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Thermal effects on cardiac alternans onset and development: A spatiotemporal correlation analysis
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Alternans of cardiac action potential duration represent critical precursors for the development of life-
threatening arrhythmias and sudden cardiac death. The system’s thermal state affects these electrical disorders

requiring additional theoretical and experimental efforts to improve a patient-specific clinical understanding.
In such a scenario, we generalize a recent work from Loppini et al. [Phys. Rev. E 100, 020201(R) (2019)]
by performing an extended spatiotemporal correlation study. We consider high-resolution optical mapping
recordings of canine ventricular wedges’ electrical activity at different temperatures and pacing frequencies.
We aim to recommend the extracted characteristic length as a potential predictive index of cardiac alternans
onset and evolution within a wide range of system states. In particular, we show that a reduction of temperature
results in a drop of the characteristic length, confirming the impact of thermal instabilities on cardiac dynamics.
Moreover, we theoretically investigate the use of such an index to identify and predict different alternans regimes.
Finally, we propose a constitutive phenomenological law linking conduction velocity, characteristic length, and

temperature in view of future numerical investigations.
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Complex spatiotemporal dynamics of cardiac action po-
tential (AP) duration (APD) have been shown to potentially
induce irregular heart rhythms, such as tachycardia and fib-
rillation, life-threatening arrhythmias, and sudden cardiac
death [1-4]. Electrical disturbances are supported by specific
regimes, known as cardiac alternans, characterized by patterns
of periodic beat-to-beat oscillations of APD emerging during
fast electrical pacing. These rhythm disorders enhance spa-
tial dispersion of repolarization, inducing large variations in
the refractory period and greatly affect the wave-front con-
duction velocity (CV) of the cardiac excitation wave [5,6].
A direct link has been further shown experimentally [6-9]
and theoretically [10,11] to T-wave alternans in the elec-
trocardiogram signal [12,13] and the QRS [14], suggesting
clinical importance in risk stratification for sudden cardiac
death [15-17].

Understanding the nonlinear nature of electrical activity
and the drivers of cardiac arrhythmias [18] in terms of vari-
ations of physical parameters (e.g., local heterogeneity and
thermal state) in simplified systems [19,20] plays a key role
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in the development of medical devices for the monitoring
and treatment of heart diseases [21-24]. Novel bioelectronic
patches, for example, able to perform spatiotemporal mapping
of the cardiac conduction system, can provide therapeutic
capabilities, such as electrical pacing, thermal ablation, and
cardiac monitoring [25-27]. As such, they require an ad-
vanced theoretical and modeling knowledge of the physics
underlying the complexity of the cardiac tissue.

An experimental example of cardiac alternans at varying
pacing frequencies and temperatures is provided in Fig. 1.
We overlay two consecutive APs (extracted from a represen-
tative pixel within the field of view) varying pacing cycle
length (CL) and temperature, together with two-dimensional
endocardial surface voltage data from fluorescence optical
mapping. These spatial maps show the alternans evolution
during pacing-down restitution protocol, i.e., a gradual re-
duction in CL, assessing the presence of alternans through
the condition |AAPD| > 2 ms, proved to be an appropriate
threshold for alternans identification [3,28,29]. In particular,
white areas represent nonalternating regions, red areas feature
concordant alternans (CA), and the simultaneous presence of
red and green regions exhibit discordant alternans (DA) cases
[3]. We observe a lengthening of APD at lower temperatures
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FIG. 1. Action potential shape and spatial alternans maps at varying temperature. Fluorescence signal traces from the center of the field of
view at 37, 33, 29, and 26 °C (rows). Different regimes (columns) are shown according to the selected pacing cycle length (CL). Severity of
alternans increases from left to right as CL decreases. The spatial dispersion of AAPD (insets) refers to the color code for concordant (red),
discordant (red-blue), and absence (white) of alternans. At 37 °C (black) the tissue does not present alternans for CL > 300 ms. At 33 °C (blue)
the tissue is already alternating at CL ~ 520 ms, and discordant alternans patterns can be observed at lower CLs. At lower temperatures, i.e.,
29 (red) and 26 °C (green), alternans onset (gray traces represent the previous AP) is progressively shifted at higher CLs, and alternans get

more severe when CL decreases.

due to slowing of the sodium and calcium dynamics [29],
inducing a more heterogeneous and disorganized distribution
of alternans maps (DM) in the tissue (enhanced dispersion of
repolarization).

In the present Letter, we conduct an experimental and
theoretical study to investigate the effect of temperature on
alternans onset and development through a spatiotemporal
correlation analysis extending and generalizing the results
shown in Ref. [30]. We focus on AP optical mapping data on
endocardial canine ventricles measuring characteristic lengths
recorded at different thermal conditions and under different
dynamical regimes [31]. The Letter shows that the character-
istic length of the system reduces at lower temperature and
during fast pacing. These observations are explained by using
a generalized constitutive phenomenological law to relate the
CV restitution curve with the characteristic length of the sys-
tem further including temperature dependence. We identify,
then, the normalized characteristic length as a synthetic and
predictive indicator of alternans onset and evolution within a
thermoelectric scenario.

Experimental data. The reader is referred to Ref. [3] for a
detailed description of the experimental setup. Experimental
data consist of canine endocardium activation maps optically
recorded during pacing-down restitution protocols at differ-
ent thermal conditions, ranging from 37 °C down to 26 °C.
The camera field of view is 7 x 7 cm?2, and space and time
resolutions are ~600 pwm/pixel and 2 ms/frame, respectively.
All activation maps were recorded on the same tissue keeping
the stimulating electrode fixed to avoid spurious analyses.
Data were preanalyzed to remove signal drift; a nearest-
neighbor averaging was performed for time and space filtering

with rectangular and two-dimensional Gaussian kernels, re-
spectively. Kernel windows were appropriately set to obtain
optimal noise filtering without affecting action potential shape
and spatial diffusive patterns, i.e., seven time frames and four-
pixel radius.

Correlation analysis. To investigate correlation features in
tissue transmembrane potential, V, we evaluated the pairwise
correlation indices among all locations within a square box
domain extracted from the mapped field. In particular, we
computed the following correlation function:

(Vi = (Vi)(V2 — (V2)))

R(7p, 7)) +7) = o , (1
102

where V| =V (7),t) and V, =V (7, +F,t) are the voltage
time series for the two selected points (pixel p); o1 and o, are
the standard deviations of V| and V;; (-) represents the time av-
erage computed on a specific time window. We selected such a
time window to match one beat cycle, i.e., one activation wave
front and one repolarization wave back within the box. The
final correlation function R(r) is evaluated by averaging all
the correlation indices computed for pairs of points separated
by a distance d for which r < d < r + dr. Such a procedure
represents an average over thin annular sectors performed to
smooth the resulting correlation function. In our analyses we
setdr = 250 pum.

Characteristic length. Following the arguments in
Ref. [30], we assume an exponential decay of the correlation
function, shaped by a space constant L, which strongly
depends on the stimulating frequency and operating
conditions:

R(r) o exp(—r/Ly). 2)
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In particular, for every beat cycle, we extracted the charac-
teristic length L, through a linear fitting in a semilogarithmic
plot, eventually quantifying the space-time correlation across
the tissue via a unique parameter.

To generalize the analysis provided in Ref. [30] and inves-
tigate beat-to-beat variation in the characteristic length, we
evaluated L, for four successive beats after reaching steady
state at each stimulating frequency over the pacing-down
restitution protocol. The number of four beats was chosen
to highlight period doubling bifurcations shown to occur for
this set of data (both two- and four-cycle alternans [3]).
Accordingly, global correlation properties at varying stimulat-
ing frequencies characterize beat-to-beat variation, alternans
onset, and evolution. Specifically, we normalized the char-
acteristic length for the ith beat based on the average value
among the four cycles (average operator {(-))),

_ L~ (o))
(Lo))

Temperature-dependent dispersion relation. Once we
quantified the average L,, we related this parameter to the
conduction velocity restitution curve and to the pacing fre-
quency. Accordingly, we evaluated the CV of the activation
wave front for each beat, finally averaging over the four
cycles. In particular, we computed the local velocity of the
activation along the normal-to-the-front boundary direction
within the aforementioned box (see Ref. [32] for details). All
the computed local velocities were eventually averaged over
all the boundary points and over the four beats to obtain a
unique value of the CV at a specific CL. The experimental
CVs are reported in Fig. 2(a) (colored markers) for decreasing
values of the CL and four temperatures.

Furthermore, as previous studies that use exponential func-
tions to fit the APD [33] and the CV [30] restitution functions,
we fit the CV restitution by the following exponential func-
tion:

H

. i=1-4 3)

CV(CL,T)=a—bexp(cCL), 4

where a—c are fitting parameters that change with temperature
(we avoid the functional dependence for the sake of notation).
The fitting laws with the corresponding confidence intervals
are shown in Fig. 2(a) (continuous lines). As previously stated
[31], the fitted CV restitution curves present a monotonic
trend as temperature decreases. Other physiological-based
constitutive laws can be explored in this context considering
thermal-dependent sodium time constants [34], although we
chose to pursue a phenomenological approach in the present
Letter.
Then, we looked for a generalized dispersion relation,

Lo(T) = [CV(CL, T)1*D)CL, ®)

such to retrieve an analytical derivation of the characteristic
length in a thermoelectric scenario. It is worth noting that
the fitting parameters a—c, and the exponent «(7') are, in
general, dependent on the dynamical response of the system
and, therefore, also on its thermal state. Figure 2(b) illustrates
the characteristic lengths computed following the aforemen-
tioned approach at varying CLs and temperatures. The value
of Ly can be interpreted as the total length of propagation of
the excitation wave to physiologically synchronize the whole
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FIG. 2. (a) Conduction velocity and (b) characteristic length
restitution curves at four temperatures. Colored markers represent
CV and L, experimental values computed over four beats. Contin-
uous lines denote the nonlinear fitting function Eq. (4) in (a) and
Eq. (5) in (b). Dashed lines denote 95% confidence interval.

organ restoring the resting state. The lower the values of
Ly, the more irregular (pathological) behaviors characterize
the evolution of the system. Similar to the CVs restitution
curves, characteristic lengths decrease at short CLs as well as
at low temperatures. This implies that, when the temperature
drops, short-range correlated dynamics triggering pathologi-
cal phenomena are more likely to occur, further confirming
the impact of thermal instabilities on spatiotemporal cardiac
dynamics in mammalian hearts [35].

Figure 3 shows the thermal variation of the dispersive
exponent «(7) featured in the phenomenological relation
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FIG. 3. Temperature dependence of the exponent « in Eq. (5).

(5). We observe that, at 37°C, a fitting law able to
replicate the measured characteristic lengths is obtained
for o =1.33, lower than o = 1.5 previously found in
Ref. [30]. This is due to the variability between differ-
ent tissues used in the present experimental recordings
although in line with standard deviation analyses. The over-
all trend for «(7T") consists of a gradual reduction at low
temperatures.

Cardiac alternans thermal index. To characterize the multi-
ple transitions occurring at fast pacing, we enrich the previous
analysis by quantifying the normalized decay length Lo =
Lo(T). This particular indicator can further identify: (i) the
onset of concordant alternans when a first net deviation of Ly
from zero is observed, (ii) the transition from concordant alter-
nans to discordant alternans when consecutive high-amplitude
oscillations of Ly are present, and (iii) the appearance of
smaller and disorganized structures for fast pacing (e.g., CL <
300 ms) and, in particular, at low temperatures (e.g., T <
35°C). In the present thermoelectric scenario, alternans on-
set and evolution is readily identified through L, oscillations
at increasing CLs for decreasing temperatures as shown in
Fig. 4 according to previous studies [31]. Furthermore, Ly
oscillations evolution are in line with the nonlinear behav-
ior observed experimentally in terms of discordant alternans
evolution during pacing-down restitution protocols [3]. The
complex interplay among activated and inactivated local states
connected to the spatiotemporal propagation of the AP wave
leads L to reproduce intrinsic nonlinearities, i.e., CA-DA or
CA-DA-CA-DA evolutions with a reduction of DA and the
appearance of DM before induction of fibrillation.

Finally, it is worth noting that lowering the system’s ther-
mal state leads to a concurrent increment of the basal signal
noise due to the dye temperature dependence.

Discussion and perspectives. Thermal imbalances are well-
known drivers of irregular dynamics in excitable biological
media [5]. In the cardiac tissue, temperature contributes
to modifying AP shape and morphology, resting mem-
brane state and restitution features, CV of planar waves,
alternans onset, and evolution [31,36-38]. Besides, cardiac
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FIG. 4. Computed values of Ly for four beats all over the pacing-down restitution protocol at 7 = 37, 33, 29, and 26 °C. Dashed red
vertical lines denote experimental alternans onset. Solid black vertical lines denote transition from CA, DA, and DMs. Colored areas represent

alternans regimes over the whole range of pacing frequency.
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arrhythmias’ development is linked to the thermal state of
the heart [39,40]. As such, additional nonlinear dynamics
are enforced in a cardiac thermoelectric scenario contribut-
ing to complex spatiotemporal behaviors, critical in medical
research, and calling for efficient, predictive, and quantitative
indices.

The literature is populated by a multitude of studies trying
to classify the different regimes appearing during cardiac dy-
namics [3,41-49] and evaluate the effects of temperature by
means of animal experiments as well as finely tuned math-
ematical models [31,50-53]. Quantitative indicators, such
as order parameters and correlation functions, have been
proposed to identify the prevalent features of ventricular fib-
rillation [54-56]. A predictive index based on characteristic
spatial length, however, has been recently introduced [30]
qualifying the transition of the excitation wave from normal
rhythm (nonalternating), passing through a period-doubling
bifurcation (concordant and discordant alternans), and ending
with sustained ventricular fibrillation. An extended theoretical
and modeling investigation has been also provided to empha-
size the role of characteristic length in domain rescaling such
to correctly reproduce spiral wave behavior during sustained
fibrillation. Such an analysis, however, was limited at normal
body temperature and did not address the full power of the

method. A comprehensive thermoelectric study is provided
here, emphasizing the role of such a synthetic index towards a
better understanding and prediction of cardiac alternans onset
and evolution. On such a ground, a mandatory action plan for
a concrete translation towards clinical diagnostic requires: (1)
reproduction and mechanistic explanation of decay lengths via
thermoelectric mathematical models [57]; (2) inverse problem
identification of the ionic modeling parameters ruling regime
transitions, alternans onset, and fibrillation states [58]; (3) in
silico analysis of large-scale cardiac models uncovering the
specific links among decay lengths and clinical signatures,
e.g., electrocardiocardiograms [59,60]. In such a perspective,
we are planning to test and extend the present approach with
other mammals, such as guinea pigs, rabbits, horses, in addi-
tion to humans, that have been shown to produce alternans.
Such forthcoming studies will foster elucidating the inter-
and intracellular mechanisms responsible for life-threatening
cardiac arrhythmias.
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