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Rationale: Discordant alternans, a phenomenon in which the action potetial duration

(APDs) and/or intracellular calcium transient duration€&aDs) in different spatial regions
of cardiac tissue are out of phase, present a dynamical instality for complex spatial

dispersion that can be associated with long-QT syndrome (LQS) and the initiation of
reentrant arrhythmias. Because the use of numerical simuians to investigate arrhythmic
effects, such as acquired LQTS by drugs is beginning to be stied by the FDA, it is

crucial to validate mathematical models that may be used dumg this process.

Objective: In this study, we characterized with high spatio-temporal gsolution the
development of discordant alternans patterns in transmemiane voltage (V) and
intracellular calcium concentration ([C¥2) as a function of pacing period in rabbit hearts.
Then we compared the dynamics to that of the latest state-othe-art model for ventricular
action potentials and calcium transients to better understnd the underlying mechanisms
of discordant alternans and compared the experimental datéo the mathematical models
representing \i, and [Ca]¢2 dynamics.

Methods and Results:  We performed simultaneous dual optical mapping imaging
of Vin and [Ca]®? in Langendorff-perfused rabbit hearts with higher spatialesolutions
compared with previous studies. The rabbit hearts develop@ discordant alternans
through decreased pacing period protocols and we quanti edthe presence of multiple
nodal points along the direction of wave propagation, bothri APD and CaD, and
compared these ndings with results from theoretical moded. In experiments, the
nodal lines of CaD alternans have a steeper slope than thosefcAPD alternans,
but not as steep as predicted by numerical simulations in rabit models. We
further quanti ed several additional discrepancies betwen models and experiments.
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Conclusions: Alternans in CaD have nodal lines that are about an order of ngaitude
steeper compared to those of APD alternans. Current action gtential models lack
the necessary coupling between voltage and calcium comparg to experiments and
fail to reproduce some key dynamics such as, voltage amplitle alternans, smooth
development of calcium alternans in time, conduction veldty and the steepness of the
nodal lines of APD and CaD.

Keywords: discordant alternans, calcium dynamics, voltage -calcium coupling, arrhythmia, optical mapping, long
QT syndrome, cardiac cell modeling

INTRODUCTION causing slower CV near the stimulating site while CV increase
downstream along wavefront propagation, causing a largeadpati

Long-QT syndrome (LQTS), characterized by abnormaljispersion in the APD that can lead to DAQ(I et al., 2000;
prolongation of the QT interval $chwartz et al., 1993is a \atanabe et al., 20)1
result of delayed repolarizations in the heart and can ingeea  The other mechanism, calcium-driven, is considered more
the risk of life-threatening arrhythmias, with a mortalitate of  complex, with DA caused by instabilities in [§22 cycling that
20% within the rst year after rst detection and up to 50% in in turn impacts APD through [CA°?—V, coupling Chudin
the next 10 years for untreated patientsciwartz, 1995The  etal., 1999; Sato et al., 20J€a] 2—V, coupling depends on a
known dangers of LQTS have resulted in guidelines by the FDfiynamical balance between the in ux through the L-type aati
concerning the design and testing afiy new drug and in the current (Ica) and extrusion through the Na-Ca exchanger
interpretation and analysis of these drugs in clinical siédood current (Incx) (Weiss et al., 2006lf the e ect of Iycx dominates,
and Drug Administration, 200p In addition, many currently positive [Cq]©?~Vy, coupling will occur, where a large [(52
available medications can be very dangerous to some patierfguses prolonged APD by an enhanced calcium extrusion
with heart problems, as they are known to further prolongthrough Iycx. Otherwise, when a large Ca transient reduess |
QT intervals as shown in the compendium maintained by thethrough increased calcium-dependent inactivation, APD
Sudden Arrhythmia Death Syndromes Foundation (sads.orgihortened Edwards and Blatter, 20).4Ca instability is another
LQTS is usually accompanied by T-wave alternafe¢ba et al., multifactorial process. The key components are the fracti@za
1999 where the duration of the T wave can vary from onerelease from the sarcoplasmic reticulum (SR), which referisdo t
beat to the next {ayakrishnan and Krishnakumar, 2Q0&his  relation between the Ca released from the SR and the SRalciu
long-short alternation in duration and in some cases amplgud load, and the cytosolic Ca sequestration, which refers to the
has been shown to arise from a period-doubling bifurcatiore ciency of Ca removal from the cytosol through the reuptake
(Nolasco and Dahlen, 1968; Guevara et al., Y@84ginating at  to the SR and the extrusion through the Na-Ca exchangézi¢s
the cellular levelRastore et al., 1999n space, alternans canlead et al., 201). In general, factors increasing fractional Ca release
to complex spatiotemporal patterns along the epicardium angyromote Ca alternans and factors increasing Ca sequesiratio
endocardium Gizzi et al., 201)3and eventually to conduction reduce alternans{dwards and Blatter, 20\.4Many studies have
block and brillation (Fenton etal., 2002; Choi et al., 2007 attributed cardiac alternans to disturbances of €3 signaling,

During fast pacing, alternate patterns of action potentiakyith APD alternans considered a secondary consequeticedr
duration (APD) in space can be classi ed as concordantaltesn et al., 2006; Clusin, 2008; Laurita and Rosenbaum, 2008; Myles
(CA), in which all the tissue responds with a long APD onet al., 2008: Kanaporis and Blatter, 215
one beat and with a short APD on the fO”OWing beat with the Alternans was observed in cardiac tissue as ear|y as
sequence repeating, or discordant alternans (DA), in whick 0 1872 (rraube, 187p and some of the earliest mathematical
section of tissue responds with a long APD and another withmodels of cardiac action potentials were able to produce such
a short APD on the same beat followed by the reverse on th@henomena Iloble, 1962; Beeler and Reuter, 19 However,
next beat. During DA, the regions of long and short APDs thafjater generations of models often failed to produce alternans
alternate out-of-phase are separated by nodes, which aren®gi (DiFrancesco and Noble, 1985; Luo and Rudy, 1991, 1994: Faber
where the APDs have the same values for successive beats aag Rudy, 200f) with more detailed species-specic models
hence do not alternate;(u et aI., 2000; Watanabe et aI., 2))01 for rabbit (Pug||s| and Bers, 2001; Shannon et al., apdég

To date, two main mechanisms for the development of\vinslow et al., 1999and human Priebe and Beuckelmann,
discordant alternans have been proposed, one driven by wltag99s: Iyer et al., 2004; ten Tusscher et al., p&@htricular
and another by calciumaitoh et al., 1988, 1989The rst  action potentials among them. In time, other models have been
mechanism identi ed {lolasco and Dahlen, 19%8&vas purely speci cally designed to account for alternarfsok et al., 2002;
voltage-driven Guevara et al., 1934in space it is coupled Mahajan etal., 2008; O'Hara et al., 2011; Sato et al.)2013
through the dynamical interaction between the APD restiuat Recently the FDAs sponsored Cardiac Safety Research
curve and the conduction velocity (CV) restitution curve.Consortium Gager et al., 20)4roposed a new initiative, the
When tissue is paced rapidly, diastolic intervals are shorteComprehensiven-Vitro Pro-arrhythmia Assay (CiPA), which
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speci es the use of mathematical models of cardiac actioexcitation LEDs was synchronized. Fluorescence images fro
potentials in the aid of pro-arrhythmic drug risk assessmentsthe anterior view (partial RV and LV) were obtained at spatial
Many recently developed ionic models are complex singleresolution of 128 128 pixels (full frame) at 500 fps digitized
cell models with a large number of variables. There existwith a 16-bit dynamic range A/D.
a large variability in dynamics between them as well as
failures to reproduce key physiological features when they aiStimulation Protocol
tested in tissue (alternans, reentrant wave dynamics, danti External bipolar stimuli (3-5ms, strength twice diastolic
frequencies, etc.). The known di erences between many odll a threshold) were applied from the apex or the base using a
tissue models make it imperative to validate and verify modeldownsweep pacing protocol with the pacing cycle length (PCL)
with experiments. starting from 400ms. For each PCL, 150-200 stimuli were
Toward this end, in this study, we performed dual optical-delivered to allow the system to reach steady state. The PCL
mapping recordings with high spatial and temporal resolutionwas gradually shortened with decreasing steps once alternans
for [Ca]®?~Vy, during discordant alternans in Langendor - started to appear until the occurrence of VF or wave block
perfused rabbit hearts to better quantify the alternans na@édm  at any point along the wavefront propagation, usually between
as it relates to LQTS. We then used the data for validation anéi50 and 130 ms. The programming sequence was coordinated
veri cation of the Sato et al. voltage-calcium rabbit celbael  with the internal camera trigger clock using an Arduino (Uno

(Satoetal., 2033 R3) so that each pacing stimulus was delivered at a known
time point when the camera started to acquire a certain frame.

MATERIALS AND METHODS This method allowed us to perform image stackingz¢lac
and Fenton, 200sonce steady state was reached and to detect

Heart Preparation APD and CabD variations with temporal resolution better than

All experiments conform to the current Guide for Care andthe 2ms sampling rate of the camera. We found the ability to
Use of Laboratory Animals published by the National Instisit reach faster pacing rates without inducing brillation waighly

of Health (NIH Publication No. 85-23, revised 1996), andcorrelated with uniform physiological temperature across the
approved by the O ce of Research and Integrity Assurance aentire heart and with smaller PCL steps, especially when the PCL
Georgia Tech. New Zealand white rabbits (2-3kd) 8) were was less than 160 ms. To achieve stable and uniform temperatur
anesthetized with ketamine/xylazine/ace-promazine (/% the heart was submerged in heated Tyrode's solution and a
mg/kg) and then injected with heparin (300 U/Kg). After 5 min, thermometer calibrated to the precision of 0.Ql (Thermo-
euthanasia was induced with 120 mg/kg pentobarbital. HeartSisher) was used for temperature measurement. In case of VF,
were then quickly removed via a left thoracotomy and perfusethe heart was de brillated via low-energy anti- brillatiopacing
retrogradely via the aorta with cardioplegic solution (Na€K3 (Fenton et al., 20Q9r with cardioplegia and was allowed to
g/L, KCI: 1.19 g/L, NaHC@ 0.84 g/L, MgCBbH,0: 3.25 g/L, recover for 30 min before performing subsequent downsweep
CaCh: 0.13 g/L), gassed with 95% @nd 5% CQ. Then the pacing for comparison.

hearts were immersed in a chamber kept at 37.0.3 C and

perfused with Tyrode's solution (NaCl: 7.24 g/L, KCI: 0.30,g/LData Analysis

NaHCQOs: 2.02 g/L, NaKHPO4 H20: 0.12 g/L, MgCBH20: 0.14  As part of the experimental data processing, stacking (ensemble
g/L, dextrose: 0.99 g/L, CaH,0: 0.29 g/L) gassed with 95% averaging) was used to obtain a high S/N ratio to avoid ey

0, and 5% CQ at a pressure of about 60 mmHg maintained bythe [Ca]®?-Vy, signals (zelac and Fenton, 20),5which

a peristaltic pump. Motion was suppressed by using blebbistatidegraded both spatial and temporal resolutions. For each pixel
at a concentration of 3—-5 mM (dissolved in DMSO at the ratio ofwe recorded at least 150 cycles for one pacing period, then we
5 mg/mL). For imaging, the heart was stained with the voltagestacked (summed) the signals for even and odd beats, excluding
sensitive dye JPW-6003 (0.4mg dissolved immid0Oof pure the rst 10 cycles at the start of each PCL to allow the heart to
ethanol) and intracellular calcium-sensitive dye Rhodidng reach the steady state.

dissolved in 1 mL of DMSO). Alternans in voltage were quanti ed by measuring the action
) _ potential duration (APD) and the alternans in calcium by
Optical Mapping measuring calcium transient duration (CaD). When calcuigt

The optical system was previously describéetnton et al., the APD and CaD, the voltage and calcium signals were rst
2009; Ji et al., 20).7Brie y, six high-power LEDs were used normalized between 0 and 1 for each pixel. Then the APD was
for excitation (LED Engin, San Jose CA). Three LEDs werealculated using a threshold of 0.5, and the CaD was caézllat
used for \f, imaging, coupled with OD4 650/20 nm excitation using a threshold of 0.4.

lters (Edmund Optics), and the other three were used for

[Ca]°2 imaging, coupled with OD4 550/20 nm excitation Iters. Numerical Simulations

The operations and the intensity of the LEDs were controlledrhe Sato et al. (2013model for rabbit ventricular cells in
by custom-designed apparatus. Series of uorescent imagspace was used under conditions similar to those of the rabbit
corresponding to [CA%? and Vi, dynamics were obtained using experiments. Brie y, each cardiac cell of a one-dimensionialeca
the time-multiplexing method with a single camera (Photonet  of tissue is modeled by 75 sarcomeres connected through the
Evolve 128 EMCCD), with which the switching of the di erent di usion of cytosolic calcium (Cai) and network sarcoplasmic
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reticulum (NSR) calcium. The di usion strengths are 810 ®  shows all frames over two successive beats at steady stditis fo
cm?/ms and 4 10 10 cm?/ms, respectively. Voltage in the 75 case. In all rabbit experiments, Ca alternans clearly develape
sarcomeres within one cell is considered to be the same due konger PCLs than voltage alternans. As the tissue was paced mo
the fast di usion inside a cell. Each sarcomere consists of fo rapidly, inhomogeneity emerged in both voltage and calcium
compartments: cytosol, submembrane, NSR and junctional Spatterns with calcium displaying more spatial heterogeneity
(JSR). The calcium uctuation is model by the Langevin equatio compared to voltageFigures 2A,B shows the voltage and
with a noise term depending on the number of SERCA pumps. calcium signals, respectively, over time for one pixel ingida
One-dimensional tissue is modeled by the cable equation: by a marker inFigure 1 for all PCLs. As the PCL decreases,
alternans was detected rst in calcium amplitude (250 ms),
@ lion @V then in calcium duration (220 15ms), and nally in APD (200
@ D Cm c DV@’ @) 15ms). The shortest PCLs can barely generate an excitation i
calcium for the short beats (last two panelskigure 2B), and

where Cy, is the membrane capacitance (iF/cm?), D, is alternans is more pronounced in both duration and amplitude
the voltage di usion coe cient (10 3 cm?ms), andlio, is the  for the calcium signal.
total transmembrane current, which is the sum of all the ©ni

currents: .
Discordant Alternans Nodes Are More

i LR KM Pronounced in [Ca] ;than in APD
DliLCliCc (g cnle. @ r i :
jb1 Figure 3A shows the spatial dispersion of APD for successive
_ beats at steady state. Several important features are worth
Hereli'on is the ionic current Sato etal., 20:)3|ndeX| is the cell noticing_ At |0ng PCLs (eg>, 250 ms)l there is no di erence
indexin the 1D cable and indgxs the index for thgth sarcomere  petween even and odd beats (no alternans), but there is an
intheith cell. Mis the total number of sarcomeres in one cell (i.€.intrinsic smooth spatial dispersion of APDs in the range of
75 in our simulations). The cable equation is integratethgsin 15 ms for each beat. As concordant alternans and then disaxrd
operator splitting approach witlh xD 0.015cmand tD 0.1 ms.  alternans develop, the gradient of APD increases to arounrd$80
The di usion of calcium between cells is considered negl@gib  as the PCL decreases. The distance between the locatiors of th
Three dierent pacing protocols were used for the 1D|ongest and shortest APD decreases during DA, similar totwha
simulations, with each using a stimulus current applied to thehas been observed in canine heaf®zzi et al., 2013 During
rst ve cells for a duration of 2ms. In the rst pacing protocpl DA, the regions of long-short and short-long APD are sepatate
we started by pacing with PCD 600 ms until steady state was py a collection of nodes (nodal lines) where the APD remains
reached, then decreased the PCL to 300 ms and paced untistea@nstant from beat to beat (shown as white linesFigure 3),
state was reached. In the second pacing prOtOCOl, we Inltla”y"th more nodes forming asthe PCL decreaﬁ@jre 3Bshows
assigned to the whole cable the steady state variables dor tthe CaD dispersion in tissue, similar teigure 3A. However,
leftmost cell for PCLD 600 ms, then we gradually decreased thgjuring DA, the nodal lines are thicker and more pronounced
PCL to 300, 295, 290, 285, 280, 270, and 260 ms. For PCLs |Ong§fnpared to voltage nodal linegigures 3C,D shows plots
than 300ms, we used the third pacing protocol, in which wesimilar to Figures 3A,Bfor the same preparation but with the
used the steady state of POL300 ms from the second protocol pacing site located at the apex instead of the base. The pramress
as the initial condition. When calculating APD,80 mV (about  from no alternans to CA and then to DA occurs at the same PCLs,
80% repolarization) was used as the threshold. When caloglat put the spatial patterns are di erent. This di erence of patterns
CaD, the threshold was set to be between 10 and 20% of tigpending on pacing site was observed in all 8 rabbit experisnent
repolarization, adjusted among di erent pacing cycle lengths as well as in previous studies using canine heatig4j et al.,

on

make sure both even and odd beats can be captured. 2013.
Previous numerical studies of alternan@u et al., 2000;
RESULTS Watanabe et al., 2001; Fenton et al., 2002; Skardal et &4), 20
have used one-dimensional cables to quantify the spatiallpso
[Ca]; Alternans Develops at Longer PCLs of APDs, including the number of nodes present. In the same
than APD Alternans way, Figure 4 displays the values of APD and CaD along a

The spatiotemporal dynamics of voltage and calcium in cardiaine across the heart's surface for two successive beaisgdur
tissue depends on the pacing perigigure 1A shows snapshots alternans. As ifFigure 3, it can be seen that there is no alternans

of voltage (upper two rows) and calcium (lower two rows) in afor PCL >250ms, then concordant alternans in voltage and
rabbit ventricle for a series of PCLs from 350 to 140 ms whewalcium appears for PCLs between 200 and 180 ms. At 170 ms,
stimulation was applied at the base of the heart (black arrow}here is CA in voltage but DA for calcium, and for PGL170 ms
Each column shows consecutive even and odd images durii@A is present for both voltage and calcium. We calculated in
steady state 120 ms after stimulus application; all frame ovéiable 1the steepness (slope) of the APD and CaD nodal lines
two successive beats at steady state are shown in Suppleynenfar PCL between 160 and 146 ms correspondingitures 41—-L
Movie 1. Figure 1B shows the same situation but when thewhen the DA are most pronounced. Data was presented as mean
stimulus is applied to the apex, and Supplementary Movie 2 s.d., averaged among the slopes at each node for even and odd
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beats for each pacing cycle length. It clearly shows that Galaln  voltage and calcium signal$lififeraw and Karma, 2006; Gaeta
lines are about one order of magnitude steeper than APD nodadt al., 200§ as the lack of di usion in calcium leads to calcium

lines, indicating the di usive connection among cells di eirs

pro les that are sharper in space compared to voltage.
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Experimental Alternans Features Smoother which they appear are much longer compared to experiments.

Spatial Pro les and Slower Alternans Figures 5 6 show voltage and calcium alternans in a 1D cable

; ; 3 cm in length.Figure 5illustrates APD as a function of length
ﬁlrpeelrllt;r?se Growth than Simulated in the left column for even and odd beats at PCLs of 400,

300, and 260ms. The right column shows the voltage signal
Simulation results using the Sato et al. model conrm thatfor the corresponding PCL for two cells, one near the left
alternans appear as the PCL is decreased. However, the PCLemadl and one near the right end of the cable, so that if it
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FIGURE 4 | APD contour and APD and [Ca]alternans duration in ms for even and odd beats measured alana one-dimensional line shown in black for different
PCLs as inFigure 3.

undergoes discordant alternans, the voltage signal of W t Supplementary Figure 1 for APD and Supplementary Figure 2
cells should be out of phasEigure 6 shows similar plots but for CaD.

for calcium. The left column indicates CaD over the cable for For large PCLsX400ms), there is no alternans in either
even and odd beats for the same PCLs adrigure 5 The voltage or calcium (Supplementary Figures 1A-C, 2A-C).
right column of Figure 6 displays the calcium signal from two When the PCL drops to 400 ms, concordant alternans appears
sarcomeres for corresponding PCLs, with the two sarcomerdfigures 54 6A). For PCLs 300ms or below, discordant
chosen so that if there is discordant alternans in calciung t alternans occurs Higures 5C,0 6C,D and Supplementary
two sarcomeres should be out of phase. Results for other PCEggures 1E-G, 2E-G). In all these simulations, voltage and
(600, 500, 450, 350, 290, 280, and 270ms) are presentedcaicium alternans are “synchronized,” such that if there is
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TABLE 1 | Steepness of APD and CaD nodal lines. DISCUSSION

PCLD 160 PCLD150 PCLD146 PCLD140  patients with LQTS have a higher risk of cardiac arrhythmias
ms ms ms ms . . .
due to augmentation of the T-wave and increased spatial

Steepness of APD 220 087 311 154 275 151 112 o03s dispersion. For many years now, detection of LQTS and T-
nodal lines (ms/mm) wave alternans in the ECG has been used as a quantitative
Steepness of CaD 121 48 125 37 994 291 201 56 tool for predicting dangerous spatial variations in dispersion
nodal lines (ms/mm) which are dynamically induced at the cellular level and can

induce arrhythmias. Since 2005, the FDA has required that
new drugs be tested for QT prolongation and development of
no voltage alternans, there is no calcium alternans, and-wave alternans and recently an FDA-sponsored consortium

if there is discordant voltage alternans, there is discotda Proposed an initiative to use mathematical action potential
calcium alternans, with the exception &igures5B 6B. In  models in the aid of drug risk assessment. If models are
Figures 5B 6B, where we used the second pacing protocol andndeed to be used to investigate pro-arrhythmic and anti-
the PCL is the same aBigure 5C we obtained concordant arrhythmic e ects of drugs, they rst need to be validated
voltage alternans, whereas the calcium alternans is discor against experimental data in normal conditions. The mainigoa
with multiple nodes. By using di erent initial conditions, is  Of this study is to create an in tissue experimental data set of
possible to obtain completely di erent dynamics for the sameSimultaneous voltage and calcium optical mapping recordings
PCL. The Sato et al. model is very sensitive to initial caodit ~ from Langendor -perfused rabbit hearts at high temporal and
due to the random uctuation term in the SERCA pump, and in spatial resolution and in particular during alternans for use i
this respect, it is similar to experiments, where it has beenwsh  Validating the dynamics from numerical simulations frometh
that small changes in initial conditions can resultin veiyedent ~ most recent model of rabbit ventricular action potentiatsao
alternans patternsQizzi et al., 2013 In all the simulations €tal., 201}
presented in this paper, the random noise was generated We found that alternans in voltage and calcium develops
using the same seed. We did not observe signi cant chang&émilarly in both experiments and simulations as the pacing
when we repeat the simulations with di erent seeds (data no€ycle lengthis decreased; however, the model developediaite
shown). much sooner at longer periods close to 420 ms compared to
One major dierence between the experiments and the240 10ms in experiments. Likewise, the minimum period of
simulations is how sharp the calcium transition is betweertimulation before conduction block developed earlier 2@ 86
dierent alternans phases. In the experiments, both APDIN the model vs. 140 5ms in the experiments. Also, it is
and CaD have relatively similar smooth transitions betweefimportant to notice that in experiments, as in the models, the
the maximum and minimum values Figures 3 4), with ~magnitude in variations of the APD were much smaller than the
calcium showing only a slightly faster transition, wheréas Vvariations in CaD during alternans. However, the magnitsicte
simulations, CaD has a signi cantly sharper transition thanalternans duration were abouttwice as large in the mode tes
APD (Figures 5 6). In addition, in experiments, as the PCL experiments, with maximum values of 55 ms for APD and 150 ms
is decreased, CaD transitions from no alternans to conaatrda for CaD in the model vs. 25 4 and 65 5ms, respectively, for
alternans and then to discordant alternans with the alteha the experiments.
amplitude increasing smoothly. In simulations, on the other More crucial di erences arise from the larger di erences in
hand, CaD changes drastically from no alternans to conaarda how alternans develops. In experiments, alternans in voltage
alternans with an amplitude of 150 ms when the PCL decreaséévelops gradually, appearing to be more consistent with a
from 450 to 400 ms. border-collision bifurcation Cherry and Fenton, 2007, 2008;
Figure 7shows a bifurcation diagram for APD (left) and CaD Zhao et al., 2008 where small changes in duration grow
(right) as a function of PCL calculated at one point from theslowly and mostly linearly, whereas in the model alternans
numerical simulation of the 1D cable (top) and experimentalgrows much faster, as with a pitchfork bifurcatioCi(erry
data (bottom) where the alternans has the largest amplitudéind Fenton, 2008 Furthermore, the model does not yield
As the PCL is decreased from 600 to 260 ms in the numeric&ction potential amplitude (APA) alternans as observed in the
simulations, the bifurcation appears simultaneously forhbot e€xperiments when the tissue is paced at very short pacing cycle
voltage and intracellular calcium just above a CL of 400 mé&ngths (see Supplementary Figure 4 for the APA bifurcation
(PCLy). The bifurcation amplitude for voltage grows at a ratemap from experiment), an important additional pro-arrhythmic
of the square root away from the bifurcation point APD mechanism recently described Byyles et al. (2011); Chen
(PCL  PCL)¥?) (Cherry and Fenton, 2008The bifurcation €t al. (2017) On the other hand, while intracellular calcium
amplitude in calcium experiences a sharp discontinuous jumgloes display amplitude alternans in both experiments and
(see Supplementary Figure 3 for the curve tting). In contrastSimulations, in experiments amplitude alternans developsiglo
the experimental bifurcations occur at much lower PCLs clos#hile in the model a large dierence in amplitude appears
to 250ms, and the amplitude of alternans just beyond thés soon as alternans develops and persists with a similar
bifurcation can be t better into a linear function with a smther ~ amplitude for all periods where alternans is present, as shown in
growth than in the simulations. Figure 6.
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FIGURE 5 | Voltage alternans in a 1D cablel(D 3 cm, 200 cells) of the Sato et al. model for decreasing PCLSA) PCL D 400 ms, (B) PCL D 300 ms (concordant
alternans),(C) PCL D 300 ms (discordant alternans), andD) PCL D 260 ms (discordant alternans). Left: spatial pro le of APD foodd (black) and even (red) beats. The|
amplitude of discordant alternans increases as PCL decrea&s. Right: voltage over time at two cells, one near the left @hand the other near the right end of the cable.
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FIGURE 6 | Calcium alternans in a 1D cablel{ D 3 cm, 200 cells, each cell consists of 75 sarcomeres)(A) PCL D 400 ms, (B) PCL D 300 ms, (C) PCL D 300 ms,
and (D) PCL D 260 ms. Left: spatial pro le of Ca duration for odd (black) anceven (red) beats. Right: Ca over time at two sarcomeres thatra around the CaD nodal
point where they are completely out of phase when discordanalternans is present.
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FIGURE 7 | Bifurcation plots of APD(Left) and CaD (Right) as a function of PCL for simulations (top) and experiments @tom).

In regard to spatial distributions, in our experiments, we Shortcomings of the Model
do not detect very sharp calcium duration transitions ardun While the PCL at which alternans appears is much higher in
nodal lines for most pacing cycle lengths; instead, we oleserthe model than in the experiments by approximately 180 ms,
a smooth phase transition in both voltage and calcium, albeithis di erence could be xed with a simple re-scaling of some
with calcium appearing sharper, with more de ned nodal linesof the time constants of the model. Similarly, the di erence
than those in APD Figure 3 and Table 1). This is contrary to between the minimum PCL for propagation (around 260 ms
simulations where CaD alternans transition can happen withirfor the model compared to 140 ms for experiments) could also
a cell. If the coupling between voltage and calcium is strondye xed by modi cations to the recovery and inactivation tem
calcium and voltage should have similar dynamics, i.e. B  constants of the sodium gating variables. Previous puliinat
alternans nodal line should follow that of the APD and vicesee  also showed that CaD alternans patterns can be smoothed by
Therefore, we think the model, as it was published, lack reeecgs increasing voltage instability (and/or reducing Ca insli&p.
coupling between voltage and calcium. The resolution of ouHowever, there exist several other key physiological aspeats t
optical mapping is on the order of 200—250 microns; howevervould require a more in-depth analysis and validation of the
due to scattering§ishop et al., 2007 the actual area may be model's equations.
smoothed to about a millimeter, which is still high enough to

identify any possible sharp di erences in heterogeneitigeben |- Type of bifurcation. The calcium dynamics should represent
voltage and calcium. It is then possible that during pacing in  the fast nonlinear transition in the dynamical content of
tissue, calcium nodal lines still follow the smoother dyriesn calciumin the sarcoplasmic reticulurd(az et al., 200Q4hat

of voltage compared to when it is performed in single cell ~ can result in a border-collision bifurcation with slow liae
experiments Gaeta et al., 2009 growth.
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II.  Development of alternans in calcium duration. In the mdde either experiments or simulations and we did not study the ¢ ec
as soon as alternans develops in calcium, its amplitudef temperature on calcium and voltage alternans. It has been
is almost at its maximum Kigure 6), whereas in the shownthatmammalian hearts can largely increase the magaitud
experiments, there is a very smooth transition in Caof alternans when temperature is loweregettore et al., 1999;
alternans with decreasing cycle lengiigure 2B). Fenton et al., 2013; Filippi et al., 2014

Ill. Development of alternans in amplitude. In the model, when
alternans in the AP duration develops, at no point doeSDISCLOSURE
alternans in AP amplitude appeafFigure 5. This is in

contrast to experiments, where at very short cycle length$he mention of commercial products, their sources, or their
alternans in amplitude is readily observe&idure 2A).  yse in connection with material reported herein is not to be
Recent experiments and theory predict that the presence @onstrued as either an actual or implied endorsement of such

amplitude alternans is key in the development of reentranproducts by the Department of Health and Human Services.
arrhythmias (yles et al., 2011; Chen etal., 2D17

IV. CV and nodal lines. In both simulations and experiments,
concordant and discordant alternans appears in tissue’g‘UTHOR CONTRIBUTIONS
of similar size of about 3 cm. The conduction velocities
are very di erent between simulations having a maximum
velocity at about 47 cm/s, vs. experiments at around 1O§1
cm/s. Numerically, this means that if the model's di usion
coe cient was modi ed to t the experimental CV values,
it will result in tissues of more than twice the size neede
experimentally to support discordant alternans.

IU: experiment, data analysis and writing. YJ and EC: simufatio
nd writing. DH, JS, SL, amd RG: experiment. FF: experiment,
imulation and writing.
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Limitations

The mechanical and electrical behaviors of the heart amngty SUPPLEMENTARY MATERIAL

coupled through calcium signaling. Very few mathematical

models incorporate both aspectsi @t al., 2015even though The Supplementary Material for this article can be found
there exists a strong bi-directional coupling between thgve ~ online at: https://www.frontiersin.org/articles/10.38tphys.
did not study the e ect of alternans on contraction or vicesain ~ 2017.00819/full#supplementary-material
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