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Abstract—This study presents the development of a modified electrophysiological model of a human epicardial
cardiomyocyte, achieved by taking into account the temperature effects on the kinetics and conductance of ion channels
using parameter-specific Q10 coefficients. Based on the modified model, a temperature sensitivity analysis was performed
to identify the key ionic mechanisms that regulate thermal adaptation of action potential duration (APD). The simulation
was performed in the temperature range of 25-45 °C using a hybrid approach that combines local and global sensitivity
analyses. Local analysis was performed by calculating elasticity coefficients to evaluate the impact of individual temperature
parameters on APD. Global analysis was carried out using the Morris method of elementary effects to rank parameters by
their influence and to identify non-linear interactions. The results demonstrate that the rapid delayed rectifier potassium
current (IKr) plays a predominant role in the modulation of APD. It accounts for approximately 85% of the total APD
shortening when the temperature rises to 42 °C, where APD decreases by 22.03% (from 270.91 ms to 211.24 ms). Under deep
hypothermia (25 °C), a 52.47% prolongation of the action potential (AP) and a 169% increase in the repolarization phase
duration were observed. Furthermore, the study reveals that at moderate hypothermia (30 °C), non-linear interactions be-
tween various ion channels become a decisive factor. A significant contribution of the sodium-calcium exchanger (NCX) and
the late sodium current (INaL) was demonstrated at lower temperatures, confirming the temperature dependence of these
interactions. These findings underscore the critical role of the human Ether-a-go-go-Related Gene (hERG) in the thermal
adaptation of the ventricular myocardium and provide a computational framework for investigating the mechanisms of
thermo-induced arrhythmias.

Keywords — temperature effects; cardiac electrophysiology; sensitivity analysis; Morris method; temperature coefficients
Q10; action potential; ion channels.

I INTRODUCTION Recent meta-analyses and global epidemiological
studies indicate a direct correlation between environ-

mental temperature fluctuations and an increased risk of
cardiovascular complications. It has been established
that every 1 °C rise in ambient temperature significantly
raises cardiovascular mortality rates, while prolonged
), the resting membrane potential (¥, ), and other elec-  heatwaves correlate with a mortality increase of = 17%,
trophysiological parameters[1]. Along with its independ- ~ particularly among patients aged over 65 years[4]. Such
ent effect on the cardiac conduction system, thermal @ statistical correlation underscores the urgent need for
stress exhibits synergism with pathological factors such @ detailed study of the ionic mechanisms underlying my-
as impaired ionic homeostasis and hypoxia, which signif- ~ ocardial thermal adaptation, because thermal stress can
icantly increases the risk of ventricular fibrillation [2].  act as a trigger for fatal rhythm disturbances.

Understanding these processes is critical for assessing
the physiological state under temperature fluctuations or
during clinical procedures involving thermal effects on
cells. A prime example is radiofrequency ablation (RFA),

Temperature exerts a deep influence on the morphol-
ogy and characteristics of cardiomyocyte action poten-
tials (AP), specifically affecting action potential duration
(APD), the maximum rate of depolarization ((dV / dt) .«

Contemporary research relies not only on experi-
mental data but also on mathematical models validated
in vivo and in vitro. One of the most advanced mathemat-
ical models of human cardiac electrophysiology is
which employs high temperatures (> 50 °C) to destroy the ToR-ORd (Tomek-O'Hara-Rudy, 2019) model[5].

pathological ~myocardial regions, directly altering ;,jive the O'Hara—Rudy (2011) model, this version fea-
the electrophysiological properties of cardiomyocytes /a5 refined description of potassium channel kinetics
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and intracellular calcium dynamics. Since these channels
exhibit high temperature sensitivity [6], [7], the ToR-ORd
model is the most suitable for investigating thermal
effects. However, the original model is calibrated for
a stable temperature of 37 °C, which limits its applicabil-
ity in scenarios where temperature is a variable factor.

Among the mechanisms underlying the temperature
dependence of cardiac cells, ion-channel modulation
remains the most extensively studied. Temperature
variations affect ion diffusion rates, activation and
inactivation kinetics, and biochemical processes involved
in transmembrane transport [1]. However, despite
a significant amount of research focused on individual
channels, many ionic currents and their combined
temperature-dependent interactions remain
insufficiently characterized, especially in human
ventricular cell models. Therefore, the incorporation of
extrapolated experimental data and approximated O

coefficients is necessary for processes where direct
human data are unavailable [8]. This approach allows for
extending the model's capabilities by accounting for tem-
perature effects across a wide range of ionic currents.

Although modern electrophysiological models of
human cardiomyocytes provide detailed descriptions of
ionic currents and calcium handling, their thermal
component remains insufficiently developed. Previous
studies have often relied on older models with simplified
calcium and potassium dynamics, and there is still no
systematic analysis of the temperature dependence of
the human-based ToR-ORd model that would quantify
the contribution of individual currents and nonlinear
interactions to AP formation under hypo- and
hyperthermic conditions. Therefore, the aim of this study
is to develop a temperature-modified version of the ToR-
ORd model using Q) coefficients and to identify the key

ionic mechanisms responsible for AP thermal adaptation
through sensitivity analysis.

1. MATERIALS AND MEETHODS

A. General Research Framework

The study is based on the modification of a mathe-
matical model and the analysis of its sensitivity to ther-
mal effects.

The research framework consisted of three
consecutive stages. First, a temperature-dependent
version of the ToR-ORd model was developed by
incorporating O, coefficients into the descriptions of

ion-channel conductance and kinetics. Second,
simulation  protocols were applied to Vverify
the electrophysiological behavior of the modified model
and to perform local and global sensitivity analyses.
Finally, the obtained results were statistically processed
and interpreted to rank the temperature-sensitive
parameters and identify the key ionic mechanisms
involved in AP thermal adaptation.

Phase I: Thermosensitive Model Formulation

Baseline Electrophysiology
Tomek-O’Hara-Rudy (ToR-ORd) Model

' '

Conductance Scaling

Gating Kinetics
; T ar
Gi(T) = Gmas,i * Quo™ n(T) = 737i/Que"

Phase II: Simulation Protocols & Experiments

Computational Exper-
iments & Verification
Model behavior validation under thermal stress

!

tion Protocols
1

Phase III: Analysis & Results Interpretation

Data Processing & Parameter Ranking
Statistical analysis of simulation outputs

The general framework of the research algorithm is
shown in

B. Mathematical Model of Cardiac Cell
Electrical Activity

The study is based on the ToR-ORd mathematical
model [5], which describes the electrophysiology
of the ventricular myocyte. The evolution of the mem-
brane potential ¥, is described by the classical current

balance equation, where the rate of change of the poten-
tial is determined by the difference between the external
stimulus current and the total transmembrane ionic cur-
rent:

dv,
Cp d_tm =~Lion = Lgtim)s
where C,, is specific membrane capacitance, I;, is

applied stimulus current, 7, is aggregated current
encompassing contributions from ion channels, pumps,

and exchangers.

Within the scope of this work, I;,, was decomposed

n
into its individual components to facilitate the introduc-
tion of temperature dependence using O coefficients,
which modulate both the maximum
conductances/permeabilities and the kinetic gating
parameters. Depending on the current formulation,
these kinetic parameters include the time constants of
activation and inactivation gates, for example t,,, 15,

'Cj for [Na; Tl and ThL for [NIJL; Td rf,and TjCa
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-related constants for I,; ; T, and T, for I, ; and

t,/7; -related constants for /,,. For Markov-type

descriptions, such as IKr, temperature scaling was
applied to the corresponding transition rate constants
rather than to a single time constant.

C. Temperature Integration in the Model

The ToR-ORd model was modified using Q; coeffi-

cients to account for the temperature dependence of key
ionic conductances and kinetics. The application of
the O, temperature coefficient is based on the empiri-

cally established exponential relationship between tem-
perature and both the rate constants (kinetics) and
the maximum conductance of ion channels. This
approach serves as a biological interpretation of the
Arrhenius equation, which describes the activation
energy required for the conformational transitions of
channel protein molecules during their switching
between functional states [9].

The temperature effect on the modified model
parameters is determined using an exponential factor
k7 , which is calculated relative to a reference tempera-

ture

Ter =37 °C (or 310.15,K):

_T-Ty)
exp — 10 s
Tre
kr :Qlofa

where T is current temperature, Q; is process-specific

coefficient that defines the change in reaction rate for
every 10 °C change in temperature.

All Q¢ coefficients are dimensionless.

For ion channels, pumps, and exchangers, the tem-
perature correction of the current amplitude is per-
formed by scaling the maximum conductance (G) or per-
meability (P):

G(T) = Gy -y,
P(T)= Py k.,

where G,,, B are initial conductance and permea-
bility, respectively.

The temperature effect on the kinetics of channel
opening and closing is taken into account in two ways,
depending on the formulation of the equations in
the model:

e If the kinetics are described using time constants
(t), an increase in temperature accelerates
the processes, leading to a decrease in the time
constants:

Tref
ry=—"L,
ouT) K

e where 1, represents the functions describing

the ion channel time constants.

e If the kinetics is defined from rate constants
(as in Markov models), they are scaled directly:

o(T) = er -k,
B(T) = ﬁi‘ef : kTy
e where a,,, B.s are functions describing

the opening and closing rates of the ion
channels, respectively.

Qo coefficients were selected from literature

sources using a hierarchical approach, prioritizing exper-
imental data obtained from human cells. When such data
were unavailable, alternative well-established values
from the literature were adopted, which introduces an
additional source of variability(e.g., Sarcoplasmic/Endo-
plasmic Reticulum Ca2+-ATPase (SERCA), Na-K pump).
The Qo valuesused for the primary model components

are summarized in table 1.

D. Simulation and Analysis Protocol

The investigated temperature range (25-45 °C) is
determined by the physicochemical constraints of bio-
logical structures and the specificity of available experi-
mental data. The lower bound (25 °C) corresponds to
the conditions of most patch-clamp ion channel studies,
as lower temperatures often lead to technical instability
of cellular membranes [22], [23]. The upper bound
(45 °C) is defined by the thermal denaturation threshold
of protein structures. Beyond these limits, the system's
behavior changes fundamentally and requires descrip-
tion via Macromolecular Rate Theory (MMRT) instead of
the exponential Q) approach [24], [25].

For the numerical simulation of the model, the
specialized Myokit library (v.1.33) [26] in Python was
utilized. Since the model is described by a stiff system of
ordinary differential equations (ODEs), the CVODE (C-lan-
guage Variable-coefficient Ordinary Differential Equation
solver) integrator from the SUNDIALS (SUite of Nonlinear
and Dlfferential/ALgebraic equation Solvers) [27] was
employed. This tool is specifically optimized for solving
systems characterized by a significant disparity in
the time scales of the underlying processes.

Since the establishment of ionic homeostasis (partic-
ularly for [Na*]; and [Ca®'],

i ; concentrations) is a pro-
longed process, a pre-simulation was performed to sta-
bilize the model before each calculation. The stabilization
criterion was defined as a relative change in the sodium
ion concentration at the end of a cycle which did not
exceed 0.001%. To satisfy this requirement, a protocol of
2000 preparatory cycles (1 s each) was established in
accordance with current standards in biophysical

research [28], [29].
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TABLE 1 QIO TEMPERATURE COEFFICIENTS FOR THE PRIMARY COMPONENTS OF
THE TOR-ORD MODEL.
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Func- Parame- Model pa- Value Source
tional ter Group rameter (Q10)
System
Sodium Fast 1y, Q10_GNa 14 [10]
Currents
Conduct-
ance
Fast | Q10 INa_ 2.0 [11]
ek 2.0
Activation
Fast 1, Q10 INa j 3.1 [12]
Inactiva-
tion
Late Q10 GNaL | 1.5 [13]
Inar
Conduct-
ance
Late Q10 INaL_ | 2.0 [13]
I Nal kinetics
Kinetics
Potassium | Rapid Q10_GKr 2.1 [14]
Currents Rectifier
( [Kr )
I, Gat- Q10 IKr x | 4.69 / | [14]
. r . r_fast/slow 4.55
ing Kinet-
ics
Slow Rec- | Q10_GKs 3.1 [15]
tifier
( [KS )
Igy Ac- SlO_IKs_x 4.9 [15]
tivation
Inward Q10 GK1/ | 1.8 /| [16]
Rectifier kinetics 3.9
(k)
Transient Q10_Gto 1.23 [17]
Outward
([ t0 )
I.» Gat- Q10 Ito a/ | 1.76 / | [17]
t0 .
. 1 4.2
ing
Calcium L-Type Q10 PCaL | 1.5 Passive aque-
Dynamics | Permea- ous diffusion
bility (assumption)
I Q10 ICaL | 2.1 [18]
CaL d/f/fCa
Gating
(VDI/CDI
)
SERCA Q10 _Jup 3.13 [19]
Pump
+ H Q10 _NaK 1.87 [20]
Transport Na™ /K
Pump
10 NCX | 2.6 21
Na* / Ca| 2"~ [21]
Ex-
changer
Leak Cur- | Q10 GbNa | 1.5/1. | Passive aque-
ground & | rents / GbCa 5 ous diffusion
(assumption)

The following parameters were used to evaluate the
functional state of the model:

Resting Membrane Potential ( V.., ): The value of

the membrane potential at steady state prior to

stimulation.

(dV ] dt),,y : The peak value of the time deriva-

tive of the membrane potential during phase 0
(depolarization).

e Action Potential Amplitude (APA): The difference
between the maximum depolarization peak and

theV,, level.

e Action Potential Duration (APD): The time inter-
val from the moment of maximum depolariza-
tion rate to 50% (APD50) and 90% (APD90)
repolarization of the amplitude. APD90 is the pri-
mary indicator of total APD.

e Repolarization Morphological Index (RMI):
Defined as the time interval between 50% and
90% repolarization (APD90 — APD50).

e  Calcium Transient Amplitude ([CazJr ];): Defined

as the difference between the peak (systolic) and
baseline (diastolic) concentrations of free cyto-
solic calcium during a single cardiac cycle.

E. Combined Approach Based on Local
and Global Sensitivity Analysis

To investigate the mechanisms of thermal adaptation
in detail, a combined approach was employed, integrat-
ing local and global sensitivity analysis methods.

The local analysis is based on the calculation of elas-
ticity coefficients E [30]. This approach allows for

param
the assessment of the relative contribution of each indi-
vidual temperature coefficient to the change in APD.
Since the baseline value of the factor k7 at37 °Cis equal

to unity, the expression (O param —1) reflects the rela-

tive variation of the parameter for a 10 °C step. The cal-
culation is performed using the following formula:

E _ (APDj, — APDref) /APDref
param — >
Ql 0, param -1

where APD,,, is APD obtained through the isolated ac-
tivation of a specific temperature coefficient; APD,.,, is

o

the reference APD at 37 °C; Oy pyram is the value of the

corresponding temperature coefficient from table 1.

To fully elucidate the nature of thermal sensitivity,
simulations were performed under three complemen-
tary scenarios. In the first scenario, all Q) coefficients
were activated simultaneously to evaluate the total inte-
grated temperature response of the model. In the sec-
ond scenario, temperature dependence was applied only
to the Nernst equations, while all Oy coefficients were

fixed at unity, allowing the passive thermodynamic con-
tribution to be isolated. In the third scenario, each Q)

coefficient was activated individually while maintaining
the temperature dependence of the Nernst equations,

®
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which made it possible to estimate the isolated contribu-
tion of each ionic mechanism.

E 4ram 1s calculated specifically for this scenario to

identify the isolated contribution of each channel.

Global sensitivity analysis was conducted using
the Morris elementary effects method [31] for 30 °C and
42 °C regimes. This method allows for exploring the pa-
rameter space beyond the local neighborhood of the ref-
erence point and assessing nonlinear interactions. For 28
parameters, a variation range of + 30% from their base-
line values was established. The number of trajectories
(r = 100) (totaling 2,900 simulations per scenario)
ensured high coverage density of the parameter space

Oip -

Statistical processing of the results included the cal-
culation of two key indices:

. u* (Mean of the absolute elementary effects):

The average of the absolute values of the ele-
mentary effects. This index serves as an integral
measure of the overall significance (importance)
of a parameter. A high value indicates that the in-
vestigated ionic mechanism plays a key role in
APD90 variability during temperature changes
and is a determining factor in myocardial thermal
adaptation.

e o (Standard deviation of the elementary
effects): This index acts as a measure of the mod-
el's response nonlinearity. A high value suggests
that the influence of a given Q) changes signif-

icantly depending on the values of other param-
eters, indicating the presence of synergistic or
antagonistic interactions between ion channels.

F. Visualization and Statistical Decomposi-
tion Methods

To provide a comprehensive interpretation of
the simulation results and to reveal the structure of non-
linear interactions between ionic components, several
complementary visualization and statistical decomposi-
tion methods were applied.

First, contribution decomposition was used to sepa-
rate the total temperature-induced change in APD90 into
individual linear contributions associated with specific
ionic currents and a residual nonlinear interaction term.
This approach made it possible to quantify the relative
role of each temperature-dependent mechanism in
APD90 prolongation or shortening and to estimate
the contribution of synergistic or antagonistic interac-
tions that cannot be explained by isolated parameter ef-
fects alone.

The results of global sensitivity analysis were addi-
tionally represented in the Morris parameter space using
scatter plots in “influence—interaction” coordinates. In

this representation, the mean of the absolute elemen-
tary effects, p*, characterizes the overall influence of
a given Q) coefficient on APD90, whereas the standard

deviation, o, reflects the degree of nonlinearity and
the intensity of its interaction with other model parame-
ters. Therefore, parameters with high p* and low o
were interpreted as dominant but relatively independent
regulators of APD90, while parameters with simultane-

ously high u* and high ¢ were considered nonlinear

modulators whose effects strongly depend on the state
of other ionic mechanisms.

To compare the relative importance of the tempera-
ture-sensitive parameters under different thermal condi-
tions, hierarchical ranking diagrams were constructed

using the Morris u* index. These diagrams allowed

the identification of dominant target mechanisms under
hypothermic and hyperthermic conditions and made it
possible to assess whether the same ionic currents pre-
serve their regulatory role across different temperature
regimes. In addition, heatmap visualization was used to
represent the direction and magnitude of individual Oy

-dependent contributions over the investigated temper-
ature range, thereby illustrating the transition from
APD90 prolongation during cooling to APD90 shortening
during heating.

Finally, phase portraits of intracellular calcium con-
centration versus membrane potential were constructed
to evaluate temperature-dependent changes in electro-
mechanical coupling. These hysteresis-like loops were
used to analyze the temporal relationship between
membrane excitation and the calcium transient during
the action-potential cycle. Changes in the width, com-
pression, and orientation of the phase loops were inter-
preted as indicators of altered synchronization between
electrical activation and intracellular calcium handling
under hypo- and hyperthermic conditions.

1. RESULTS

A. Temperature Dependence of the Model's
Electrophysiological Characteristics.

As a result of the simulation, the time dependences
of the AP and calcium transient in the temperature range
of 25 to 45 °C were obtained ( ). Under deep hypo-
thermia (25 °C) APD90 increased by 52.47% compared to
the baseline level (37 °C), reaching 413.07 ms. The RMI
parameter increased by 169% (from 49.78 ms to
133.92 ms), indicating a significant slowing of the final
repolarization phase.

Excitability parameters also underwent changes.
At 25°C, V,,,, shifted toward depolarization by 4.8 mV

(to —84.21 mV). Despite the resting potential's approach
to the activation threshold, (dV/dt),, decreased
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by 37.51% (to 59.77 V/s). The observed APD90 prolonga-
tion correlates with experimental findings on isolated
human heart preparations, where hypothermia was
reported to cause similar AP lengthening due to
a marked reduction in the conductances of the rapid and
slow components of the delayed rectifier potassium cur-
rent (Ig, and Ig,) [32]. The dynamics of change in

the model agree with experimental trends, although ab-
solute duration values may vary within a range of 5-12%.

Under hyperthermia (42 °C), APD90 decreased
by 22.03% (to 211.24 ms), while (dV / dt) . Simultane-

ously increased to 111.17 mV/ms (Fig. 3). This aligns with
clinical data, where QT interval shortening is a typical
marker of tachyarrhythmia risk during fever [32]. The for-
mation of a hyperexcitable state alongside a shortened
refractory period creates a substrate for re-entry mecha-
nisms [33].

Particular attention should be paid to the calcium

transient amplitude [Ca2+ J;» which exhibits a nonlinear
behavior with a minimum around 34 °C (Fig. 2). At 25 °C,

the peak [Ca’'].

; concentration increased by 78.8%
(to 0.69 uM), whereas at 42 °C, the increase was moder-
ate (+13.6%, 0.44 uM). The increase in calcium transient
amplitude during cooling is a classic effect in cardiac
physiology, attributed to the altered balance between
the Na-Ca exchanger (NCX) and SERCA pump activities

[34].

The characteristic minimum below the physiological
norm (37 °C) is a specific feature of this model. This may
suggest that the optimal balance between the capture
rate of calcium by the SERCA pump and its release via
ryanodine receptors (RyR) is achieved specifically within
the range of moderate hypothermia (33-35 °C). Such
a state underlies the protective effect of targeted tem-
perature management (32-34 °C) following ischemia
[35]. However, it is noteworthy that recent clinical stud-
ies on temperature effects demonstrate similar efficacy
for milder cooling (= 36 °C), questioning the exclusivity of
the narrow "therapeutic window" of 32—34 °C [35].

B. Model Sensitivity Analysis

Local sensitivity analysis of individual temperature-
dependent parameters identified the key ion channels
that exert a predominant influence on AP duration in
the model. (Fig. 4) presents the decomposition of contri-
butions from various parameters to the change in APD90.
The results indicate the presence of nonlinear interac-
tions among AP components within the model: while
their total synergistic contribution is negligible at 42 °C,
the residual term (nonlinear interaction) becomes prom-
inent at 30 °C. This suggests a complex synergy between
ionic components under hypothermic conditions.

Analysis of individual parameter contributions
demonstrated a reversal in the sign of the effect when

shifting from 30 °Cto 42 °Crelative to the reference point
of 37°C. This occurs because the k; factor alters
the process dynamics depending on the direction of
the temperature deviation. At 30 °C, the high thermal
sensitivity Q) for the /g, current leads to a substantial

prolongation, with AAPD =+67.1 ms, because cooling
inhibits the outward potassium flux. Conversely, at 42 °C,
the same parameter becomes the primary driver of AP
shortening, with a 42.3 ms reduction in APD90 due to
accelerated repolarization.
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Fig. 2 Temperature-dependent waveforms generated by the Qo
-modified ToR-ORd model: a) AP; b) calcium transient.
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The influence of O for the NCX at 30 °C contributes

to AP shortening, producing a 40.8 ms reduction in
APD90, whereas at 42 °C it contributes to APD
prolongation, with AAPD = +34.1 ms. A similar behavior

@ Sensitivity at 30°C ®) Sensitivity at 42:C
Q10.cke Q10.cke
Q10 1CaL fCa 10 GNaL
Q10 NCX Q10 ICaL fCa
Q10 GNaL Q10 NCX
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Fig. 5 Sensitivity ranking based on elasticity coefficients: relative
contributions of temperature-dependent parameters to APD90
modulation: a) at 30 °C; b) at 42 °C. (higher values = greater im-
pact).
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is observed for I, , where the effect shifts froma 12.4
ms reduction in APD90 under hypothermia to a 14.7 ms
increase under hyperthermia (Fig. 5).

To visualize the relative influence of individual param-
eters on APD across different temperatures, a heatmap
of their contributions was generated (Fig. 6).

For a detailed analysis of the model's global sensitiv-
ity and nonlinearity, the Morris method was applied. This
approach facilitated the ranking of parameters based on

the mean of the absolute elementary effects ( u* ), which

determines the overall importance of a parameter, and
the standard deviation of the elementary effects (o),
which serves as a measure of response nonlinearity and
the presence of inter-parameter interactions (Fig. 7).

According to the Morris index u* (Fig. 8), the largest

contributions to APD90 variability under both tempera-
ture regimes are attributed to:

1. @ for the conductance of rapid delayed recti-
fier potassium channels (Gg, ): u* =51,9
at30°Cand p = 36,75 at 42 °C.

2. Q for NCX: n"=38,7 at 30°Cand p' =19,8
at42°C.

3.  Q forthe calcium-dependent inactivation of L-
type (fea):
at30°Cand p’ =25,5at42 °C.

calcium channels u* =16,65

Analysis of the o indices revealed a shift in the
nature of nonlinearity depending on the thermal regime.
At 42 °C, a "destabilization" of the fast sodium channels

is observed: o for these parameters exceeds u* by 2,5—

3 times, indicating the emergence of complex
interactions between the depolarization phase and other
currents. Conversely, the g, parameters exhibit

a consistently high u* with a low &, positioning it as an
independent factor influencing APD.

Ranked Influence on APDy

[ms]
w & oa
g & 8

8

Mean absolute effect, u*
3

Fig. 8 Hierarchical ranking of dominant Oy parameters in the model

%
based on Morris p  index under hypothermic and hyperthermic con-

ditions.
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The redistribution of nonlinearity among calcium-
handling components is of particular interest. At 30 °C,
high nonlinearity is observed for Fr,; (L-type channel

permeability) and  NCX, suggesting a high
interdependence of calcium homeostasis processes
during cooling. Upon heating to 42 °C, these parameters
become more "linear," while the primary nonlinearity
shifts toward I,,; , which may explain the increased
susceptibility  to critical
hyperthermia.

arrhythmias during

C. Restitution Dynamics and Phase Analysis
of Electromechanical Coupling

To perform an in-depth analysis of the cardiomyo-
cyte's dynamic stability, the cell's recovery capability
(restitution) following premature excitation was evalu-
ated. The S1-S2 protocol [36], [37] was employed to con-
struct APD restitution curves and analyze the phase por-
traits of electromechanical coupling. The protocol
involved a series of 500 basal stimuli (S1) at a constant
pacing frequency (basic cycle length of 1000 ms) to
achieve a steady state of ionic concentrations. Subse-
quently, a single premature test stimulus (S2) was
applied. The S1-S2 coupling interval was incrementally
decreased with a step of 10 ms (and a finer step of 1-
5 ms near the refractory threshold) until the loss of cel-
lular excitability. Based on the obtained data, APD resti-
tution curves were constructed, representing the
dependence of the S2 test response (APD90) on the pre-
ceding diastolic interval (DI) ( ). This approach facili-
tated the identification of critical transition points from
an adaptive physiological response to pathological mem-
brane potential instability.

Under deep hypothermia (25 °C), the restitution
curve exhibits high steepness. The maximum slope
(S0 ) significantly exceeds the critical value of 1.0,

reaching 1.35. According to the Nolasco—Dahlen crite-
rion, such a state is a classic indicator of susceptibility to
electrical alternans and the breakup of the excitation
wave into fibrillatory rotors [38], [39]. Conversely, at
42 °C, despite the AP shortening, the restitution curve
becomes flatter, and the slope approaches unity only at
extremely short diastolic intervals (< 10 ms). Thus, hyper-
thermia partially "masks" electrical instability through
accelerated repolarization, whereas hypothermia cre-
ates conditions for re-entry arrhythmias via steep resti-
tution.

At 30 °C, the phase loops ( ) reflect a substantial
alteration in the kinetics of excitation-contraction cou-
pling. The trajectory is wide and elongated along the
potential axis (the operating range, where calcium con-
centration remains elevated, spans = 102 mV). The peak
of the calcium transient (0.42 uM) is reached with a delay
relative to the voltage peak, indicating preserved, albeit
slowed, kinetics of calcium release from the sarcoplasmic
reticulum [34], [40].

At 42 °C, a "compression" effect of the phase portrait
is observed. The active voltage range narrows by 3.5
times (to = 28 mV). However, the peak calcium concen-
tration paradoxically increases to 0.44 uM. Concurrently,
the latency between depolarization and the calcium re-
sponse is shortened. This indicates an "explosive" nature
of calcium release: within the very short duration of the
electrical pulse, the cell manages to mobilize a significant
amount of ions, creating a risk of calcium overload even
in the absence of overt electrical disturbances.
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Dynamic analysis of ionic fluxes ( ) confirmed
the mechanism of adaptive inversion in repolarization
components. At 42 °C, the amplitude of I, increased

more than threefold compared with 30 °C, thereby
providing robust repolarization and preventing critical AP
prolongation. At the same time, the I-,; current-volt-
age (I-V) loop shifted toward more positive potentials, in-
dicating that hyperthermia intensifies calcium influx dur-
ing the early phases of the AP. This explains the increased

[CazJr ]; despite the shortened duration of the electrical
pulse.

D. Validation of the Developed Model

Model validation was performed by comparing key
electrophysiological characteristics of the AP with exper-
imental data from human ventricular cardiomyocytes.
To evaluate the electrophysiological changes, APD90 and
(dV /dt),,,, were selected as the primary evaluation

metrics.

At the physiological temperature of 37 °C, the model
exhibits an APD90 of 270.91 ms, which falls within
the typical range of 270-310 ms reported for human
ventricular cells in experimental studies and contempo-
rary electrophysiological models [5], [29].

Upon decreasing the temperature to 25°C,
the APD90 reaches 413.07 ms, representing a 52.47%
increase relative to the baseline state. Experimental
research indicates that cooling cardiomyocytes from
37 °C to 25 °C leads to an AP prolongation of approxi-
mately 40-70% [12], [16] , which is consistent with
the simulation results.

Increasing the temperature to 42 °C results in a pre-
dicted APD90 shortening to 211.24ms (a 22.03%
decrease), aligning with established experimental obser-
vations of accelerated repolarization at elevated temper-
atures [41].

Furthermore, the model replicates the reduction in
the maximum rate of depolarization during cooling:
(dV /dt),,,, decreasesfrom 95.64 to 59.77 V/s. This ef-

fect is attributed to the slowing of sodium channel acti-
vation kinetics and is also in agreement with experi-
mental findings [9], [12].

TABLE 2 COMPARISON OF SIMULATION RESULTS WITH LITERATURE DATA.

Temperature APD90 Change Experiment
(Model) (%)

25°C 413.07 ms 52.47% +40-70%
[12], [16]

30°C 359.55 ms 32.72% Prolongation
[12],[32]

37°C 270.91 ms baseline | 270-310 ms
[5]. [29]

42 °C 211.24 ms —22.03% | Shortening
[41]

To quantitatively assess the consistency of the model
results with experimental data, the relative deviation
of APD90 changes from the mean of the experimental
range was evaluated. For a temperature of 25 °C, the
average experimental increase in APD is approximately
55% (within the 40-70% interval). The model's value of
52.47% corresponds to a deviation of approximately
4.6% from this mean value.

Such a deviation is considered negligible for biophys-
ical models of cellular electrophysiology and indicates
excellent agreement between the simulation results and
experimental observations.

For additional verification of the developed parame-
ter modification algorithm, a cross-model comparative
analysis was performed, referencing the author's previ-
ous research [42]. In that work, analogous O, temper-

ature coefficients were applied to the classic Luo-Rudy
(LR) and Hodgkin-Huxley (HH) models ( ).

All models demonstrate a consistent qualitative tem-
perature dependence: an increase in temperature results
in a decrease in APD90 and an increase in (dV / dt), 4y -

Quantitative differences are attributed to the distinct pa-
rameterizations of ion channels and calcium handling
mechanisms. The peak calcium transient is reproduced
only in the modern model (ToR-ORd), whereas the Hodg-
kin—Huxley and Luo—Rudy models, in the configurations
used, do not contain a detailed description of intracellu-
lar calcium dynamics. Overall, the results demonstrate
a high degree of consistency between the proposed
model and both experimental data and established bio-
physical models of cellular electrophysiology.

V. Discussion

The obtained results underscore the complex, nonlin-
ear nature of the temperature dependence of cardiomy-
ocyte electrical activity [43]-[45]. The central conclusion
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of this study is the fact that the mechanisms of cardiac
rhythm destabilization under hypothermia (30 °C) and
hyperthermia (42 °C) have fundamentally different bio-
physical origins, which requires a differentiated approach
to understanding thermally induced pathologies [32].

The observed phenomenon of "role inversion"
(the reversal of the sign of the effect on APD during hypo-
and hyperthermia) for ion channels—specifically NCX
and [p,; —demonstrates that cellular thermal adapta-

tion is not a simple linear shift in reaction rates [44].
The transition of NCX from an AP-shortening factor at
30 °C to a prolonging factor at 42 °C is explained by
the altered balance between the temperature-depend-
ent kinetics of the exchanger and the voltage-dependent
ionic gradients.

Of particular note is the adaptive role of the rapid
delayed rectifier potassium channels ... The 3.5-fold

increase in Iy, amplitude during hyperthermia acts as

a powerful protective mechanism that prevents exces-
sive AP prolongation and the occurrence of early afterde-
polarizations (EADs), consistent with both in silico and
cellular research findings [46], [47].

However, the high nonlinearity of the sodium current
(Ip,) at 42 °C, identified via the Morris method, indi-

cates that this stability is fragile: any combination of
hyperthermia with genetic mutations (e.g., Long QT Syn-
drome) or pharmacological interventions could lead to
an unpredictable repolarization failure [47].

The most unexpected finding is the disruption of elec-
tromechanical coupling observed at 42 °C. Traditionally,
AP shortening is thought to reduce the time for calcium
entry. However, the phase portrait data demonstrate
the opposite: despite a critically short AP, an "explosive"

increase in the [Ca2+]~ peak to 0.44 uM occurs [32],

[48].

This phenomenon can be explained by a combined
effect of altered /,; dynamics and disrupted calcium

homeostasis. At elevated temperatures, the I-,/

current-voltage loop shifts toward more positive
potentials, which promotes more intensive calcium influx
during the early phases of depolarization. At the same
time, compression of the phase loop along the voltage
axis, together with preserved high calcium amplitude,
suggests that the cell loses part of its ability to regulate
calcium release from the sarcoplasmic reticulum
adequately. This may be associated with accelerated
RyR-mediated release and SERCA-dependent calcium
cycling.

This establishes a specific mechanism of arrhythmo-
genesis during fever: triggered activity takes precedence
over re-entry. Calcium overload at high heart rates can
provoke delayed afterdepolarizations (DADs).

Despite the statistically significant results, several
methodological limitations should be acknowledged:

e Absence of direct experimental verification: Due
to the scarcity of data on the activity of isolated
human cardiomyocytes at 30°C and 42 °C,
the model's systemic response is a result of
mathematical extrapolation.

e Heterogeneity of Q) sources: The temperature

coefficients were sourced from various studies
where they were calculated for isolated ion chan-
nels. The question of their collective adequacy
within the dynamic environment of a whole cell
remains open.

e  \Variability in literature data: Discrepancies in
Oy values across the literature, arising from dif-

ferent experimental methodologies, may be am-
plified by the nonlinear nature of the model.

e Simplification in sensitivity analysis: The Morris
method serves as a qualitative screening tool.
The application of more precise global sensitivity
methods (e.g., Sobol' indices [44]) was limited by
their high computational burden.

e  Modelisolation: This study describes a single ep-
icardial myocyte and does not take into account
intercellular interactions via junctions or the
inherent heterogeneity of the myocardium
(e.g., transmural gradients).

CONCLUSIONS

As a result of this study, a temperature-dependent
modification of the ToR-ORd model was developed,
accounting for the effects of temperature on key ion
channels, pumps, and exchangers. Proposed
modification of the model facilitated a more detailed
description of the electrophysiological behavior of
human ventricular cardiomyocytes under temperature
deviations from physiological norms. Sensitivity analysis
identified the predominant in the model parameters
responsible for AP thermal regulation. It was established
that the primary determinant of repolarization duration
adaptation is the rapid delayed rectifier potassium cur-
rent /g, . Its contribution to the total reduction of APD90

during hyperthermia amounts to 84.62%, underscoring
the critical role of Ether-a-go-go-Related Gene (hERG)
channels in maintaining myocardial electrical stability.

It has been demonstrated that the influence of key
ionic mechanisms on AP duration fundamentally
depends on the direction of the temperature deviation
from the physiological norm. Mechanisms that contrib-
ute to AP shortening under hypothermia (e.g., NCX
current) cause its prolongation under hyperthermia.
The most stable and potent regulator of repolarization
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across the entire investigated range (25-45 °C) was iden-
tified as the current I,.. Its amplitude at 42 °Cincreases

3.5-fold compared to the 30 °C regime, performing a key
adaptive function in maintaining electrical stability.

It was established that under conditions of deep
hypothermia (30 °C), the primary factor of arrhythmo-
genic risk is electrical instability, caused by a sharp
increase in the steepness of the electrical restitution
curve (S1-S2 protocol), where the maximum slope
exceeds the critical threshold of 1.35. This creates
a favorable substrate for the emergence of APD alternans
and the subsequent breakup of the excitation wave by
the re-entry mechanism. Conversely, during hyperther-
mia (42 °C), restitution remains relatively flat; however,
the risk of mechanical and metabolic destabilization
increases significantly due to the critical shortening of
the diastolic interval and alterations in intracellular
calcium dynamics.

Analysis of the phase portraits [CazJr 1, -V,, demon-

strated that at 42 °C, a sharp compression of the phase

loop along the voltage axis occurs (by a factor of 3.5),
accompanied by an increase in the peak free calcium
concentration to 0.44 uM. The shortening of the time
latency between the voltage peak and the calcium tran-
sient indicates a transition to highly accelerated calcium
homeostasis kinetics. This elevation in kinetics increases
the probability of calcium overload and the emergence
of focal triggered activity (extrasystoles), even when
the electrical stability of the membrane remains rela-
tively preserved.

Global sensitivity analysis using the Morris method
confirmed that under extreme hyperthermia, fast
sodium channels (/,, and their kinetic parameters)
transition into a high-nonlinearity regime, where
the nonlinearity index o is three times greater than

the mean of the absolute elementary effects p*. This
indicates that at high temperatures, the cell's electrical
response becomes less predictable and highly sensitive
to background fluctuations in other ionic currents.
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AHoTauisa— Y poborti npeacraBneHo po3pobKy moaudikoBaHoi enekTpodisionoriuHoi mogeni enikapgianbHOro Kapaiomio-
uMTa NIOAMHU 3 YPaXyBaHHAM TeMnepaTypHOro BMN/IMBY Ha KiHETUKY Ta NPOBiAHICTb iIOHHUX KaHaNiB 32 4ONOMOrol0 NapameT-
puuHo-cneundiuHnx KoedodiuieHtiB Q10. Ha ocHoBi moaudikoBaHOI Moaeni BUKOHAHO aHaNi3 TeMnepaTypHOi YyTAIMBOCTI AN
BU3HAUYEHHSA K/IOYOBUX IOHHMX MEXaHi3MiB, WO perynioloTb TemnepaTypHy aganTtauilo TpuBanocti noteHuiany aii (APD).
MogentoBaHHA BUKOHAHO B Aiana3oHi Temnepatyp 25-45 °C i3 BUKOPUCTAHHAM ribpuAaHOro niaxoay, Wo NOEAHYE NOKANbHUM i
rnobanbHUIA aHani3n YyTAMBOCTI. JIOKaNbHUIA aHaNI3 34iACHEHO WIAXOM PO3PaXyHKY KoedilieHTiB eNacTUYHOCTI AN1A OLiHIo-
BaHHA BMJIMBY OKpPemMMUX TemnepaTypHux napametpis Ha APD. Mob6anbHuii aHanis npoBeaeHO 3 BUKOPUCTAHHAM meToAy
enemeHTapHux edeKris Moppica AnA paH)KyBaHHA NapamMeTpiB 3a iXHIM BNIMBOM Ta BUAB/IEHHA HENiHIMHUX B3aEMOA,iit.

Pe3ynbTaT NOKasanum, Wo WBUAKUIA KanieBUIA CTPyM 3aTpumaHoro sunpamneHHs (IKr) Bigirpae nepeBakHy ponb y moay-
nauii APD. Ha Hboro npunapae npubansHo 85% 3aranbHoro ckopoyeHHAa APD npu nigsuweHHi Temnepatypu go 42 °C, ge
TPUBaNicTb NoTeHuUiany Aii 3meHwyetbea Ha 22,03% (3 270,91 mc Ao 211,24 mc). 3a ymos rmbokKoi rinotepmii (25 °C) cnocrepi-
rasoca NoAOBXKEeHHA NoTeHuiany Aii Ha 52,47% Ta 36inblweHHA TpuBanocTi ¢pasmu penonapusauii Ha 169%. Kpim Toro, aocni-
OXXeHHA BUABUJIO, L0 NPU NOMipHiii rinotepmii (30 °C) BupiwanbHMM GpaKTOPOM CTalOTb HEeNiHilHI B3aEMOA(T MiXK pi3HUMM iOH-
HUMM KaHanamu. byno NposemMoHCTPOBAHO 3HAYHMI BHECOK HaTpili-Kanbuiesoro o6miHHMKa (NCX) Ta nisHboro HatpieBoro
ctpymy (INaL) npu HU3bKMX TeMnepaTypax, Wo NiATBEPAKYE TEMNEePaTypPHY 3a/1€XKHICTb LLMX B3aeMogiii. OTpUMaHi pesynbtatu
NigKpecnioTb KPUTUUHY POb NIIOACLKOrO reHy Ether-a-go-go-Related Gene (hERG) y TepmiuHili aganTauii Miokapaa WwayHou-
KiB i CTBOPIOIOTb PO3pPaxyHKoBY 6a3y Ans BUBYEHHS MEXaHI3MiB BUHUKHEHHSA TePMOiIHAYKOBAaHUX apUTMIiA.

Knruoei cnosa — memnepamypHi epekmu; enekmpodgpizionozia cepys; aHaniz yymausocmi; memoo Moppica; Koediyie-
Hmu Q10; nomeHyian 9ii; ioHHi KaHanu.

T8T/LSEBIW GSYY-£2ST/SESOTOT 10d

®
@ Copyright (c) 2026 B. O. Ieawyk, H. I'. IBaHyLKiHa



