
=3
METHODS ’%a'z

Endocardial strips of muscle {rom the ventricle of pichcit
frogs (Rana catesbiana) were perfused with a solution containing"?‘
NaCl, 110 my; NaH.PO,, 12 my; NaHCO;, 0.4 my; X\Cf,
2.7 mym; CaCl., 1.8 my; MgCly, 2.1 my; glucose, 3.5 mﬁ
This solution was gassed with a mixwure of 93‘ oxygen and 3% e
carbon dioxide and maintained at constant u,mpcraturﬁ
benween 26 and 28 C.

The dssue was stimulated through a glass electrode in \\hld‘-
the bathing Huld bridged the gap between the tissue and 3
chlorided silver wire connected to the cathode of a model D~3
Grass sumulator through a stimulus isolation unit. A mmIa{
glass electrode in the bath near the first one was connected 19
the anode. Sumulus current was not measured. The rectangular’
pulsesranged from 3w i3 v (20~IOJ"} over threshold) and wer®
5 msec in duration. Driving pace began at about 12/ min ]
was increased in steps of 1‘2 until the tissue failed to 1c>pond “’
every stimulus. To minimize variations in stmulus intervas
during the change in rate, a relay switch and a second stimllf_
lator were emploved. The relay switch was triguered by the
stimulator initally pacing the ussue and it cﬂgcmd m:(’ir\(”ﬂc‘
ous shifting from the preset frequency of the first stimulator 0
the preset frequency of the second stimulator. Ouly one stimue
lator always supplied the sumulus o the tissue, the scco
stmulator merely driving the first. At any setting of
{requency dial of either stimulator, stimulus intervals var
not more than |77 and when switched [rom one rate 1o anotheh
the transitional cvele did not vary more than 3¢5 from ‘h?
basic cyvele.

The tissue was impaled with glass microclectrodes filled M‘h
3y KCI soludon :md with resistances ranging from 20 t0 &
megohms. A high-impedance elecirometer connected the ClC_C:_

NNy

W

A x u}r e
¢

Pty

feandys



* (ETHOD TO STUDY CARDIAC ELECTRICAL ALTERNANS S - ST T 193

=3
fu-ode o aa oscilloscope. The push-puil output from the
—fpreampliﬁcr was tapped and led to a tape recorder. A time
T’,Pulse of 20 eycles/sec was simultancously recorded on another
* channel of the tape. Taped records were reproduced on photo-
,--‘graphic paper by means of an Electronics for N/i/edicinc recorder
:(model DR-8) at speeds of 10 and 75 mm/sec. QOccasional
photographs of the tracings on the oscilloscope screen were used
1o check the accuracy of the tape system.
% Action-potential duration was measured at 90, repolariza-
“ton and the interval extending from this point to the beginning
“of the next action potential was considered the diastolic interval.
i The experimental procedure usually consisted of pacing the
* n:paration at a certain rate, recording three to seven action
~otentials for the control and switching to the desired frequency
'.of driving while recording was continued for another 10-15
“gycles. Longer records were taken when necessary, otherwise
‘recording was temporarily suspended. After a few minutes, the
‘grocedure was repeated with the driving rate either restored to
the original rate or changed to another level. Tracings at the
starc of each recording prior to the change in rate were regarded
a5 representative of the steady state. Uninterrupted recording
while continuously increasing the stimulus rate was also done.
. For plots of the A curve in any one muscle preparation, only
records obtained while the microelectrode remained undis-
Located were used.

RESULTS

{ curves. The steady-state A curves of six preparations are
sown in Fig. 2. The curves were drawn from averaged values
‘ol A and D at each rate. Over a wide range of rate, the change
i action potential duration was minimal. At rapid rates, the
dope of the A curve became increasingly steep and some curves,
in addition, exhibited a downward trend at very slow rates.
- Plots of cycles after a rate change did not coincide with these
prady-state curves. 1 a nonsteady state supervenes alter a
rate change, it may be assumed that the earlier cycles would
dhow greater evidence of this state than the later ones. Accord-
':xgly,'thc first two cvcles immediately following a rate change
sere plotted. The existence of the nonsteady state on cither
wcelerating or decelerating the rate became evident. Values in
xccleration (points joined by line A, in Fig. 3) were observed
w lic above, while those in deceleration (A4) fell below the
seady-state values (A The larger the rate change, the greater
4¢ deviaton from the steady-state value. The nonsteadv-stare
turve, therefore, is not a single curve but a family ol curves
which approach the steady-state curve the longer the tme
tnterval elapsing after the rate change. The tssue follows a
~somposite functional nonsteady-state A curve before setding
down to the steady state.

&
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Ty
ks L DX 10% msec
.0 5 520 25 30 35 3545
: nc.'i’. Steady-state A curves in six preparations. A = action-
ftential duration, D = preceding diastolic interval. Scale in
*andred milliseconds.
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fic. 3. Deviation of the nonsteady state from steady state.
Steady-state values were obtained after action potentials had stabi-
lized following a change in rate. Nonsteady-state values were from
the first two cycles imunediately following the rate change. Tri-
angles to the left of the vertical bar (A,) represent values after a
slow rate (S) was changed to a fast rate (F): those to the right (Aa)
followed deceleration from a fastrate (F — S).
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f1c. 4. Plots of an experiment without alternation and another
with transient altenans. Inidal § = 2,500 msec in both. Curves A,
and A. as in Fig. 3. Diagonal lines are D lines after rate
was changed 0 3 = 1,383 msec and S = 870 msec. Circle on each
D line was the initial diastolic interval shortened by the rate
change. Crosses represent action-potential durations of successive
cycles traced by the vertical and horizontal broken lines.

Plotting cycles showing alternation. Changes in voltage and in
duration characterized the action-potential alternadon in frog
ventricular muscle. The degree of the voltage alternans did not

aliiimaee

smeatlal rhe mnonimide of the du

e T 1+ alternans but
persistent voltage and duration alternans occurred at the same
rates.

Transient alternation extending over a few cycles ofien
appeared on rate acceleration. The values of A and D of the
cycles during this alternation and the D line for the rate at
which it was observed were plotted. One experiment, shown in
Fig. 4, was done on the same tissue as was used in Fig. 3. The
values shown as crosses were not included in the construction
of the A curve. Each D line, one for S = 1,385 msec and another
for S = 870 rmsec, represents an increase 0 the rate indicated
from a basic S of 2,500 msec. The broken lines trace the se-
quence of the cvcles from the first diastolic interval (circle),
abbreviated by the rate change, and end near the intersecdon
of the D line with the A curve. AtS = 1,385 msec only the first
action potential varied from the subsequent cycles. At S = 870
msec the first four beats showed distinct oscillatory behavior.
None of the points coincided with the steady-state A curve and
it was this behavior that directed our attention to the nonsteady
state. If the points are considered to belong to a functional A
curve, the slope of this curve at any D line intersection may be




- calculategi by}xsir}g the two-point formula:
T = (A2 — A)/(Dr — D)

where T is the slope, A\ and A, are the durations of the first
two action potentials after the rate change, and D, and D, are
the diastolic intervals preceding them. In the experiments
depicted, at S = 1,385 msec, T = (712-712)/(687-378) = 0,
while at 3 = 870 msec, T = (628-415)/(455-102) = 0.6.
These values are less than what the curves suggest and, in fact,
the T calculated for the steady-state A curve at § = 1,385
msec is 0.5. The possible explanation for the deviation is
presented in the discussion.

In a few experiments, persistent alternation occurred after
a random acceleration. Frequently, we looked for it through a
systematic stepwise increase in rate.

A case of persistent alternation is plotted in F ig. 5. The dotted
lines trace the earlier cycles while the largest square drawn in
broken lines charts the later cycles during a uniformly varying
persistent alternation, The slope of the fimetianal crrve eal
culated from the data listed in the columns ranged from 0.96
to 1.17 (mean = 1.03). The projection lines joining the short
and long diastolic intervals to their corresponding action po-
tential durations form a square. and, unlike those in Fig. 4,
do not converge on any set point.

When the onset of the rapid stimulation was changed while
the intensity and duration of the stimuli were kept constant, a
different amplitude of persistent alternation was observed at
the same stimulus frequency. The smallest square in the figure
links the diastolic intervals and action potential durations
measured. The actual tracings showing the amplitudes of
alternation are pictured in Fig. 6. Any change in the phase of

10- EXP 66:248-292

A X |O2 msec

8

D x 102 msce

#1G. 3. Plot of persistent alternation. .\ part of the A, curve is
shown in the upper right quadrant. Arrow points to the last of the
basic cycles (also the tirst pair of numerals in the columns). The
two triangles are the transitional cycles introducing the alternans.
The dotted lines link the earlier cycles while the largest square
links cycles after alternans was firmly established. § = 616-637
msec. The columns give the measurements (msec) of the 19 cycles
following the rate change. A change in timing of the onset of rapid
stimulation produced the cycles linked by the small square. Scale
in hundred milliseconds.
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Iy sec ]
F16. 6. Action-potential tracings showing the two amplitudef
alternation plotted in Fig. 3. These were obtained in the same pp
aration with the same rate, intensity, and duration of stimuli, ooy
the tming of the onset of rapid stimulation was different. Stimuba
marks precede each action potential, CE

]

A{msec)

=
b
F16. 7. Model with a hypothetical functional A curve o)

3
several D lines to illustrate how the slope of the A curve at its ink
section with a D line determines the occurrence of alternation.

D {msee)

the stimulus trains shich accentuated the inequality bci“%?
successive diastolic intervals increased the amplitude Of.fff
alternation. The plots show the tendency of the briefer act®
potentials w© lie above the steady-state curve (if this W&
extended) and of the longer ones to locate below ir.

DISCUSSION

Riggs (19) states that the homeostatic index which is 2
product of the slopes of the graphs of the equations relating #
elements of a feedback loop reflects the property of the 9)'“’
to resist changes. The larger the numerical value of this ind
the more stable the system. Mathematically, the D line h#?
constant negative slope of —1, hence the sole variable in >
D line would be its intercept. Therefore, one is forced to 0%
inw the A curve lor an explanation to the alternation. -
cording 0 the theory, the negative slope or flatness of &
steady-state A curve at slow rates makes it unlikely for aler™
tion to occur at these rates, whereas the increasing poste
slope at rapid rates renders the system more unstable.
observation that transient alternation persisted longer whet
magnitude of the rate increase was greater is in accord with®
theory. However, the plots of successive cycles after 8 el
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;j;'angf and the slopes calculated at these rates did not coincide
with those predicted from the model drawn with steady-state
"y curves. The deviations may be explained by the features of
:bc nonsteady state and by assuming that on acceleration, the
asue follows a composite functional A curve nearly similar in
Jape to the stca‘dy-s(ate curve but with less positive slop‘& This
decreased slope is expected fgr UWO reasons: /) the acton po-
gntial following an abbreviated diastolic interval behaves as if
@ acccleration wwhile that following a lengthened diastolic
aterval reacts as if in deceleration, and 2} an earlier cycle in
e series following aceeleration would lje {arther from the
seady-state curve than any succeeding cycle. The first reason

A s e

T 4

3 bolstered by the observation that in persistent alternans, the
tiefer acton potentials were above while the longer ones lay
xlow the steady-state curve, The impression i created that
while the tissue exhibited 3 regular irregularity in thijs situation
tnever settled into a constane steady state or set point, but
sternately swung from accelerative to decelerative behavior
2ed vice versa. The second reason derives from the decayv of
e nonsteady state with time, ’

“The rate effect emerges as having two components: a fast
anc immediately evident on changing the rate and a second
HJow component responsible for the nonsteady state. Carmeljer
and Boulpaep (4) have bresented support for such 5 view,

“The graphic model described in this paper is based entirely
ot this rate effect. The direct relation of diastolic interval 1o
action-potential duration ang the inverse effect of the latter on
de ollowing diastolic interval have been pointed oye previously
by Hoffman and Suckiing (12). In most cardiac tissues, the
ction-potential duration is z function of the preceding cycle
zngth (3, 11, 19, 17, 21). The shape or position of the A curve
may differ with the kind of tissue or the condition to which the
ftter is subjected but such variation merely alters the leve] of
e ahernans~inducing rate or the magnitude of the alternation.
The postulates relating the appearanee of alternation 1o the
dape of the A curve should sl apply. We have used diastolic
aterval and action-potential duration because their reciprocal
dationship can be easily established, but other parameters
u&bwing alternation may be similarly graphed. So long as a
zedback relationship exiss between any pair of parameters
:ad one transfer function js curvilinear, alternation may be
Fedicted by the postulates described. The converse creates an
aleresting question. If alternation in one parameter resuls
JBer varving another, can a feedback relationship always be
<emonstrated in the two? We have mentioned earlier thag
<dtage alternans was observed 10 occur simultaneously with
® duration alternans, There may be 2 hidden relationship
Setween voltage and some interval within the cardiac cycle
Helsa the action-potential duration may be a function of voi-
¢ Both may give rise 10 a feedback loop with voltage but the
%{t possibility may explain alternation without any visible
g
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It could be that under these conditions the hearts were altereq
in a manner so that the D line at the Prevailing cardiac race

might help in developing an inclusive explanation for elec.-
trocardiographic alternation observed in intacr hearts under
diverse conditions.
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