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ABSTRACT Despite the key role of beat-to-beat action potential (AP) variability in the onset of ventricular arrhythmias at high
pacing rate, the knowledge of the involved dynamics and of effective prognostic parameters is largely incomplete. Electrical
restitution (ER), the way AP duration (APD) senses changes in preceding cycle length (CL), has been used to monitor transition
to arrhythmias. The use of standard ER (sER), though, is controversial, not always suitable for in vivo and only rarely for clinical
applications. By means of simulations on a human ventricular AP model, I investigate the dynamics of APD at high pacing rate
under sinusoidally, saw-tooth, and randomly variable pacing CLs. AP sequences were compared in terms of beat-to-beat resti-
tution (btb-ER) and of the collections of sER curves generated from each beat. A definition of APD stability is also proposed,
based on successive APD changes introduced in an AP sequence by a premature beat. The explored CL range includes values
leading to APD alternans under constant pacing. Three different types of response to CL variability were found, corresponding to
progressively higher rate of beat-to-beat CL changes. Low rates (�1ms/beat) generate a btb-ER dominated by steady-state rate
dependence of APD (type 1), intermediate rates (�5 ms/beat) lead to a btb-ER similar to a single sER (type 2), and high rates
(�20ms/beat) to hysteretic btb-ER under periodic pacing and to a vertically spread btb-ER in the case of random pacing (type 3).
Stability of AP repolarization always increases with the rate of CL changes. Thus, rather than looking at sER slope, which re-
quires additional interventions during the recording of cardiac electrical activity, this study provides rationale for the use of
btb-ER representations as predictors of repolarization stability under extreme pacing conditions, known to be critical for the
arrhythmia development.
SIGNIFICANCE In this study, I propose to use a combination of electrical restitution measurements to characterize
stability of action potential repolarization under high and beat-to-beat variable pacing rate, conditions known to be critical
for transition from normal sinus rhythm to tachyarrhythmias. I discuss three different responses of human cardiac
ventricular repolarization under sinusoidally, saw-tooth, and randomly varying pacing cycle length, based on beat-to-beat
relationship between action potential duration and cycle length. This type of approach, compared to others more
technically demanding, represents a suitable tool to monitor and understand repolarization stability under fast pacing
conditions and can provide a significant dynamic marker for better fitting existing cardiac action potential models to
experimental data and a target for developing new antiarrhythmic strategies.
INTRODUCTION

The repolarization of cardiac ventricular action potential
(AP) is intrinsically a beat-to-beat variable, even at the
cellular level and at constant pacing rate (1). Variability
takes the form of alternans of AP duration (APD) at high
constant pacing rate, at which it is frequently associated
with an increased susceptibility to tachyarrhythmias or
fibrillation (2). Constant pacing rate, though, is not a phys-
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iological condition because heart rate varies on a beat-to-
beat basis, and indeed, the absence of variability indicates
a poor prognosis (3). Heart rate variability affects APD vari-
ability (4), and its disturbances, e.g., in the form of pre- or
postmature beats, are potentially arrhythmogenic (5).

The way APD adapts to preceding CL changes is called
electrical restitution (ER). This is measured in its standard
form (sER) with the so-called S1S2 protocol by estimating
APD alterations after a sudden change in pacing cycle
length (CL) after conditioning at constant pacing rate (6).
It can also be measured as beat-to-beat restitution (btb-ER)
by reporting, for an AP sequence at variable pacing rate,
each APD as a function of the preceding CL (btb-ERCL)
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Restitution under Variable Pacing
or of the preceding diastolic interval (DI) (btb-ERDI) (4,7,8).
The interest of basic cardiac electrophysiology and of clin-
ical practice in ER is based on the restitution hypothesis,
which identifies in the slope of the sER curve a threshold
parameter for the stable or unstable development of sudden
changes in CL (9). There are, though, several points con-
cerning ER measurements that still need to be clarified.
Firstly, the restitution hypothesis is strictly defined at con-
stant pacing conditions (10), which is hardly the case of
in vivo measurements. Also, although in clinical practice
sER is more frequently measured (11,12), it is btb-ER that
better captures APD dynamics during transition from tachy-
arrhythmias to VF (13,14). The difference between the two
types of measures has been discussed recently (14,15) by
pointing to the different mechanisms underlying the two
phenomena.

Koller and co-workers first proposed as responsible for
the difference between sER and btb-ER the cardiac memory,
a slowly (seconds to minutes) accumulating influence of
past pacing history on AP dynamics (13). I have recently
discussed the mechanism of short-term (few beats) AP
memory, which determines the morphology of btb-ER and
becomes significant at high pacing rate and for large beat-
to-beat CL changes, in which it is involved in the stability
of AP repolarization (16). It is at these extreme pacing con-
ditions that btb-ER assumes a hysteretic form, when the
states of consecutive beats (CLn � 1, APDn) move on a fam-
ily of instead of on only one sER curve, thus leading to hys-
teresis in btb-ER representation.

The way pacing variability affects APD variability by
modulating the stability of AP repolarization has been stud-
ied extensively. In a model study on the ten Tusscher et al.
ventricular AP model (17), Dvir and Zlochiver have found
that pacing stochasticity moderately reduces the slope of
sERDI but significantly suppresses the occurrence of concor-
dant APD alternans, rendering the tissue less arrhythmo-
genic (18). They subsequently showed that intracellular
sodium transient, already known to be involved in short-
term cardiac AP memory (19), plays a key role in the
antiarrhythmic effect of stochastic pacing (20). The most
life-threatening of the cardiac arrhythmias is ventricular
fibrillation (VF). A recognized key factor in precipitating
the transition to VF is the appearance in the electrocardio-
gram of beat-to-beat QT (time interval between electrocar-
diographic Q and T waves) alternation (21), whose
cellular counterpart is APD alternans and which can be orig-
inated from instability either in membrane voltage or in cal-
cium cycling (22). Lemay et al. have proposed a procedure
for predicting alternans based on randomly varying pacing
protocols and on processing CL and APD sequences in the
frequency domain (23). Along the same line, Prudat et al.
have shown that rabbit ventricular myocytes are prone to
calcium-driven, rather than voltage-driven, alternans (24),
confirming what was found by Knaporyis and Blatter in ven-
tricular, as well as in atrial, rabbit myocytes (25). A further
method to compare pacing and AP repolarization variability
is that of making pacing CL to alternate, which is clinically
relevant because oscillation in heart rate has been observed
in postmyocardial infarction and in hypertensive patients
(26). By means of this approach, applied in computational
and experimental recordings of transmembrane potential
and intracellular calcium, Weinberg and Tung have shown
that CL oscillations can promote either a proarrhythmic or
an antiarrhythmic substrate, depending on whether APD
and calcium alternans are locally (single-cell) or spatially
(tissue) concordant or discordant (27,28).

In this study, I further explore the interplay between sER
and btb-ER for sequences of APs simulated by means of
O’Hara et al.’s human ventricular AP model (29), paced
with stimulation protocols in which CL changes beat-to-
beat according, in turn, to sinusoidal, saw-tooth, and random
law. I focus on high pacing frequencies, with CL variability
range covering values known to bring about APD alternans
under constant pacing rate. I describe three qualitatively
different types of btb-ER configurations, depending on the
rate of CL variability, and associated with a different degree
of APD stability, measured after a perturbation introduced
by a premature beat. The morphology of btb-ER of an AP
sequence under periodic pacing contains, therefore, relevant
information on the dynamics of repolarization at high pac-
ing rate, which can be extrapolated to the case of nonperi-
odic variability. A better knowledge of AP repolarization
dynamics at high and highly variable pacing rate, particu-
larly of parameters that can discriminate the degree of
APD stability under pacing perturbations, can 1) contribute
to explain the transition from abrupt heart rate acceleration
to VF, which often accompanies sudden cardiac death (30),
and 2) assist in evaluating complex effects on AP repolari-
zation of antiarrhythmic treatments.
METHODS

All simulations presented in this study have been performed on the O’Hara

et al. human ventricular AP model (OR; 29). The ‘‘ode15s’’ solver built into

the R2018a version of Matlab (The MathWorks, Natick, MA) was used to

integrate model equations. All simulations were run on a PC with Intel(R)

Core (TM) i7, 2.8 GHz CPU. APs were elicited by simulating 0.5-ms-long

current injections with an amplitude 50% above current threshold. AP dura-

tion was measured as APD�60 mV, i.e., the time between the maximal first

derivative of membrane potential (Vm) during the initial fast depolarization

phase and the time during repolarization when Vm reached the value

of �60 mV. In some simulations, the amplitude of AP-driven intracellular

calcium (Cai) transient was also measured by subtracting the initial value of

[Ca2þ]i immediately before the stimulus current injection to its peak value

reached during the AP.
sER

sER was measured in steady-state conditions by conditioning the mem-

brane at a given basic CL (BCL), delivering an extra stimulus delayed

within BCL 5 50 ms (step 5 ms), and reporting the resulting APD versus

the variably delayed preceding CL.
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Families of ERs

Standard sERs were also measured in dynamic conditions for each beat of

an AP sequence. The vector of model variables was saved at the end of any

given nth beat and used instead of the constant pacing train to initialize the

model before applying the sER pacing protocol. The measurement resem-

bles that of a standard S1S2 restitution because it provides, for each beat, all

next APDn given any arbitrary CLn � 1. Each sER of an AP sequence is then

related to a ‘‘state’’ identified by the couple (CLn � 1, APDn).
btb-ER

btb-ER is defined here for AP sequences paced at variable pacing rate as the

collection of the states of the sequence, i.e., APD of each beat versus the

preceding CL.
FIGURE 1 APD-CL phase and dynamic restitution. (A) A superimposed

time course of APDn (blue) and CLn � 1 (red) of a sequence of consecutive

APs, elicited periodically according to Eq. 1, is shown. (B) APDn versus

CLn � 1 representation (btb-ER) of the same sequence is shown. To see

this figure in color, go online.
Pacing protocols

AP sequences were obtained by making CL varying, in turn, like a sinus

wave:

CLðNÞ ¼ BCLþ s � sinðu � NÞ; (1)

with a saw-tooth law

CLðNÞ ¼ CLðN� 1Þ þ m and m

¼ �m when CLðNÞreaches BCL
� s OR when CLðNÞreaches BCLþ s

(2)

or randomly:

CLðNÞ ¼ CLðN� 1Þ þ m � rand5 and BCL

� s<CL<BCLþ s;
(3)

where N is the beat number, BCL the basic cycle length, s the half range of

CL variability, u the frequency of CL oscillations, m (< s) a given constant

increment of CL, and rand5 a beat-to-beat randomly assigned sign.
FIGURE 2 Steady-state rate dependence of APD. Steady-state APD

values were measured at constant pacing rates and reported in the figure

as a function of BCLs from 220 to 400 ms. CL-values below 280 ms lead

to stable APD alternans (see also Figure 14 in (29)). To see this figure in

color, go online.
RESULTS

Periodic pacing

I paced theORmodelwith a periodic pacing program accord-
ing to Eq. 1, with BCL ¼ 300 ms, s ¼ 50 ms, and u ¼ 0.6.
Fig. 1 A shows, superimposed, the temporal sequence of
CLs (red curve) and APDs (black dots). In Fig. 1 B, the cor-
responding btb-ER representation is shown, in which each
APD of the sequence is reported as a function of the preced-
ing CL. The range of CL variability includes values (�250–
270ms) atwhichAPDalternans is expected at constant BCLs
(Fig. 2). I repeated simulations like those in Fig. 1 for
different values of u, from 0.02 (number of beats N0.02

required for a complete CL oscillation is 314, i.e., period
T0.02 �1.6 min) up to 2.4 (N2.4 ¼ 2.6, i.e., T2.4 �0.8 s). Re-
sults for three u-values are reported in Fig. 3. I found that,
for u-values lower than 0.04, btb-ER follows a unique curve
that splits into two branches (Fig. 3 A, red arrows) for CL-
values within the range of APD alternans (see Fig. 2). Tran-
2384 Biophysical Journal 117, 2382–2395, December 17, 2019
sition to alternans during CL shortening occurs progressively
earlier as u decreases (see green arrows in inset of Fig. 3 A)
until the btb-ER curve coincideswith steady-state rate depen-
dence of APD (RDAPD) as u values approach zero. I denote
this btb-ER behavior for 0 < u < 0.04 as type 1. For
0.04 < u < 0.6, I measure a different behavior (type 2), in
which the decrease of CL into the 250–270 ms range does



FIGURE 3 btb-ER and time course of APD and CL under sinusoidal pacing. Sequences of 500 APs were elicited with CL varying according to Eq. 1, with

BCL¼ 300 ms, s¼ 50 ms, andu¼ 0.02, 0.2, and 2.4 (first, second, and third column, respectively). (A) btb-ER representations of the sequences are shown in

which each APD is reported as a function of the preceding CL. Inset in (A) shows additional btb-ERs measured at u ¼ 0.005. (B) Time courses of CLn � 1

(red) and APDn (blue) are shown for the sequences reported in (A). To see this figure in color, go online.

Restitution under Variable Pacing
not lead to alternans and the dynamic ER curve is a single
curve, i.e., APDn andCLn� 1 oscillate in phase (Fig. 3B,mid-
dle panel). Finally, for 0.6 < u < 2.4, I find a behavior in
which a variable phase shift between APDn and CLn � 1 de-
velops (Fig. 3 B, right panel), which results in hysteresis in
FIGURE 4 btb-ER and time course of APD and CL under saw-tooth pacing th

saw-tooth law (Eq. 2), with m ¼ 1, 5, and 35 ms, respectively. To see this figure

courses of CLn-1 (red) and APDn (blue) for the sequences reported in (A).
the btb-ER (type 3). The same three types of behavior were
found with a pacing protocol in which CL changed according
to a saw-tooth law Eq. 2), as shown in Fig. 4. The parameter
controlling the transition fromone type to anotherwas, in this
case, the m value of Eq. 2.
e same as in Fig. 3 for AP sequences elicited with CL varying according to a

in color, go online. (A) btbER representations of the sequences; (B) time-

Biophysical Journal 117, 2382–2395, December 17, 2019 2385



Zaniboni
Random pacing

The OR model was also paced with a protocol in which CL
changed randomly from beat to beat according to Eq. 3, with
the same BCL (300 ms) and the same range of CL vari-
ability (550 ms) used for periodic pacing. Different simu-
lations were performed with different values for m. Again,
the three types of btb-ER behavior emerged, even though
the difference in vertical spread of btb-ER between type 2
and 3 was less pronounced than in the periodic pacing
(Fig. 5). Of course, the phase relationship between APDn

and CLn � 1 cannot be shown in this case. The type of vari-
ability adopted here, a one-dimensional random walk of CL
within BCL 5 s, has been used to keep m constant over the
entire CL range, as in saw-tooth pacing protocols, with no
periodicity.
Families of sER curves

Another way to look at the same restitution behavior is
through sER curves. For each beat of the AP sequences
described in Figs. 3, 4, and 5, the corresponding sER curve
was measured as explained in Methods and the resulting
families of curves reported for the different pacing condi-
tions in Fig. 6. In the case of periodic pacing, as expected
from btb-ERs, the vertical displacement of sER families
was always relatively large in type 1 sequences. Vertical
displacement was reduced for type 2 sequences and again
FIGURE 5 btb-ER and time course of APD and CL under random pacing the s

to a random law (Eq. 3), with m ¼ 1, 10, and 25 ms, respectively. (B) and (C) rep

4 B. Successive CL and APD data points are connected with light blue lines to be

go online.
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increased for type 3 (Fig. 6, A and B). In the case of random
pacing, the vertical width of the family of sER curves
slightly increased from types 1 and 2 and again increased
in type 3. The thickness of families of sERs, reported as
red numbers in the figure, was measured as the distance be-
tween the upper and the lower sERs of the family, measured
at the BCL (see Eqs. 1, 2, and 3).
Ionic modulation of btb-ER behavior

To investigate the role of ion currents and intracellular ion
dynamics in modulating the three types of btb-ER behavior
described above, I separately analyzed the u interval in
which APD alternans takes place (type 1) and that of types
2 and 3 (Figs. 7, 8, and 9). Intracellular ion dynamics was
studied by blocking sarcoplasmic reticulum (SR) calcium
release (Fig. 7 A), blocking SR calcium release and uptake
(Fig. 7 B), clamping [Ca2þ]i constant (Fig. 7 C), and clamp-
ing [Naþ]i constant (Fig. 7 D). The role of the main ion cur-
rents involved in AP repolarization was studied by 50%
decreasing the maximal conductance of L-type calcium cur-
rent ICaL (Fig. 7 E), the transient outward potassium current
IKto (Fig. 7 F), and slow delayed rectifier potassium current
IKs (Fig. 7 G). In the case of the rapid delayed rectifier po-
tassium current IKr (Fig. 7 H), a 50% decrease produced an
AP prolongation not compatible with the high pacing rate,
and a 25% decrease was applied. Results are reported as
black dots, superimposed to control results in light red.
ame as in Figs. 3 and 4 for AP sequences elicited with CL varying according

ort, separately, CL and APD sequences that are superimposed in Figs. 3 and

tter appreciate variations on a beat-to-beat basis. To see this figure in color,



FIGURE 6 The family of sERs for an AP

sequence. btb-ER representations (black dots) are

reported in figure for the three types of pacing

(A–C, respectively), corresponding to slow, inter-

mediate, and fast beat-to-beat CL changes (col-

umns 1, 2, and 3, respectively). For each state of

each sequence, the corresponding sER curve (red

curves) was measured and superimposed to the

btb-ERs. Yellow double arrows and red numbers

indicate the vertical width of each sER family. To

see this figure in color, go online.

Restitution under Variable Pacing
Type 1 behavior

Fig. 7, A–D show that intracellular calcium and sodium
transients play a major role in controlling the transition
to APD alternans at high pacing rate for u-values (re-
ported at the bottom) generating type 1 behavior. The
removal of SR calcium release (Fig. 7 A), the complete
exclusion of the SR from calcium cycling (Fig. 7 B),
and the complete block of calcium dynamics (Fig. 7 C) re-
move the transition to APD alternans without affecting AP
duration. Moreover, Fig. 8 shows that as the amount of
calcium released from the SR progressively decreases,
the CL window leading to APD alternans does also until
alternans is completely removed when SR release is
blocked (Fig. 7 A). Fig. 7, E–H show that the partial block
of the main ion currents involved in AP repolarization
only slightly modify conditions and extent of APD alter-
nans, even when considerable changes in APD are intro-
duced. Only under 50% reduction of GCaL does the
extent of APD alternans decrease, and alternans requires
u-values smaller than 0.02 to appear.

Type 2 and 3 behavior

Because the appearance of hysteresis in the btb-ER repre-
sentations is due to differences in the phase relationship be-
tween APD and CL, I study this relationship in more detail
for an u interval between 0.1 and 2.4 (step 0.1) and see how
modulation of intracellular ion dynamics and transmem-
brane ion currents described above affect this property.
Beat-to-beat periodic pacing conditions are the same
described for simulations of Fig. 3. Fig. 9 A shows the pro-
cedure used to measure the difference in the CL-APD phase
relationship between pacing conditions where CL is
increasing and decreasing within BCL 5 s. The top panels
show three examples of APDn (red) and CLn � 1 (black) se-
quences of the same types reported in Fig. 3 B, for three
increasing u values. Hilbert transforms were used here to
Biophysical Journal 117, 2382–2395, December 17, 2019 2387



FIGURE 7 Modulation of bistability in type 1 responses. Simulations like those of Fig. 3 were repeated in more detail in the u range 0.01–0.10, step 0.01

(only 0.01–0.03 are reported in figure), in control conditions (light red) and under application of the following treatments: (A) complete block of SR calcium

release, (B) complete block of SR calcium release and uptake, (C) buffering intracellular calcium at its telediastolic value, (D) buffering intracellular sodium

at 11.41 mM, (E) 50% reduction of maximal GCaL, (F) 50% reduction of maximal GKto, (G) 50% reduction of maximal GKs, and (H) 25% reduction of

maximal GKr. To see this figure in color, go online.
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calculate the instantaneous phase of the two discrete CL and
APD sequences (31,32). fAPD is the absolute value of the
phase difference between the two,

fAPD;CL ¼ jHðCLn�1Þ� HðAPDnÞ j ; (4)
2388 Biophysical Journal 117, 2382–2395, December 17, 2019
and is reported as a blue curve in the lower panels of
Fig. 9 A. Aup and Adown are the areas under the CL-
increasing and CL-decreasing portion of the two curves
over one cycle of CL oscillation; thus, Aup � Adown

measures the asymmetry in the hysteretic btb-ERCL
FIGURE 8 SR release and bistability in type 1

responses. Simulations like those in Fig. 7 were

repeated, with progressive reduction of SR calcium

release of 0% (red, control), to 20% (blue) and 40%

(green). As SR release decreases, so does the CL

interval (double arrows on the top of first panel)

at which APD alternans takes place. To see this

figure in color, go online.



FIGURE 9 Modulation of CL-APD phase shift in type 2 and 3 responses. (A) Top shows superimposed normalized CL (black) and APD (red) sequences

simulated by the pacing protocol of Eq. 1 (BCL ¼ 300 ms, s ¼ 50 ms) for three different u-values (reported in figure). Bottom shows absolute value of the

phase difference (blue) between CL and APD as measured with Hilbert transforms (see text). fup is the area of the Dphase when CL is increasing (gray

shaded area) and fdown that when CL is decreasing (pink shaded area). (B) fup � fdown measures the phase asymmetry evident in the hysteretic behavior

of btb-ERs and is reported (broken lines) in theu range 0.1–2.4, step 0.1 (type 2 and 3 responses), for each of the treatments described in Fig. 7, superimposed

to the same measure in control conditions (solid lines). To see this figure in color, go online.
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representations, like those reported in Fig. 3 A. This quantity
is reported in Fig. 9 B for control conditions (solid line) and
for the same eight treatments of Fig. 7 (broken lines) as a
function of the u-value controlling the rate of beat-to-beat
CL changes. CL-APD phase difference increases overall
in control as u does, with a small peak at u¼ 0.8 and a large
band for 1.5 < u < 2.4. Small Aup � Adown values corre-
spond to type 2 responses, whereas large values correspond
to type 3. Ion-channel modulation and the exclusion of SR
from calcium cycling only slightly affect the CL-APD
phase, whereas separately, intracellular calcium and sodium
buffering almost completely abolish phase asymmetry.

From the same simulations of Fig. 9 A, the time course of
the peak of intracellular calcium transient (Cain) was also
measured and reported in Fig. 10 A, superimposed in green
with that of CLn � 1 (black), and of APDn (red). Phase dif-
ference between APDn and Cain was measured as in Eq. 4
and reported (blue curve) in the bottom panels of
Fig. 10 A. A(fAPD,Cai) is the area under this curve over
one cycle of CL oscillation (shaded). Fig. 10 B shows that
the phase shift between APD and Cai increases in control
conditions as u does. This behavior is almost insensitive
to changes in maximal conductance of ion currents (data
not shown) but does depend on interventions affecting intra-
cellular calcium dynamics such as block of SR calcium
release (sparsely dotted line) or buffering intracellular so-
dium (densely dotted line).
Stability of AP repolarization

I have defined as state of a beat the couple of values
(CLn � 1, APDn). An AP sequence is a series of states; a
btb-ER the graphic representation of these states. I introduce
an arbitrary working definition of repolarization stability of
a state when it is perturbed, i.e., with CLn � 1 anticipated of
50 ms. Instability is the number of beats taken for APDn to
recover its unperturbed time course after the premature beat.
Other types of perturbation could be applied as a missing
beat (16) or any variably delayed pre- or postmature stim-
ulus, with qualitatively similar results. Fig. 11 shows
schematically the protocol, applied to an AP sequence peri-
odically paced according to Eq. 1 (CL¼ 300 ms, s¼ 50 ms,
Biophysical Journal 117, 2382–2395, December 17, 2019 2389



FIGURE 10 APD-Cai phase shift. (A) Top shows

superimposed normalized CL (black), APD (red),

and Cai (green) sequences simulated by pacing pro-

tocol of Eq. 1 (BCL¼ 300 ms, s¼ 50 ms) for three

different u-values (reported in figure). Bottom

shows phase difference (blue) between APD and

Cai as measured with Hilbert transforms (see

text). (B) A(fAPD,Cai) is the area under the blue

curve of (A) for one cycle of CL oscillation,

measured in control conditions (solid line), under

complete block of SR calcium release (sparsely

dotted line), and by clamping [Naþ]i constant

(densely dotted line). To see this figure in color,

go online.

Zaniboni
u ¼ 0.6). Under these pacing conditions, APDs oscillates in
phase with CL following a sinusoidal law, shown by the blue
dots in Fig. 11 B. When the CL indicated by the blue arrow
in Fig. 11 A is made 50 ms shorter (red dot), APDs deviate
from the control values for a given number of beats (red
dots). The absolute value of the difference between control
and perturbed values (DAPD) is reported in Fig. 11 C. I
quantify instability as the area under the curveDAPD versus
the number of beats N (arbitrarily chosen<30). This param-
eter will be different depending on which beat of the
sequence has been prematurely stimulated. Taking the abso-
lute value of the APD difference removes the possibility of
discriminating between perturbation-induced alternating
and nonalternating APD changes with respect to the unper-
turbed APD sequence. It should be noted, however, that
APD changes, with only a few exceptions in the first two
beats after perturbation, were alternating in all instances.

In Fig. 12 A, I show the application of the protocol
described above for each of the 200 beats of AP
sequences, sinusoidally paced with CL ¼ 300 ms,
s ¼ 50 ms, and six different u-values. For each beat,
CL was anticipated by 50 ms and the corresponding
DAPD (N) measured. The top panels show three examples
in which the anticipated beat occurred at CL �250
(black), CL �300 (red), and CL �350 (blue). The bottom
panels show all DAPD(N) curves along the z axis in a co-
lor code (see color bar) as a function of beat number and
of the anticipated CL value. The yellow horizontal band in
the lower part of the first bottom panel shows that for very
low rate of beat-to-beat CL changes (u ¼ 0.02), the pre-
mature beat triggers a quasi-steady-state oscillation of
APD around the unperturbed APD sequence (see black
2390 Biophysical Journal 117, 2382–2395, December 17, 2019
and red traces in top panel), the same amplitude of the
APD alternans found in steady-state conditions (see
Fig. 2). As u increases, alternans is progressively
removed, at first in a complex V-like shape, where pertur-
bations for CL-values close to 350 ms show a fast early
recovery, followed by a later re-increase in DAPD (blue
curve in second top panel) and then a homogeneous
decrease for all CL values. In Fig. 12 B, the same mea-
surements were performed on sequences paced
with saw-tooth varying CL (Eq. 2), with CL ¼ 300 ms,
s ¼ 50 ms, and six different m values, with similar results.
Same simulations were performed on randomly paced se-
quences and reported in Fig. 12 C. To cover the entire
range of CL variability, I run in this case 5 sequences of
20,000 beats like those reported in Fig. 5 C, and I ex-
tracted a total sample of 3000 beats, on which I performed
the analysis reported in Fig. 12 C. Whereas the area under
DAPD curves measures the stability of the corresponding
beat, the volume underlying the color surfaces reported in
bottom panels of Fig. 12 represents an estimate of the sta-
bility of an entire AP sequence at the corresponding pac-
ing conditions (CL, u, s, and m). This stability parameter
is reported in Fig. 13 in the case of sinusoidal pacing as a
function of u and, in the case of saw-tooth or random pac-
ing, as a function of m.
DISCUSSION

Heart rate variability (HRV) has a very complex frequency
distribution with a high-frequency component mainly
mediated by vagal activity and by the respiratory cycle
(33). The latter, known as respiratory sinus arrhythmia,



FIGURE 11 Stability of a state. (A) Black dots represent a pacing

train with CL varying sinusoidally according to Eq. 1 (BCL ¼ 300 ms,

s ¼ 50 ms, u ¼ 0.6). (B) Corresponding APDs (blue dots) after each CL

in (A) are shown. The simulation was repeated by anticipating a CL value

of 50 ms (arrow and red dot in A) and the deviations of APD from the un-

perturbed AP sequence reported in (B) as red dots. (C) shows the absolute

value of the difference between perturbed and unperturbed sequences in (B)

as a function of number of beats after the premature stimulus. I take the area

under this curve as an inverse measure of the stability of the corresponding

state. To see this figure in color, go online.

Restitution under Variable Pacing
introduces RR (time interval between two consecutive
electrocardiographic R waves) oscillations around
0.3–0.4 Hz in a resting subject, which can increase as
the cardiorespiratory activity does and, interestingly, disap-
pear in pathological conditions like heart failure, leading to
a substrate more prone to arrhythmias (33,34). A large part
of the HRV frequency spectrum is stochastic, and a
decrease in this component, mainly attributed to autonomic
nervous system tone damage, is a known predictor for
arrhythmia (35). Despite the large body of clinical evi-
dence of the proarrhythmic outcome of low RR variability
in cardiac electrocardiographic signal (ECG), the underly-
ing cellular dynamics of the phenomenon is far to be
established.

The aim of this computational study is to investigate the
dynamics of APD variability at high pacing rate and under
different types (sinusoidally, saw-tooth, and randomly var-
iable) and extent of beat-to-beat CL variability. The sig-
nificance of exploring these three types of activation
protocols is double. The first aim is to qualitatively
classify AP dynamics under different types of physiopath-
ological variability in pacing CL by controlling parame-
ters of this variability. Because we cannot expect real
in vivo CL changes that follow a saw-tooth regimen,
nevertheless—and this is the second aim of the study—I
want to show that features such as short-term AP memory
or a protective role against AP repolarization instability
are common to different types of pacing variability and
depend on pacing parameters that can be controlled exper-
imentally. In the range of pacing rate under study, three
types of behavior emerge, which can be visualized in
three qualitatively different btb-ER forms that are associ-
ated with different degrees of APD stability. The range of
CL variability explored (in green in Fig. 2) goes from 250
to 350 ms and includes values (<280 ms) at which 8-ms-
wide APD alternans occurs in steady-state pacing condi-
tions in the O’Hara model (29), and in agreement
with experimental data on undiseased human ventricular
myocytes (36).
Type 1 responses

Type 1 behavior (left panels of Figs. 3 A, 4 A, and 5 A) is
characterized by a btb-ER form qualitatively similar with
the RDAPD curve (Fig. 2) and emerges when the pacing
CL range is spanned with low values of beat-to-beat CL
changes (u < 0.04 under sinusoidal pacing, m < 3 ms un-
der saw-tooth or random pacing). AP repolarization tends
to be unstable when states with CL-values in the lower
range of variability are perturbed by shortening their CL
by 50 ms. The AP instability of these pacing conditions
(first columns of Figs. 12 and 13) is due to the Hopf bifur-
cation that characterizes the steady-state RDAPD curve. A
premature beat, like the one that I adopt to perturb pacing,
easily triggers APD alternans, as is shown from the yellow
horizontal band in the left panels of Fig. 12. Thus, low
beat-to-beat CL changes at high pacing rate can trigger
APD alternans, which is known to precipitate conditions
leading to VF in the heart (27,28). Membrane ion currents
involved in AP repolarization, despite their prolonging-
shortening effect on APD, have only a small modulatory
effect on the extent and dynamics of APD alternans under
these pacing conditions (Fig. 7, E–H). Moreover, the re-
sults obtained by reducing or removing calcium transient
(Fig. 7, A–C) suggest that APD alternans, at high pacing
rate and for low rate of beat-to-beat CL changes, is mostly
calcium-driven, as already observed recently by Prudat
et al. (24). The greater effect found in ion current modu-
lation is that of reduction of GCaL, likely because of its
linking action between membrane current and calcium
dynamics. Intracellular sodium concentration has been
Biophysical Journal 117, 2382–2395, December 17, 2019 2391



FIGURE 12 Stability of beats and sequences. The stability protocol shown in Fig. 11 was applied in AP sequences obtained under sinusoidal (A), saw-tooth

(B), and random (C) pacing and for different values of beat-to-beat CL changes (u- and m-values reported in figure). Each panel reports on the top three

colored curves such as those in Fig. 11 C obtained by anticipating CL in states with unperturbed CL �250 ms (black), �300 ms (red), and �350 ms

(blue). These DAPD curves were measured for each beat of each AP sequence and reported along the z axis in color code (see color bar) as a function

of perturbed CL and beat number in the bottom part of each panel. I take the volume under these surfaces as an inverse measure of the overall stability

of the corresponding AP sequence. To see this figure in color, go online.
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thought of as a memory variable by Schaeffer et al. (19),
who found that clamping it constant shortens APD and
partially remove AP memory properties. Simulations of
2392 Biophysical Journal 117, 2382–2395, December 17, 2019
Fig. 7 D confirm APD shortening, even though the effect
on short-term AP memory does not appear in type 1 re-
sponses as we will see it in type 2 and 3.



FIGURE 13 Stability of sequences. The instability of AP sequences,

measured as explained in Fig. 12, is represented in the case of sinusoidal

pacing (left) as the volume under DAPD surfaces versus u (black) and,

in the case of saw-tooth and random pacing (right), as a function of m

(respectively, blue and red). Color shaded areas mark the u and m ranges

corresponding to the three types of responses described (see Results). To

see this figure in color, go online.

Restitution under Variable Pacing
Type 2 and type 3 responses

In type 2 responses, btb-ERs modify their form in a single
curve under periodic pacing (central panels in Figs. 3 A
and 4 A) and in a thin scatter plot under random pacing (cen-
tral panel in Fig. 5 A). Instability in AP repolarization af-
fects the all-CL range with a biphasic DAPD behavior
(early recovery and secondary transient increase, Fig. 12,
second and third columns). Under these conditions, as the
extent of beat-to-beat CL changes increases, the bistable ef-
fect of quasistationary pacing (type 1) decreases and AP
repolarization stability increases (Fig. 12, second and third
columns, and Fig. 13). Type 3 responses show a vertical
growth of their btb-ERs, which take the form of hysteresis
in the case of periodic pacing (Figs. 3 and 4). APD insta-
bility tends to be equally distributed along the entire CL
range and decreases overall with the increase of u and m.
Decreased repolarization instability is accompanied, in
this case, with vertical spread of sERs measured along the
AP sequence, which results in complexity of the btb-ER
form and can be quantified under periodic pacing by
analyzing the CL-APD phase relationship when the beat-
to-beat rate of CL changes (u) increases.

The lack of APD alternans under type 2 and type 3 con-
ditions allows for performing the analysis of the phase rela-
tionship between CL and APD over the corresponding entire
range ofu-values (Fig. 9), as another way to look at the tran-
sition between the two (see Fig. 3). The asymmetry in the
CL-APD phase shift, also evident in the hysteretic form of
btb-ER, grows in control conditions as u does. Also, in
this case, as seen for type 1 behavior, the phenomenon ap-
pears to be primarily due to calcium cycling rather than to
membrane currents because the more relevant effect of
ion-current modulation is the 50% reduction of ICaL, sup-
posedly because of its linking role between calcium cycle
and membrane excitability. I speculate that CL-APD phase
relationship is due to the interaction of intrinsically slightly
phase-shifted calcium- and AP-dynamics oscillations, elec-
trogenically coupled mainly by ICaL and INaCa. Coupling be-
comes manifest when the AP cycle is driven periodically
(with either a sinus wave or a saw-tooth CL waveform).
When the calcium dynamics is abolished (by clamping
[Ca2þ]i constant), only the membrane current process re-
mains, and accordingly, CL-APD phase difference disap-
pears. Simulations reported in Fig. 10 corroborate this
speculation in the case of reduction of intracellular calcium
dynamics by means of clamping [Naþ]i constant. This ma-
neuver has the effect of decreasing the phase difference
between APDn and Cain, particularly for high u values
(Fig. 10 B), and, in turn, according to the above speculation,
the phase asymmetry between APDn and CLn � 1 (Fig. 9 B,
fourth top panel). Of course, the maneuver of clamping
[Ca2þ]i constant abolishes the calcium transient and there-
fore could not be adopted to test the same hypothesis.

Other authors have focused on the phase relationship be-
tween APD and the intracellular calcium cycle to isolate
conditions when the two are in—or out of—phase (22,27).
The role of the intracellular sodium transient in generating
short-term AP memory (19,37) and in allowing the antiar-
rhythmic effect of stochastic pacing (20) has been shown
previously. In the simulation in which I clamp intracellular
sodium constant, I adopt the same value (11.41 mM) that
Dvir and Zlochiver (20) have used on the ten Tusscher
and Panfilov (17) human ventricular AP model to show its
direct link to the antiarrhythmic effect of stochastic pacing.
As mentioned above, simulations shown for type 2 and 3 re-
sponses in Fig. 9 B support the finding of Schaeffer et al.
(19) that intracellular sodium transients are involved in
short-term APmemory, moreover, suggesting that this effect
becomes significant only for large u-values.
CL-APD phase shift and short-term AP memory

The study of the CL-APD phase relationship under periodic
pacing makes it easier to display and measure a beat-to-beat
feature of AP dynamics that is also shared by stochastic pac-
ing, is ultimately described by the vertical spread of sER
curves, and is associated with stability of AP repolarization.
I have described previously that vertical dispersion of sERCL

curves measured during an AP sequence paced with beat-to-
beat variable CL is an estimate of short-term AP memory, in
the sense that the state of each beat does not belong to the
sER measured at the corresponding time, i.e., the following
activation interval (CLn � 1) does not uniquely identify the
next APD (APDn). Thus, the dynamics of the next beat,
e.g., its APD, depends not only on the previous but on a
certain number of preceding beats, which is the definition
of short-term AP memory. Other authors have quantified
this property by means of stability analysis with autoregres-
sive stochastic modeling (20,23). The increase in the vertical
Biophysical Journal 117, 2382–2395, December 17, 2019 2393
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distance between individual sER curves with the increase of
interbeat CL changes has been described previously (38) on
APDn versus DIn � 1 representations and without reference
to repolarization stability.

Also, hysteresis and a scattered appearance in btb-ER un-
der sinusoidal or random pacing has been described (39,40),
though under quite different conditions, in which pacing
variability was driven by controlling on a beat-to-beat basis
the DI instead of CL. Moreover, in that context, ER was re-
ported as btb-ERDI instead of btb-ERCL as in this study. I
have already discussed these differences elsewhere (16).
What I want to emphasize here is the role of beat-to-beat
CL changes in making AP repolarization more stable and
that this role can be effectively monitored through the mea-
sure of btb-ER, whose shape and size is determined by the
vertical spread of the family of sER curves recorded from
each beat.

The three types of behavior described above suggest that
beat-to-beat CL variability at high pacing rate can either
bring about APD alternans or increase AP stability, depend-
ing on the rate of CL changes. The ability of CL oscillations
to either promote proarrhythmic and antiarrhythmic sub-
strates has been previously shown by Weinberg and Tung
(27) and attributed to different couplings of APD and cal-
cium transient oscillations. I demonstrate here that intracel-
lular calcium dynamics controls both instability at low rate
of CL variability and increased stability at high rate. In this
latter case, stability is due to an increased level of short-term
AP memory, which can be measured from the shape of btb-
ER or from the analysis of the CL-APD phase shift. It has
been suggested that, given the stabilizing role of beat-to-
beat stochastic pacing variability on cardiac repolarization,
a preset HRV can be added on artificial pacemaker function
to reduce susceptibility to arrhythmias (41). This study sug-
gests that sinusoidal pacing might be more efficient (see
Fig. 13) in making AP repolarization more stable and should
therefore be further explored in this sense.
Limitations

All simulations of this study were performed on the O’Hara
et al. (29) AP model in its zero-dimensional (cellular) endo-
cardial version. Thus, it does not take into account possible
modulation of restitution and stability properties due to
intrinsic transmural differences in AP waveform, as well
as to intercellular electrical coupling. In addition, even
though the range of pacing CLs explored is, particularly
for values %300 ms, closer to those found for ventricular
tachycardia rather than to a physiological sinus rhythm
(36), it is nevertheless my main goal to investigate restitu-
tion dynamics within the range of pacing rates at which tran-
sition between the two states occurs. Finally, not all the
tested pacing protocols could be suitably applied to animals
or humans; the few minutes required for sinusoidal pacing at
u ¼ 0.02, for instance, can hardly be thought of in clinical
2394 Biophysical Journal 117, 2382–2395, December 17, 2019
practice but can be profitably applied in a number of exper-
imental preparations.
CONCLUSION

The numerical simulations presented in this study, particu-
larly those in Fig. 6, explain btb-ER morphology in terms
of families of sER curves and would be nearly impossible
to test in vivo in this much detail and in these terms. The
approach, though, can be reduced to the simple analysis of
btb-ERs, particularly their vertical displacement, after
different types and extent of beat-to-beat CL variability.
Because btb-ERs only require a beat-to-beat estimate of
activation interval (CL or electrocardiographic RR) and
duration of repolarization (APD and electrocardiographic
QT), they can be suitable not only for transmembrane sig-
nals but also for any epicardial or ECG recording of cardiac
electrical activity. Despite the limitations listed above, the
procedure shows potentiality for monitoring short-term
cardiac memory and repolarization stability in experimental
and clinical research and provides a novel, to my knowl-
edge, synthetic biomarker for testing effects of antiar-
rhythmic therapies on cardiac repolarization.
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