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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-à-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; sensiƟvity analysis; Morris method; temperature coefficients 
Q10; acƟon potenƟal; ion channels. 

 

I. INTRODUCTION  
Temperature exerts a deep influence on the morphol-

ogy and characterisƟcs of cardiomyocyte acƟon poten-
Ɵals (AP), specifically affecƟng acƟon potenƟal duraƟon 
(APD), the maximum rate of depolarizaƟon ( ( / )maxdV dt

), the resƟng membrane potenƟal ( restV ), and other elec-
trophysiological parameters[1]. Along with its independ-
ent effect on the cardiac conducƟon system, thermal 
stress exhibits synergism with pathological factors such 
as impaired ionic homeostasis and hypoxia, which signif-
icantly increases the risk of ventricular fibrillaƟon [2].  
Understanding these processes is criƟcal for assessing 
the physiological state under temperature fluctuaƟons or 
during clinical procedures involving thermal effects on 
cells. A prime example is radiofrequency ablaƟon (RFA), 
which employs high temperatures (≥ 50 °C) to destroy 
pathological myocardial regions, directly altering  
the electrophysiological properƟes of cardiomyocytes 
[3]. 

Recent meta-analyses and global epidemiological 
studies indicate a direct correlaƟon between environ-
mental temperature fluctuaƟons and an increased risk of 
cardiovascular complicaƟons. It has been established 
that every 1 °C rise in ambient temperature significantly 
raises cardiovascular mortality rates, while prolonged 
heatwaves correlate with a mortality increase of ≈ 17%, 
parƟcularly among paƟents aged over 65 years[4]. Such 
a staƟsƟcal correlaƟon underscores the urgent need for 
a detailed study of the ionic mechanisms underlying my-
ocardial thermal adaptaƟon, because thermal stress can 
act as a trigger for fatal rhythm disturbances. 

Contemporary research relies not only on experi-
mental data but also on mathemaƟcal models validated 
in vivo and in vitro. One of the most advanced mathemat-
ical models of human cardiac electrophysiology is  
the ToR-ORd (Tomek–O'Hara–Rudy, 2019) model[5].  
Unlike the O'Hara–Rudy (2011) model, this version fea-
tures a refined descripƟon of potassium channel kineƟcs 
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1 and intracellular calcium dynamics. Since these channels 

exhibit high temperature sensiƟvity [6], [7], the ToR-ORd 
model is the most suitable for invesƟgaƟng 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 modulaƟon 
remains the most extensively studied. Temperature 
variaƟons affect ion diffusion rates, acƟvaƟon and 
inacƟvaƟon kineƟcs, 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 interacƟons remain 
insufficiently characterized, especially in human 
ventricular cell models. Therefore, the incorporaƟon of 
extrapolated experimental data and approximated 10Q  
coefficients is necessary for processes where direct 
human data are unavailable [8]. This approach allows for 
extending the model's capabiliƟes by accounƟng for tem-
perature effects across a wide range of ionic currents. 

Although modern electrophysiological models of 
human cardiomyocytes provide detailed descripƟons of 
ionic currents and calcium handling, their thermal 
component remains insufficiently developed. Previous 
studies have oŌen relied on older models with simplified 
calcium and potassium dynamics, and there is sƟll no 
systemaƟc analysis of the temperature dependence of 
the human-based ToR-ORd model that would quanƟfy 
the contribuƟon of individual currents and nonlinear 
interacƟons to AP formaƟon under hypo- and 
hyperthermic condiƟons. Therefore, the aim of this study 
is to develop a temperature-modified version of the ToR-
ORd model using 10Q  coefficients and to idenƟfy the key 
ionic mechanisms responsible for AP thermal adaptaƟon 
through sensiƟvity analysis. 

II. MATERIALS AND METHODS 

A. General Research Framework 
The study is based on the modificaƟon of a mathe-

maƟcal model and the analysis of its sensiƟvity to ther-
mal effects.  

The research framework consisted of three 
consecuƟve stages. First, a temperature-dependent 
version of the ToR-ORd model was developed by 
incorporaƟng 10Q  coefficients into the descripƟons of 
ion-channel conductance and kineƟcs. Second, 
simulaƟon protocols were applied to verify  
the electrophysiological behavior of the modified model 
and to perform local and global sensiƟvity analyses. 
Finally, the obtained results were staƟsƟcally processed 
and interpreted to rank the temperature-sensiƟve 
parameters and idenƟfy the key ionic mechanisms 
involved in AP thermal adaptaƟon.  

The general framework of the research algorithm is 
shown in Fig. 1. 

B. MathemaƟcal Model of Cardiac Cell 
Electrical AcƟvity 

The study is based on the ToR-ORd mathemaƟcal 
model [5], which describes the electrophysiology  
of the ventricular myocyte. The evoluƟon of the mem-
brane potenƟal mV  is described by the classical current 
balance equaƟon, where the rate of change of the poten-
Ɵal is determined by the difference between the external 
sƟmulus current and the total transmembrane ionic cur-
rent: 

( ),m
m ion stim
dV

C I I
dt

    

where mC  is specific membrane capacitance, stimI  is  
applied sƟmulus current, ionI  is aggregated current  
encompassing contribuƟons from ion channels, pumps, 
and exchangers. 

Within the scope of this work, ionI  was decomposed 
into its individual components to facilitate the introduc-
Ɵon of temperature dependence using 10Q  coefficients, 
which modulate both the maximum 
conductances/permeabiliƟes and the kineƟc gaƟng 
parameters. Depending on the current formulaƟon, 
these kineƟc parameters include the Ɵme constants of 
acƟvaƟon and inacƟvaƟon gates, for example m , h , 

j  for NaI ; mL  and hL  for NaLI ; d , f , and fCa  

 

Fig. 1 Methodological workflow of the in silico study. The 
pipeline is divided into three main phases: I) integraƟon of 
thermosensiƟve parameters into the model; II) execuƟon of 
simulaƟon protocols and experiments; III) analysis and result 
interpretaƟon. 
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-related constants for CaLI ; 1xs  and 2xs  for KsI ; and 
/a i   -related constants for toI . For Markov-type 

descripƟons, such as IKr, temperature scaling was 
applied to the corresponding transiƟon rate constants 
rather than to a single Ɵme constant. 

C. Temperature IntegraƟon in the Model 
The ToR-ORd model was modified using 10Q  coeffi-

cients to account for the temperature dependence of key 
ionic conductances and kineƟcs. The applicaƟon of  
the 10Q  temperature coefficient is based on the empiri-
cally established exponenƟal relaƟonship between tem-
perature and both the rate constants (kineƟcs) and  
the maximum conductance of ion channels. This  
approach serves as a biological interpretaƟon of the  
Arrhenius equaƟon, which describes the acƟvaƟon  
energy required for the conformaƟonal transiƟons of 
channel protein molecules during their switching  
between funcƟonal states [9]. 

The temperature effect on the modified model  
parameters is determined using an exponenƟal factor 

Tk , which is calculated relaƟve to a reference tempera-
ture  

37refT   °C (or 310.15,K): 

( )
,

10
ref

exp
T T

T



 

10 ,refT
Tk Q

 
where T  is current temperature, 10Q  is process-specific 
coefficient that defines the change in reacƟon rate for 
every 10 ℃ change in temperature.  

All 10Q  coefficients are dimensionless. 

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

,( ) ref TG T G k   

,( ) ref TP T P k   

where refG , refP  are iniƟal conductance and permea-

bility, respecƟvely. 

The temperature effect on the kineƟcs of channel 
opening and closing  is taken into account in two ways, 
depending on the formulaƟon of the equaƟons in  
the model: 

 If the kineƟcs are described using Ɵme constants 
(τ), an increase in temperature accelerates  
the processes, leading to a decrease in the Ɵme 
constants: 

( ) ,
ref

Tk
T


   

 where ref  represents the funcƟons describing 

the ion channel Ɵme constants.  

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

,( ) ref TT k     

,( ) ref TT k     

 where ref , ref  are funcƟons describing  

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

10Q  coefficients were selected from literature 
sources using a hierarchical approach, prioriƟzing exper-
imental data obtained from human cells. When such data 
were unavailable, alternaƟve well-established values 
from the literature were adopted, which introduces an 
addiƟonal source of variability(e.g., Sarcoplasmic/Endo-
plasmic ReƟculum Ca2+-ATPase (SERCA), Na-K pump). 
The 10Q   values used for the primary model components 
are summarized in table 1. 

D. SimulaƟon and Analysis Protocol 
The invesƟgated 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 condiƟons of most patch-clamp ion channel studies, 
as lower temperatures oŌen lead to technical instability 
of cellular membranes [22], [23]. The upper bound 
(45 °C) is defined by the thermal denaturaƟon threshold 
of protein structures. Beyond these limits, the system's 
behavior changes fundamentally and requires descrip-
Ɵon via Macromolecular Rate Theory (MMRT) instead of 
the exponenƟal 10Q  approach [24], [25]. 

For the numerical simulaƟon of the model, the  
specialized Myokit library (v.1.33) [26] in Python was  
uƟlized. Since the model is described by a sƟff system of  
ordinary differenƟal equaƟons (ODEs), the CVODE (C-lan-
guage Variable-coefficient Ordinary DifferenƟal EquaƟon 
solver) integrator from the SUNDIALS (SUite of Nonlinear 
and DIfferenƟal/ALgebraic equaƟon Solvers) [27] was 
employed. This tool is specifically opƟmized for solving 
systems characterized by a significant disparity in  
the Ɵme scales of the underlying processes. 

Since the establishment of ionic homeostasis (parƟc-

ularly for [ ]iNa  and 2[ ]  iCa   concentraƟons) is a pro-
longed process, a pre-simulaƟon was performed to sta-
bilize the model before each calculaƟon. The stabilizaƟon 
criterion was defined as a relaƟve change in the sodium 
ion concentraƟon at the end of a cycle which did not 
exceed 0.001%. To saƟsfy 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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1 TABLE 1 10Q  TEMPERATURE COEFFICIENTS FOR THE PRIMARY COMPONENTS OF 

THE TOR-ORD MODEL.  

Func-
Ɵonal 

System 

Parame-
ter Group 

Model pa-
rameter 

Value 
(Q10 ) 

Source 

Sodium 
Currents 

Fast NaI  

Conduct-
ance 

Q10_GNa 1.4 [10] 

 Fast NaI  

Activation 

Q10_INa_
m/h 

2.0 
/2.0 

[11] 

 Fast NaI  

Inactiva-
tion 

Q10_INa_j  3.1 [12] 

 Late 

NaLI
Conduct-
ance 

Q10_GNaL 1.5 [13] 

 Late 

NaLI  

Kinetics 

Q10_INaL_
kinetics 

2.0 [13] 

Potassium 
Currents 

Rapid 
Rectifier 

( KrI ) 

Q10_GKr 2.1 [14] 

 
KrI Gat-

ing Kinet-
ics 

Q10_IKr_x
r_fast/slow 

4.69 / 
4.55 

[14] 

 Slow Rec-
tifier 

( KsI ) 

Q10_GKs 3.11 [15] 

 
KsI  Ac-

tivation 

Q10_IKs_x
s 

4.9 [15] 

 Inward 
Rectifier 

( 1KI ) 

Q10_GK1 / 
kinetics 

1.8 / 
3.9 

[16] 

 Transient 
Outward 

( 0tI ) 

Q10_Gto 1.23 [17] 

 
0tI Gat-

ing 

Q10_Ito_a / 
i 

1.76 / 
4.2 

[17] 

Calcium 
Dynamics 

L-Type 
Permea-
bility 

Q10_PCaL 1.5 Passive aque-
ous diffusion 
(assumption) 

 
CaLI

Gating 
(VDI/CDI
) 

Q10_ICaL_
d / f / fCa 

2.1 [18] 

 SERCA 
Pump 

Q10_Jup 3.13 [19] 

Active 
Transport /Na K 

Pump 

Q10_NaK 1.87 [20] 

 2/Na Ca 

Ex-
changer 

Q10_NCX 2.6 [21] 

Back-
ground & 
Others 

Leak Cur-
rents 

Q10_GbNa 
/ GbCa 

1.5/1.
5 

Passive aque-
ous diffusion 
(assumption) 

 

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

 ResƟng Membrane PotenƟal ( restV ): The value of 
the membrane potenƟal at steady state prior to 
sƟmulaƟon. 

 ( / )maxdV dt : The peak value of the Ɵme deriva-
Ɵve of the membrane potenƟal during phase 0 
(depolarizaƟon). 

 AcƟon PotenƟal Amplitude (APA): The difference 
between the maximum depolarizaƟon peak and 
the restV  level. 

 AcƟon PotenƟal DuraƟon (APD): The Ɵme inter-
val from the moment of maximum depolariza-
Ɵon rate to 50% (APD50) and 90% (APD90)  
repolarizaƟon of the amplitude. APD90 is the pri-
mary indicator of total APD. 

 RepolarizaƟon Morphological Index (RMI):  
Defined as the Ɵme interval between 50% and 
90% repolarizaƟon (APD90 – APD50). 

 Calcium Transient Amplitude ( 2[ ]iCa  ): Defined 
as the difference between the peak (systolic) and 
baseline (diastolic) concentraƟons of free cyto-
solic calcium during a single cardiac cycle. 

E. Combined Approach Based on Local  
and Global SensiƟvity Analysis 

To invesƟgate the mechanisms of thermal adaptaƟon 
in detail, a combined approach was employed, integrat-
ing local and global sensiƟvity analysis methods. 

The local analysis is based on the calculaƟon of elas-
Ɵcity coefficients paramE  [30]. This approach allows for 

the assessment of the relaƟve contribuƟon of each indi-
vidual temperature coefficient to the change in APD. 
Since the baseline value of the factor Tk  at 37 °C is equal 
to unity, the expression 10,param( 1)Q   reflects the rela-

Ɵve variaƟon of the parameter for a 10 °C step. The cal-
culaƟon is performed using the following formula: 

10,

(APD APD ) / APD
,

1
iso ref ref

param
param

E
Q





 

where APDiso  is APD obtained through the isolated ac-
ƟvaƟon of a specific temperature coefficient; APDref   is 

the reference APD at 37 °C; 10, paramQ  is the value of the 

corresponding temperature coefficient from table 1. 

To fully elucidate the nature of thermal sensiƟvity, 
simulaƟons were performed under three complemen-
tary scenarios. In the first scenario, all 10Q  coefficients 
were acƟvated 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 equaƟons, while all 10Q  coefficients were 
fixed at unity, allowing the passive thermodynamic con-
tribuƟon to be isolated. In the third scenario, each 10Q  
coefficient was acƟvated individually while maintaining 
the temperature dependence of the Nernst equaƟons, 
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which made it possible to esƟmate the isolated contribu-
Ɵon of each ionic mechanism. 

paramE  is calculated specifically for this scenario to 

idenƟfy the isolated contribuƟon of each channel. 

Global sensiƟvity 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 interacƟons. For 28 
parameters, a variaƟon range of  30% from their base-
line values was established. The number of trajectories  
(   100r  ) (totaling 2,900 simulaƟons per scenario)  
ensured high coverage density of the parameter space 

10Q . 

StaƟsƟcal processing of the results included the cal-
culaƟon of two key indices: 

 *  (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-
vesƟgated ionic mechanism plays a key role in 
APD90 variability during temperature changes 
and is a determining factor in myocardial thermal 
adaptaƟon. 

   (Standard deviaƟon 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 10Q  changes signif-
icantly depending on the values of other param-
eters, indicaƟng the presence of synergisƟc or 
antagonisƟc interacƟons between ion channels. 

F. VisualizaƟon and StaƟsƟcal Decomposi-
Ɵon Methods 

To provide a comprehensive interpretaƟon of  
the simulaƟon results and to reveal the structure of non-
linear interacƟons between ionic components, several 
complementary visualizaƟon and staƟsƟcal decomposi-
Ɵon methods were applied.  

First, contribuƟon decomposiƟon was used to sepa-
rate the total temperature-induced change in APD90 into 
individual linear contribuƟons associated with specific 
ionic currents and a residual nonlinear interacƟon term. 
This approach made it possible to quanƟfy the relaƟve 
role of each temperature-dependent mechanism in 
APD90 prolongaƟon or shortening and to esƟmate  
the contribuƟon of synergisƟc or antagonisƟc interac-
Ɵons that cannot be explained by isolated parameter ef-
fects alone. 

The results of global sensiƟvity analysis were addi-
Ɵonally represented in the Morris parameter space using 
scaƩer plots in “influence–interacƟon” coordinates. In 

this representaƟon, the mean of the absolute elemen-

tary effects, * , characterizes the overall influence of  
a given 10Q  coefficient on APD90, whereas the standard 
deviaƟon,  , reflects the degree of nonlinearity and  
the intensity of its interacƟon with other model parame-
ters. Therefore, parameters with high μ* and low   
were interpreted as dominant but relaƟvely independent 
regulators of APD90, while parameters with simultane-

ously high *  and high   were considered nonlinear 
modulators whose effects strongly depend on the state 
of other ionic mechanisms. 

To compare the relaƟve importance of the tempera-
ture-sensiƟve parameters under different thermal condi-
Ɵons, hierarchical ranking diagrams were constructed  

using the Morris *  index. These diagrams allowed  
the idenƟficaƟon of dominant target mechanisms under 
hypothermic and hyperthermic condiƟons and made it 
possible to assess whether the same ionic currents pre-
serve their regulatory role across different temperature 
regimes. In addiƟon, heatmap visualizaƟon was used to 
represent the direcƟon and magnitude of individual 10Q

-dependent contribuƟons over the invesƟgated temper-
ature range, thereby illustraƟng the transiƟon from 
APD90 prolongaƟon during cooling to APD90 shortening 
during heaƟng. 

Finally, phase portraits of intracellular calcium con-
centraƟon versus membrane potenƟal were constructed 
to evaluate temperature-dependent changes in electro-
mechanical coupling. These hysteresis-like loops were 
used to analyze the temporal relaƟonship between 
membrane excitaƟon and the calcium transient during 
the acƟon-potenƟal cycle. Changes in the width, com-
pression, and orientaƟon of the phase loops were inter-
preted as indicators of altered synchronizaƟon between 
electrical acƟvaƟon and intracellular calcium handling 
under hypo- and hyperthermic condiƟons. 

III. RESULTS 

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

As a result of the simulaƟon, the Ɵme dependences 
of the AP and calcium transient in the temperature range 
of 25 to 45 °C were obtained (Fig. 2). 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), indicaƟng a significant slowing of the final 
repolarizaƟon phase. 

Excitability parameters also underwent changes.  
At 25 °C, restV  shiŌed toward depolarizaƟon by 4.8 mV 
(to –84.21 mV). Despite the resƟng potenƟal's approach 
to the acƟvaƟon threshold, max( / )dV dt  decreased  
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1 by 37.51% (to 59.77 V/s). The observed APD90 prolonga-

Ɵon correlates with experimental findings on isolated  
human heart preparaƟons, where hypothermia was  
reported to cause similar AP lengthening due to  
a marked reducƟon in the conductances of the rapid and 
slow components of the delayed recƟfier potassium cur-
rent ( KrI  and KsI ) [32]. The dynamics of change in  
the model agree with experimental trends, although ab-
solute duraƟon values may vary within a range of 5–12%. 

Under hyperthermia (42 °C), APD90 decreased  
by 22.03% (to 211.24 ms), while max( / )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-
maƟon of a hyperexcitable state alongside a shortened 
refractory period creates a substrate for re-entry mecha-
nisms [33]. 

ParƟcular aƩenƟon should be paid to the calcium 

transient amplitude 2[ ]iCa  , which exhibits a nonlinear 
behavior with a minimum around 34 °C (Fig. 2). At 25 °C, 

the peak 2[ ]iCa   concentraƟon 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, aƩributed to the altered balance between 
the Na-Ca exchanger (NCX) and SERCA pump acƟviƟes 
[34]. 

The characterisƟc minimum below the physiological 
norm (37 °C) is a specific feature of this model. This may 
suggest that the opƟmal 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 protecƟve 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), quesƟoning the exclusivity of 
the narrow "therapeuƟc window" of 32–34 °C [35].  

B. Model SensiƟvity Analysis 
Local sensiƟvity analysis of individual temperature-

dependent parameters idenƟfied the key ion channels 
that exert a predominant influence on AP duraƟon in  
the model. (Fig. 4) presents the decomposiƟon of contri-
buƟons from various parameters to the change in APD90. 
The results indicate the presence of nonlinear interac-
Ɵons among AP components within the model: while 
their total synergisƟc contribuƟon is negligible at 42 °C, 
the residual term (nonlinear interacƟon) becomes prom-
inent at 30 °C. This suggests a complex synergy between 
ionic components under hypothermic condiƟons.  

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

shiŌing from 30 °C to 42 °C relaƟve to the reference point 
of 37 °C. This occurs because the Tk  factor alters  
the process dynamics depending on the direcƟon of  
the temperature deviaƟon. At 30 °C, the high thermal 
sensiƟvity 10Q  for the KrI  current leads to a substanƟal 
prolongaƟon, with ΔAPD 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 reducƟon in APD90 due to 
accelerated repolarizaƟon. 

 

Fig. 2 Temperature-dependent waveforms generated by the 10Q

-modified ToR-ORd model: a) AP; b) calcium transient. 

 

Fig. 3 Temperature dependence of key electrophysiological char-
acterisƟcs: a) APD90 (ms); b) resƟng membrane potenƟal Vrest  

(mV); c) maximal upstroke velocity ( / )maxdV dt  (V/s); d) peak 

intracellular 2[ ]Ca i
  (µM). 

 

Fig. 4 Waterfall decomposiƟon of total APD90 into linear contribu-
Ɵons from individual 10Q  parameters and the nonlinear interac-

Ɵon residual: a) at 30 °C; b) at 42 °C. (PosiƟve/negaƟve bars show 
prolongaƟon/shortening of APD90). 
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The influence of 10Q  for the NCX at 30 °C contributes 
to AP shortening, producing a 40.8 ms reducƟon in 
APD90, whereas at 42 °C it contributes to APD 
prolongaƟon, with ΔAPD 34.1  ms. A similar behavior 

is observed for NaLI , where the effect shiŌs from a 12.4 
ms reducƟon in APD90 under hypothermia to a 14.7 ms 
increase under hyperthermia (Fig. 5).  

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

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

the mean of the absolute elementary effects ( * ), which 
determines the overall importance of a parameter, and 
the standard deviaƟon of the elementary effects ( ), 
which serves as a measure of response nonlinearity and 
the presence of inter-parameter interacƟons (Fig. 7).  

According to the Morris index *  (Fig. 8), the largest 
contribuƟons to APD90 variability under both tempera-
ture regimes are aƩributed to: 

1. 10Q  for the conductance of rapid delayed recƟ-

fier potassium channels ( KrG ): *  = 51,9  

at 30 °C and *  = 36,75 at 42 °C. 

2. 10Q  for NCX: * = 38,7 at 30 °C and *  = 19,8  
at 42 °C. 

3. 10Q  for the calcium-dependent inacƟvaƟon of L-

type calcium channels ( Caf ): *  = 16,65  

at 30 °C and *  = 25,5 at 42 °C. 

Analysis of the   indices revealed a shiŌ in the  
nature of nonlinearity depending on the thermal regime. 
At 42 °C, a "destabilizaƟon" of the fast sodium channels 

is observed:  for these parameters exceeds *  by 2,5–
3 Ɵmes, indicaƟng the emergence of complex 
interacƟons between the depolarizaƟon phase and other 
currents. Conversely, the KrI  parameters exhibit  

a consistently high *  with a low  , posiƟoning it as an 
independent factor influencing APD. 

Fig. 8 Hierarchical ranking of dominant 10Q  parameters in the model 

based on Morris *  index under hypothermic and hyperthermic con-
diƟons. 

 

Fig. 5 SensiƟvity ranking based on elasƟcity coefficients: relaƟve 
contribuƟons of temperature-dependent parameters to APD90 
modulaƟon: a) at 30 °C; b) at 42 °C.  (higher values = greater im-
pact). 

 

Fig. 6 Heatmap of individual 10Q parameter contribuƟons to 

APD90 change across 25–45 °C. 

 

Fig. 7 Morris sensiƟvity analysis of model parameters at 30 °C 
and 42 °C. The scaƩer plot displays the   vs * . Parameters 

with higher *  indicate greater overall influence on APD90, 
while higher  values signify increasing nonlinearity or complex 
interacƟons with other model components. 
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1 The redistribuƟon of nonlinearity among calcium-

handling components is of parƟcular interest. At 30 °C, 
high nonlinearity is observed for CaLP  (L-type channel 
permeability) and NCX, suggesƟng a high 
interdependence of calcium homeostasis processes 
during cooling. Upon heaƟng to 42 °C, these parameters 
become more "linear," while the primary nonlinearity 
shiŌs toward NaLI , which may explain the increased 
suscepƟbility to arrhythmias during criƟcal 
hyperthermia. 

C. ResƟtuƟon 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 
(resƟtuƟon) following premature excitaƟon was evalu-
ated. The S1–S2 protocol [36], [37] was employed to con-
struct APD resƟtuƟon curves and analyze the phase por-
traits of electromechanical coupling. The protocol  
involved a series of 500 basal sƟmuli (S1) at a constant 
pacing frequency (basic cycle length of 1000 ms) to 
achieve a steady state of ionic concentraƟons. Subse-
quently, a single premature test sƟmulus (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) unƟl the loss of cel-
lular excitability. Based on the obtained data, APD resƟ-
tuƟon curves were constructed, represenƟng the  
dependence of the S2 test response (APD90) on the pre-
ceding diastolic interval (DI) (Fig. 9). This approach facili-
tated the idenƟficaƟon of criƟcal transiƟon points from 
an adapƟve physiological response to pathological mem-
brane potenƟal instability.  

Under deep hypothermia (25 °C), the resƟtuƟon 
curve exhibits high steepness. The maximum slope  
( maxS ) significantly exceeds the criƟcal value of 1.0, 
reaching 1.35. According to the Nolasco–Dahlen crite-
rion, such a state is a classic indicator of suscepƟbility to 
electrical alternans and the breakup of the excitaƟon 
wave into fibrillatory rotors [38], [39]. Conversely, at 
42 °C, despite the AP shortening, the resƟtuƟon curve 
becomes flaƩer, and the slope approaches unity only at 
extremely short diastolic intervals (< 10 ms). Thus, hyper-
thermia parƟally "masks" electrical instability through 
accelerated repolarizaƟon, whereas hypothermia cre-
ates condiƟons for re-entry arrhythmias via steep resƟ-
tuƟon. 

At 30 °C, the phase loops (Fig. 10) reflect a substanƟal 
alteraƟon in the kineƟcs of excitaƟon-contracƟon cou-
pling. The trajectory is wide and elongated along the 
potenƟal axis (the operaƟng range, where calcium con-
centraƟon remains elevated, spans ≈ 102 mV). The peak 
of the calcium transient (0.42 uM) is reached with a delay 
relaƟve to the voltage peak, indicaƟng preserved, albeit 
slowed, kineƟcs of calcium release from the sarcoplasmic 
reƟculum [34], [40]. 

At 42 °C, a "compression" effect of the phase portrait 
is observed. The acƟve voltage range narrows by 3.5 
Ɵmes (to ≈ 28 mV). However, the peak calcium concen-
traƟon paradoxically increases to 0.44 uM. Concurrently, 
the latency between depolarizaƟon and the calcium re-
sponse is shortened. This indicates an "explosive" nature 
of calcium release: within the very short duraƟon of the 
electrical pulse, the cell manages to mobilize a significant 
amount of ions, creaƟng a risk of calcium overload even 
in the absence of overt electrical disturbances.  

 

Fig. 9 APD resƟtuƟon and stability across temperatures (25–45 °C): a) 
APD90 vs. DI curves; b) Corresponding resƟtuƟon slopes. The red 
dashed line (Slope > 1) denotes the threshold for electrical alternans 
and wavebreak. 

 

Fig. 10 Phase portraits ( 2[ ]Ca i
  vs Vm ) demonstraƟng temperature-

dependent modificaƟon of electromechanical coupling dynamics. 

 

Fig. 11 Membrane potenƟal – current density dynamic loops 
illustraƟng temperature-induced changes during the acƟon-potenƟal 
cycle: a) ;ICaL  b) IKr . 
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Dynamic analysis of ionic fluxes (Fig. 11) confirmed 
the mechanism of adapƟve inversion in repolarizaƟon 
components. At 42 °C, the amplitude of KrI  increased 
more than threefold compared with 30 °C, thereby 
providing robust repolarizaƟon and prevenƟng criƟcal AP 
prolongaƟon. At the same Ɵme, the CaLI  current-volt-
age (I-V) loop shiŌed toward more posiƟve potenƟals, in-
dicaƟng that hyperthermia intensifies calcium influx dur-
ing the early phases of the AP. This explains the increased 

2[ ]iCa   despite the shortened duraƟon of the electrical 
pulse. 

D. ValidaƟon of the Developed Model 
Model validaƟon was performed by comparing key 

electrophysiological characterisƟcs of the AP with exper-
imental data from human ventricular cardiomyocytes.  
To evaluate the electrophysiological changes, APD90 and 
( / )maxdV dt  were selected as the primary evaluaƟon 
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, represenƟng a 52.47%  
increase relaƟve to the baseline state. Experimental  
research indicates that cooling cardiomyocytes from 
37 °C to 25 °C leads to an AP prolongaƟon of approxi-
mately 40–70% [12], [16] , which is consistent with  
the simulaƟon results. 

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

Furthermore, the model replicates the reducƟon in 
the maximum rate of depolarizaƟon during cooling: 
( / )maxdV dt  decreases from 95.64 to 59.77 V/s. This ef-
fect is aƩributed to the slowing of sodium channel acƟ-
vaƟon kineƟcs and is also in agreement with experi-
mental findings [9], [12]. 

TABLE 2 COMPARISON OF SIMULATION RESULTS WITH LITERATURE DATA. 

Temperature APD90 
(Model) 

Change 
(%) 

Experiment 

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 quanƟtaƟvely assess the consistency of the model 
results with experimental data, the relaƟve deviaƟon  
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 deviaƟon of approximately 
4.6% from this mean value. 

Such a deviaƟon is considered negligible for biophys-
ical models of cellular electrophysiology and indicates  
excellent agreement between the simulaƟon results and 
experimental observaƟons. 

For addiƟonal verificaƟon of the developed parame-
ter modificaƟon algorithm, a cross-model comparaƟve 
analysis was performed, referencing the author's previ-
ous research [42]. In that work, analogous 10Q  temper-
ature coefficients were applied to the classic Luo-Rudy 
(LR) and Hodgkin-Huxley (HH) models (Fig. 12).  

All models demonstrate a consistent qualitaƟve tem-
perature dependence: an increase in temperature results 
in a decrease in APD90 and an increase in ( / )maxdV dt . 
QuanƟtaƟve differences are aƩributed to the disƟnct pa-
rameterizaƟons 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 configuraƟons 
used, do not contain a detailed descripƟon 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. 

IV. DISCUSSION 
The obtained results underscore the complex, nonlin-

ear nature of the temperature dependence of cardiomy-
ocyte electrical acƟvity [43]–[45]. The central conclusion 

Fig. 12 Temperature dependence of ventricular cardiomyocyte elec-
trophysiological properƟes predicted by different models. Comparison 
of the modified ToR-ORd model with previously modified Luo–Rudy 

and Hodgkin–Huxley models: a) APD90; b) ( / )dV dt max  ; c) 2[ ]Ca i
 ; 

d) RPM. 
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1 of this study is the fact that the mechanisms of cardiac 

rhythm destabilizaƟon under hypothermia (30 °C) and 
hyperthermia (42 °C) have fundamentally different bio-
physical origins, which requires a differenƟated 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 NaLI —demonstrates that cellular thermal adapta-
Ɵon is not a simple linear shiŌ in reacƟon rates [44].  
The transiƟon 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 kineƟcs of the exchanger and the voltage-dependent 
ionic gradients. 

Of parƟcular note is the adapƟve role of the rapid  
delayed recƟfier potassium channels KrI . The 3.5-fold 
increase in KrI  amplitude during hyperthermia acts as  
a powerful protecƟve mechanism that prevents exces-
sive AP prolongaƟon and the occurrence of early aŌerde-
polarizaƟons (EADs), consistent with both in silico and 
cellular research findings [46], [47]. 

However, the high nonlinearity of the sodium current 
( NaI ) at 42 °C, idenƟfied via the Morris method, indi-
cates that this stability is fragile: any combinaƟon of  
hyperthermia with geneƟc mutaƟons (e.g., Long QT Syn-
drome) or pharmacological intervenƟons could lead to 
an unpredictable repolarizaƟon failure [47]. 

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

increase in the 2[ ]iCa   peak to 0.44 uM occurs [32], 
[48]. 

This phenomenon can be explained by a combined 
effect of altered CaLI  dynamics and disrupted calcium 
homeostasis. At elevated temperatures, the CaLI  
current-voltage loop shiŌs toward more posiƟve 
potenƟals, which promotes more intensive calcium influx 
during the early phases of depolarizaƟon. At the same 
Ɵme, 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 reƟculum 
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 acƟvity takes precedence 
over re-entry. Calcium overload at high heart rates can 
provoke delayed aŌerdepolarizaƟons (DADs). 

Despite the staƟsƟcally significant results, several 
methodological limitaƟons should be acknowledged: 

 Absence of direct experimental verificaƟon: Due 
to the scarcity of data on the acƟvity of isolated 
human cardiomyocytes at 30 °C and 42 °C,  
the model's systemic response is a result of 
mathemaƟcal extrapolaƟon. 

 Heterogeneity of 10Q sources: The temperature 
coefficients were sourced from various studies 
where they were calculated for isolated ion chan-
nels. The quesƟon of their collecƟve adequacy 
within the dynamic environment of a whole cell 
remains open. 

 Variability in literature data: Discrepancies in 

10Q  values across the literature, arising from dif-
ferent experimental methodologies, may be am-
plified by the nonlinear nature of the model. 

 SimplificaƟon in sensiƟvity analysis: The Morris 
method serves as a qualitaƟve screening tool. 
The applicaƟon of more precise global sensiƟvity 
methods (e.g., Sobol' indices [44]) was limited by 
their high computaƟonal burden. 

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

CONCLUSIONS 
As a result of this study, a temperature-dependent 

modificaƟon of the ToR-ORd model was developed,  
accounƟng for the effects of temperature on key ion 
channels, pumps, and exchangers. Proposed 
modificaƟon of the model facilitated a more detailed  
descripƟon of the electrophysiological behavior of  
human ventricular cardiomyocytes under temperature 
deviaƟons from physiological norms. SensiƟvity analysis 
idenƟfied the predominant in the model parameters  
responsible for AP thermal regulaƟon. It was established 
that the primary determinant of repolarizaƟon duraƟon 
adaptaƟon is the rapid delayed recƟfier potassium cur-
rent KrI . Its contribuƟon to the total reducƟon of APD90 
during hyperthermia amounts to 84.62%, underscoring 
the criƟcal role of Ether-à-go-go-Related Gene (hERG) 
channels in maintaining myocardial electrical stability. 

It has been demonstrated that the influence of key 
ionic mechanisms on AP duraƟon fundamentally  
depends on the direcƟon of the temperature deviaƟon 
from the physiological norm. Mechanisms that contrib-
ute to AP shortening under hypothermia (e.g., NCX 
current) cause its prolongaƟon under hyperthermia.  
The most stable and potent regulator of repolarizaƟon 
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across the enƟre invesƟgated range (25–45 °C) was iden-
Ɵfied as the current KrI . Its amplitude at 42 °C increases 
3.5-fold compared to the 30 °C regime, performing a key 
adapƟve funcƟon in maintaining electrical stability. 

It was established that under condiƟons 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 resƟtuƟon 
curve (S1–S2 protocol), where the maximum slope  
exceeds the criƟcal threshold of 1.35. This creates  
a favorable substrate for the emergence of APD alternans 
and the subsequent breakup of the excitaƟon wave by 
the re-entry mechanism. Conversely, during hyperther-
mia (42 °C), resƟtuƟon remains relaƟvely flat; however, 
the risk of mechanical and metabolic destabilizaƟon  
increases significantly due to the criƟcal shortening of 
the diastolic interval and alteraƟons in intracellular  
calcium dynamics. 

Analysis of the phase portraits 2[ ] mia VC     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 
concentraƟon to 0.44 uM. The shortening of the Ɵme  
latency between the voltage peak and the calcium tran-
sient indicates a transiƟon to highly accelerated calcium 
homeostasis kineƟcs. This elevaƟon in kineƟcs increases 
the probability of calcium overload and the emergence 
of focal triggered acƟvity (extrasystoles), even when  
the electrical stability of the membrane remains rela-
Ɵvely preserved. 

Global sensiƟvity analysis using the Morris method 
confirmed that under extreme hyperthermia, fast  
sodium channels ( NaI  and their kineƟc parameters) 
transiƟon into a high-nonlinearity regime, where  
the nonlinearity index   is three Ɵmes greater than  

the mean of the absolute elementary effects * . This  
indicates that at high temperatures, the cell's electrical 
response becomes less predictable and highly sensiƟve 
to background fluctuaƟons in other ionic currents. 
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Анотація— У роботі представлено розробку модифікованої електрофізіологічної моделі епікардіального кардіоміо-
цита людини з урахуванням температурного впливу на кінетику та провідність іонних каналів за допомогою парамет-
рично-специфічних коефіцієнтів Q10. На основі модифікованої моделі виконано аналіз температурної чутливості для 
визначення ключових іонних механізмів, що регулюють температурну адаптацію тривалості потенціалу дії (APD).  
Моделювання виконано в діапазоні температур 25–45 °C із використанням гібридного підходу, що поєднує локальний і 
глобальний аналізи чутливості. Локальний аналіз здійснено шляхом розрахунку коефіцієнтів еластичності для оціню-
вання впливу окремих температурних параметрів на APD. Глобальний аналіз проведено з використанням методу  
елементарних ефектів Морріса для ранжування параметрів за їхнім впливом та виявлення нелінійних взаємодій. 

Результати показали, що швидкий калієвий струм затриманого випрямлення (IKr) відіграє переважну роль у моду-
ляції APD. На нього припадає приблизно 85% загального скорочення APD при підвищенні температури до 42 °C, де  
тривалість потенціалу дії зменшується на 22,03% (з 270,91 мс до 211,24 мс). За умов глибокої гіпотермії (25 °C) спостері-
галося подовження потенціалу дії на 52,47% та збільшення тривалості фази реполяризації на 169%. Крім того, дослі-
дження виявило, що при помірній гіпотермії (30 °C) вирішальним фактором стають нелінійні взаємодії між різними іон-
ними каналами. Було продемонстровано значний внесок натрій-кальцієвого обмінника (NCX) та пізнього натрієвого 
струму (INaL) при низьких температурах, що підтверджує температурну залежність цих взаємодій. Отримані результати 
підкреслюють критичну роль людського гену Ether-à-go-go-Related Gene (hERG) у термічній адаптації міокарда шлуноч-
ків і створюють розрахункову базу для вивчення механізмів виникнення термоіндукованих аритмій.  

Ключові слова — температурні ефекти; електрофізіологія серця; аналіз чутливості; метод Морріса; коефіціє-
нти Q10; потенціал дії; іонні канали. 


