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Abstract 

Purpose: Mathematical simulating and computer modeling of cells in organs help to better understand cells' 

interactions and tissues' functions. The purpose of this paper was to model and simulate the excitable membrane 

of gastric cells. In this simulation, the current physiological functional descriptions of the gastric cells have been 

used, and at the same time, the electrophysiological characteristics of similar cells in the gastrointestinal tract 

have also been considered. 

Materials and Methods: To obtain a mathematical model for the stomach Smooth Muscle Cells (SMCs), the 

properties and electrophysiological parameters from the SMCs in the colon were used in the simulation of the 

stomach SMCs. Using the sensitivity analysis method, the effective parameters and values for simulating the 

electrophysiological behavior of the excitable gastric cell membrane were obtained for different phases of slow-

wave (such as Depolarization, Spike, Plateau, Repolarization, and Rest). Also, the Action Potential Duration 

(APDs) method in four modes of 10, 20, 50, and 90 percent of APDs was used to evaluate the estimation of the 

effect of sensitivity analysis on the slow-wave of the studied cells.  

Results: The findings showed that the greatest effect of the stimulation current parameters was on the slow-wave 

duration and frequency. In addition, the greatest effect of ion channel parameters was observed on the plateau_phase 

in the slow-wave. Based on these methods, the resulting slow-wave pattern and its frequency (2.8 cycles per min) 

were in line with the experimental observations for gastric SMCs. 

Conclusion: The mathematical model obtained from the model of colon SMCs accurately represented the 

electrophysiological behavior of the stomach cells. 

Keywords: Gastric Smooth Muscle Cell; Excitable Membrane; Electrophysiological Model; Sensitivity Analysis; 

Action Potential Duration. 
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1. Introduction  

Coordinated activity of the enteric nervous system, 

interstitial cells, and Smooth Muscle Cells (SMCs) results 

in gastric motility, which is essential for digestion. SMCs 

are activated by the Interstitial Cells of Cajal (ICCs), 

which results in the bioelectrical activity of the gut, 

termed slow-wave [1-3]. Disruption in slow-waves is 

known to result in functional gastric disorders such as 

gastroparesis and functional dyspepsia.  

Between 60 and 70 million people in the United States 

suffer from gastrointestinal disorders [4]. In many of 

these cases, non-surgical evaluation and non-invasive 

precision techniques can be provided to help with clinical 

evaluation and electrophysiological analysis [5]. Modeling 

provides an ideal environment for interpreting in vivo 

recorded information, guiding the experimental studies, 

and developing hypotheses. 

Many researchers have looked into gastrointestinal 

tissues to provide a variety of electrophysiological, 

mathematical, and computer simulations for the cells. 

Lang et al. provided a simple mathematical model for 

the autonomic electrical activity of the SMCs [6], while 

Skinner et al. conducted research on the mechanism of 

pumps and exchangers in smooth muscle models [7]. 

Miftakhov et al. proposed mathematical formulas for 

numerical simulation of small bowel movements, and 

Aliev et al. proposed computer simulation of intestinal 

electrical activity [8, 9]. Corrias and Buist provided an 

electrophysiological model for gastric SMCs [10, 11]. 

In another study, Suzuki studied the electrical activity 

and the production of slow-waves in the stomach and 

intestines of mice [12]. Rhee et al. examined the pacemaker 

activity of the actual tissue of the human stomach in 

different parts of the stomach [13]. Poh and Yeoh et al. 

conducted research on the electrophysiological modeling 

of the SMCs of the jejunum and colon, respectively [14, 15]. 

For gastrointestinal tract cells, separate 

electrophysiological models can be designed and 

presented according to their characteristics. There are 

billions of cells in the human gastrointestinal tract, the 

diversity of which is enormous in terms of 

electrophysiological properties [16]. Providing an 

electrophysiological model on each of these cells requires 

extensive laboratory research (such as preparing standard 

laboratory conditions, patch-clamps technique on human 

or animal cells, computer simulations, and the use of 

various mathematical formulas); given that providing 

these conditions is very time-consuming and costly. 

To save time and reduce costs, one can deduce the 

electrophysiological properties of a particular cell from 

cells with similar characteristics using the sensitivity 

analysis method. 

Sensitivity analysis methods tell us how the uncertainty 

in the output of a mathematical model can be divided 

and allocated to different sources of uncertainty in its 

inputs [14, 17] by considering the output waveform of 

the SMCs from various experimental works [10, 14, 15], 

in this paper, we intend to obtain an electrophysiological 

model of the SMCs from the neighboring cells. This 

paper shows how the electrophysiological model of SMCs 

(such as the stomach) can be obtained from similar cells 

(such as the colon) using the sensitivity analysis method. 

2. Materials and Methods 

2.1. Cell Model 

Due to the structural similarities of the channels, 

exchangers, and ion pumps in the excitable membranes 

of the smooth muscles of the stomach and colon, the 

model proposed in the study by Yeoh et al. was selected 

for our study [15] and electrophysiological parameters 

were approximated from the colon cell. 

Similar electrophysiological parameters were selected 

to approximate and their values were compared with 

gastric parameters. These values were optimized using 

the sensitivity analysis method. With this method, other 

effective parameters were identified and their effect was 

investigated on the slow wave curve of the stomach cell. 

Finally, the Groupe Spécial Mobile (GSM) cell 

parameters were approximated from the colon cell. 

Figure 1 shows the intended model of the GSM cells.  

 

Figure 1. Schematic view of the proposed stomach cell 

model including calcium (𝐼𝐶𝑎𝐿 , 𝐼𝐶𝑎𝑇), potassium (𝐼𝐾𝑛𝑖 , 𝐼𝐾𝑓𝑖), 

sodium (𝐼𝑁𝑎) ion channels, sodium-calcium exchanger 

(𝐼𝑁𝐶𝑋), sodium-potassium pump (𝐼𝑁𝑎𝐾), leakage current 

(𝐼𝑁𝑆𝐿𝐶), stimulus current (𝐼𝑠𝑡𝑖𝑚) and gap junction 

 



H. Taghadosi, et al.  

239    FBT, Vol. 10, No. 3 (Summer 2023) 234-247 

By examining the slow-wave curve caused by 

membrane potential changes in both colon [15] and 

stomach cells [10], it was found that the difference 

between the two curves is in the slow-wave phases. 

From following criteria have been used to investigate 

the differences between the phases of two slow-wave 

curves: a) initial potential value, b) the slope of 

depolarization, c) spike potential value, d) valley potential 

value, e) plateau potential value, f) the slope of the 

repolarization, g) resting potential value, and h) the 

duration of the slow-wave cycle [14, 18]. These criteria 

are shown in Figure 2.  

2.2. Sensitivity Analysis 

To investigate the effect of each of the variables (a) to 

(h), the sensitivity analysis method was used on each of 

the ion channel parameters, pumps, and exchangers. 

Sensitivity analysis shows how the model changes with 

varying parameters [14]. This method reveals which 

parameters are more important and have a greater impact 

on model predictions and behavior. Using this method, 

the value of the effective parameters can be investigated 

and corrected. In addition, the insignificant and ineffective 

parameters can be eliminated [17]. 

Using the sensitivity analysis method on the slow-

wave curve of the colon cell, it was investigated that 

some parameters of ion channels and stimulus current 

parameters in different parts of slow-wave production 

have a direct effect on the morphology of the electrical 

activity [14]. Ion channel and stimulus current parameters 

of the gastric cell were approximated from the colon 

cell, and their results are given in sections 3.1 and 3.2, 

respectively.  

2.3. Gastric Excitable Cell Membrane Parameters 

Changing electrophysiological properties of the SMC 

membrane are important factors influencing the formation 

of action potential and slow-wave occurrence between 

the two cells. Based on this, the values of the parameters 

related to the stomach SMCs (Table 1) were considered 

from the research of Corrias and Buist [9].  

2.4. Ionic Current Parameters 

In the cell membrane, there are several channels, pumps, 

and exchangers that are responsible for transporting 

ions through the cell. By changing the concentration 

of ions inside and outside the cell, various currents are 

generated. The main cell current (Iion) has been resulted 

from all of these ionic currents passing through the cell 

membrane (Equation 1) [15]. The formula used for the 

 

Figure 2. Slow-waves in the colon (dotted line) and stomach 

(solid line) cells. a) Initial_phase, b) Depolarization_phase, 

c) Spike_phase, d) Valley_phase, e) Plateau_phase, f) 

Repolarization_phase, g) Resting_phase, and h) Duration 

of slow-wave cycle 

 

Table 1. Stomach SMC parameters [10]  

Parameter Description Value(Units) 

[𝑪𝒂𝟐+]𝒐 Extracellular_calcium_concentration 2.5(mM) 

[𝑵𝒂+]𝒊 Intracellular_sodium_concentration 10(mM) 

[𝑵𝒂+]𝒐 Extracellular_sodium_concentration 137(mM) 

[𝑲+]𝒊 Intracellular_potassium_concentration 164(mM) 

[𝑲+]𝒐 Extracellular_potassium_concentration 5.9(mM) 

𝑽𝒎 Membrane potential -70(mM) 

𝑪𝒎 Cell_membrane_capacitance 77(pF) 

𝑽𝒄 Cell_volume 3.5(pL) 

𝑨𝒄 Cell_surface_area 0.000041(cm2) 
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model is as follows and the specifications for each 

current are given in Table 2 [15].  

𝑰𝒊𝒐𝒏 = 𝑰𝑲𝒏𝒊 + 𝑰𝑲𝒇𝒊 + 𝑰𝑪𝒂𝑳 + 𝑰𝑪𝒂𝑻 + 𝑰𝑵𝒂 +

𝑰𝑵𝑪𝑿 + 𝑰𝑵𝒂𝑲 + 𝑰𝑵𝑺𝑳𝑪  
(1) 

The ionic currents used in this paper are based on 

the currents of the colon SMC, due to the structural 

similarity of the excitatory membrane of the cells 

in the smooth muscles that exist throughout the 

gastrointestinal tract. For this model and according 

to the currents in the colon cell membrane, two types 

of potassium channel, two types of calcium channel, one 

type of sodium channel, one pump, one exchanger, one 

leakage channel, and one stimulus current were considered. 

In Equation 2, the SMC membrane of the stomach 

for the model was introduced as an electronic circuit, 

including the total current (Itotal) of the cell (summation 

of the current of all ion channels (Iion) and the stimulus 

current (Istim)) [19]. Stimulus current is considered the 

current generated by the ICC network [15].  

𝑰𝒕𝒐𝒕𝒂𝒍 = 𝑰𝒊𝒐𝒏 + 𝑰𝒔𝒕𝒊𝒎 (2) 

The Hodgkin-Huxley formula (Equation 3) was 

used to calculate changes in membrane potential (Vm) 

over time. Here Cm is the cell membrane capacitance. 

𝒅𝑽𝒎

𝒅𝒕
= −

𝑰𝒕𝒐𝒕𝒂𝒍

𝑪𝒎

 (3) 

2.5. Sensitivity Analysis of Electrophysiological 

Behaviors of the Excitable Membrane of the 

Gastric Cell 

In this simulation, first, the electrophysiological 

parameters of the gastric cell were placed in the colon 

model. Then a modified colon model was simulated 

by sensitivity analysis of stimulation current and was 

considered as the Primary-State (P-S). The approximate 

model close to the stomach model was obtained by re-

optimizing the parameters and was considered as the 

Middle-State (M-S). Finally, the electrophysiological 

behavior of the gastric cell (stomach model) was obtained 

by correcting the gating and stimulus parameters of the 

ion channels and was considered as the Final-State (F-S). 

2.6. Quantitative Analysis of the Action Potential 

To describe the quantitative changes in each of the 

slow-wave curve segments, the parameters were 

considered in order of importance, as shown in Figure 3.  

Table 2. Ionic currents of the Colon SMC [15]  

Ion Current Description (Units) 

𝑰𝒊𝒐𝒏 Main Current Cell (pA) 

𝑰𝑲𝒏𝒊 Non-inactivating Potassium Channel (pA) 

𝑰𝑲𝒇𝒊 Fast-inactivating Potassium Channel (pA) 

𝑰𝑪𝒂𝑳 L-type Calcium Channel (pA) 

𝑰𝑪𝒂𝑻 T-type Calcium Channel (pA) 

𝑰𝑵𝒂 Sodium Channel (pA) 

𝑰𝑵𝑪𝑿 Sodium-Calcium Exchanger (pA) 

𝑰𝑵𝒂𝑲 Sodium-Potassium Pump (pA) 

𝑰𝑵𝑺𝑳𝑪 Non-selective Leakage Current (pA) 

 

 

Figure 3. Effective parameters in slow-wave. Vmax: 

Maximum membrane potential value in the spike_phase, 

Vvalley: Minimum membrane potential value in the 

valley_phase, tvalley: Time of occurrence of the Vvalley, 

Vplateau: Maximum membrane potential value in the 

plateau_phase, tplateau: Time of occurrence of the Vplateau, 

Vrest: Minimum membrane potential value after the 

repolarization_phase, ΔV: Difference between Vmax and 

Vrest, Action Potential Duration (APD10, APD20, APD50, 

APD90): The time duration that the voltage remains 

above a certain APD's line 
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The maximum value of membrane potential (Vmax) 

occurs at spike_phase after passing depolarization_phase, 

and immediately the membrane potential experiences 

a limited drop to Vvalley at time tvalley. Then the wave enters 

the plateau_phase, during which it increases to a maximum 

of Vplateau at the time of tplateau. It then goes through the 

repolarization_phase and reaches the minimum membrane 

potential at the Vrest. Also, (ΔV) is the difference between 

the maximum and minimum membrane potentials. 

Action Potential Duration (APD) is the duration of 

time that the voltage stays above a certain linex. To 

calculate APDx, the ΔV is divided into ten equal parts. 

Then, the duration above the linex is reported [20, 21]. 

Its concept is shown in Figure 3 for APDs 10, 20, 50, 

and 90. To analyze the different_phases in slow-wave, 

it is necessary to compare all three states (Table 3).  

Two cases have been used to compare the three models 

mentioned in the text. Case1: Comparison between (P-S) 

and (M-S). Case 2: comparison between (P-S) and (F-S).  

3. Results 

3.1. Ion Channel Parameters 

The values for each parameter of the ion channels 

of the colon cell have been varied using the sensitivity 

analysis method from initial_values (colon) [15] to 

middle_values (approximation) and final_value (stomach) 

to match the slow-wave shape of the stomach cell. The 

results of changing each of these parameters are given 

in Figure 4 and Table 4.  

Table 3. Three states intended for comparison 

State (Abbreviation) Description 

Primary-State (P-S) Modified Colon 

Middle-State (M-S) Approximation 

Final-State (F-S) Stomach 

 

 

 

 

 

Figure 4. Changes in maximum_conductance and 

time_constant coefficients of the ion channels by 

Sensitivity analysis for Modified Colon (dotted line), 

Approximation (dashed line), and Stomach (solid line). 

a) 𝐺𝐾𝑛𝑖: Maximum_conductance of 𝐶ℎ𝑎𝑛𝑛𝑒𝑙𝐾𝑛𝑖. b) 

𝐺𝐶𝑎𝐿: Maximum_conductance of 𝐶ℎ𝑎𝑛𝑛𝑒𝑙𝐶𝑎𝐿. c) 𝜏𝑓−𝑝𝑜: 

Time_constant_coefficient of 𝐶ℎ𝑎𝑛𝑛𝑒𝑙𝐾𝑓𝑖 . d) 𝜏𝑑−𝐶𝑎𝑇: 

Time_constant_coefficient of 𝐶ℎ𝑎𝑛𝑛𝑒𝑙𝐶𝑎𝑇  

 

Table 4. Effective ion channel parameters in three states (Modified Colon, Approximation, and Stomach) 

Parameter (Units) Description P-S [15] M-S F-S 

𝑮𝑲𝒏𝒊(nS) Maximum_conductance of 𝐶ℎ𝑎𝑛𝑛𝑒𝑙𝐾𝑛𝑖  40 39.5 39 

𝑮𝑪𝒂𝑳(nS) Maximum_conductance of 𝐶ℎ𝑎𝑛𝑛𝑒𝑙𝐶𝑎𝐿 8.3 5.325 2.35 

𝝉𝒇−𝒑𝒐(-) Time_constant_coefficient of 𝐶ℎ𝑎𝑛𝑛𝑒𝑙𝐾𝑓𝑖  0.388 0.744 1.1 

𝝉𝒅−𝑪𝒂𝑻(-) Time_constant_coefficient of 𝐶ℎ𝑎𝑛𝑛𝑒𝑙𝐶𝑎𝑇  0.044 0.472 0.9 
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As can be seen in Figure 4, the variables GKni, GCaL, 

τf-po, and τd-CaT influence the membrane potential value, 

the plateau_phase value, the valley_phase value, and 

the resting potential value of slow-wave, respectively. 

The highest percentage of influence on properties of 

slow-waves from modifying GKni, GCaL, 𝜏f-po, and 𝜏d-CaT 

are shown in Table 5. Columns 1 to 3 show the affected 

properties from the highest to lowest, respectively. For 

example, when changing 𝜏f-po from the P-S to M-S, the 

tplateau changes more than 100% compared to P-S. 

These changes for APD10 and tvalley are 9.6% and 2.2%, 

respectively. 

According to Table 5, the highest effect of ion channel 

parameters in both cases (Case1 and Case 2) is on APD 

during slow-wave’s spike_phase, and then on 𝑡𝑝𝑙𝑎𝑡𝑒𝑎𝑢, 

and finally, on 𝑡𝑣𝑎𝑙𝑙𝑒𝑦 and 𝑉𝑣𝑎𝑙𝑙𝑒𝑦.  

Figure 4a shows that the GKni parameter has a small 

effect (≤1%) on Vplateau, Vmax, and Vvalley in case1 and 

case2. The greatest effect of 0.1mV (≤1%) decrease 

in case1 and 0.2mV (≤1%) decrease in case2 on Vplateau 

was obtained. Figure 4b shows the changes of GCaL 

increased APD20 by 14ms (30.4%) in case1 and 

increased the spike_phase by 7060ms (≥100%) in case2. 

Figure 4c shows the changes of 𝜏f-po greatly increased 

tplateau by 3164ms (≥100%) in case1 and increased 

tplateau by 3469ms (63.3%) in case2 and decreased 

APD10 by 2ms (6.9%) in the spike_phase in both cases. 

Figure 4d shows the changes of 𝜏d-CaT increased APD20 

by 6635ms (≥100%) in case1 and increased 6619ms 

(≥100%) in case2. Also, it increased APD10 by 6ms 

(30%) in case1 and increased by 7ms (35%) in case2. 

Modification of 𝜏d-CaT has a small effect on Vvalley by 

0.5mV in both cases. 

3.2. Stimulus Current 

Stimulation current affects the total current of cells, 

which in turn efficacy of the formation of slow-wave. 

For this purpose, a colon stimulation current was used, 

which is very similar to a gastric cell in terms of 

electrophysiological properties. 

To extract the gastric slow-wave, the values of each 

of the colon cell stimulation current parameters were 

varied using the sensitivity analysis method from the 

initial_value (colon) to the middle_values and the 

final_value (stomach). The results of changing each 

of these parameters on a slow-wave pattern are given 

in Figure 5 and Table 6. 

As can be seen in Figure 5, the variables Vrest, tslope, 

t1, and t2 influence the amplitude of slow-wave, the 

slope of the repolarization_phase, the duration of the 

plateau_phase, the slope of the depolarization_phase, 

respectively. 

The highest percentage of influence on properties of 

slow-waves from modifying 𝑉𝑟𝑒𝑠𝑡, 𝑡𝑠𝑙𝑝𝑜𝑒, 𝑡1, and 𝑡2 are 

shown in Table 7. Columns 1 to 3 show the affected 

properties from the highest to lowest, respectively. For 

example, when changing 𝑉𝑟𝑒𝑠𝑡 from the P-S to M-S, 

the APD20 changes more than 100% compared to P-S. 

These changes for APD10 and Vmax are 28.2% and 

20.8%, respectively. 

Table 7 shows that the greatest effect of stimulus current 

parameters in both cases is on the APD in the spike_phase 

and repolarization_phase. The second greatest effect is 

on 𝑡𝑝𝑙𝑎𝑡𝑒𝑎𝑢 and 𝑉𝑝𝑙𝑎𝑡𝑒𝑎𝑢. Finally, the stimulus current 

parameters have a great effect on 𝑉𝑚𝑎𝑥. 

Table 5. Comparison of change in slow-wave properties based on the ion channel parameters in three states 

(Modified Colon, Approximation, and Stomach) 

Case2: F-S vs. P-S Case1: M-S vs. P-S 
Parameter 

3rd 2nd 1st 3rd 2nd 1st 

𝒕𝒗𝒂𝒍𝒍𝒆𝒚 

4.5% 

𝐴𝑃𝐷10 

6.9% 

𝑡𝑝𝑙𝑎𝑡𝑒𝑎𝑢 

63.3% 

𝑡𝑣𝑎𝑙𝑙𝑒𝑦  

2.2% 

𝐴𝑃𝐷10 

6.9% 

𝑡𝑝𝑙𝑎𝑡𝑒𝑎𝑢   

≥100% 
𝝉𝒇−𝒑𝒐 

𝑽𝒗𝒂𝒍𝒍𝒆𝒚 

4.4% 

𝐴𝑃𝐷10 

35% 

𝐴𝑃𝐷20 

≥100% 

𝑉𝑣𝑎𝑙𝑙𝑒𝑦 

3.4% 

𝐴𝑃𝐷10 

30% 

𝐴𝑃𝐷20  
≥100% 

𝝉𝒅−𝑪𝒂𝑻 

𝑽𝒗𝒂𝒍𝒍𝒆𝒚 

≤1% 

𝑉𝑚𝑎𝑥 

≤1% 

𝑉𝑝𝑙𝑎𝑡𝑒𝑎𝑢  

≤1% 

𝑉𝑣𝑎𝑙𝑙𝑒𝑦 

≤1% 

𝑉𝑚𝑎𝑥 

≤1% 

𝑉𝑝𝑙𝑎𝑡𝑒𝑎𝑢   

≤1% 
𝑮𝑲𝒏𝒊 

𝑨𝑷𝑫𝟏𝟎 

17.4% 

𝑡𝑣𝑎𝑙𝑙𝑒𝑦  

18.6% 

𝐴𝑃𝐷20 

≥100% 

𝐴𝑃𝐷10 

4.3% 

𝑡𝑣𝑎𝑙𝑙𝑒𝑦  

5.2% 

𝐴𝑃𝐷20 

30.4% 
𝑮𝑪𝒂𝑳 
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Figure 5a shows the changes of Vrest increased APD20 

by 2856ms (≥100%) in case1 and 7082ms (≥100%) in 

case2. These changes also, increased APD10 by 4ms 

(28.2%) and 13ms (92.9%) in case1 and case2, and 

decreased Vmax by 5.4mV (20.8%) and 10.9mV (42.1%) 

in case1 and case2, respectively. Figure 5b shows the 

changes of tslope decreased tplateau by 962ms (13.1%) 

and 1755ms (23.9%) in case1 and case2, respectively. 

These changes also decreased APD20 by 262ms (3.4%) 

in case1 and 524ms (6.7%) in case2. Figure 5c shows 

the changes of t1 increased APD20 by 1508ms (36.8%) 

and 3012ms (73.6%) in case1 and case2, respectively. 

These changes also increased tplateau by 1085ms (32.5%) 

and 2258ms (67.7%), increased APD50 by 1500ms (29.9%) 

  

  

Figure 5. Changes in stimulus current parameters by Sensitivity analysis for Modified Colon (dotted line), Approximation 

(dashed line), and Stomach (solid line). a) 𝑉𝑟𝑒𝑠𝑡: Resting potential, b) 𝑡𝑠𝑙𝑝𝑜𝑒: Repolarization_phase gradient, c) 𝑡1: Plateau_phase 

Duration, and d) 𝑡2: Depolarization_phase gradient 

 

Table 6. Effective stimulus current parameters in three states (Modified Colon, Approximation, and Stomach) 

Parameter (Units) Description P-S [15] M-S F-S 

𝑽𝒓𝒆𝒔𝒕(mV) Resting potential -62.8 -75.8 -88.8 

𝒕𝒔𝒍𝒑𝒐𝒆(ms) Depolarization_phase gradient 0.2 0.35 0.5 

𝒕𝟏(ms) Duration of the plateau_phase 6 7.5 9 

𝒕𝟐(ms) Repolarization_phase gradient 1 30 100 

 

 

Table 7. Comparison of change in slow-wave properties based on the stimulus current parameters in three states 

(Modified Colon, Approximation, and Stomach) 

Case2: F-S vs. P-S Case1: M-S vs. P-S 
Parameter 

3rd 2nd 1st 3rd 2nd 1st 

𝑽𝒎𝒂𝒙 

42.1% 

𝐴𝑃𝐷10 

92.9% 

𝐴𝑃𝐷20 

≥100% 

𝑉𝑚𝑎𝑥 

20.8% 

𝐴𝑃𝐷10 

28.2% 

𝐴𝑃𝐷20 

≥100% 
𝑽𝒓𝒆𝒔𝒕 

𝑨𝑷𝑫𝟗𝟎 

6.3% 

𝐴𝑃𝐷20 

6.7% 

𝑡𝑝𝑙𝑎𝑡𝑒𝑎𝑢 

23.9% 

𝐴𝑃𝐷90 

3.1% 

𝐴𝑃𝐷20 

3.4% 

𝑡𝑝𝑙𝑎𝑡𝑒𝑎𝑢 

13.1% 
𝒕𝒔𝒍𝒑𝒐𝒆 

𝑨𝑷𝑫𝟓𝟎 

59.8% 

𝑡𝑝𝑙𝑎𝑡𝑒𝑎𝑢 

67.7% 

𝐴𝑃𝐷20 

73.6% 

𝐴𝑃𝐷50 

29.9% 

𝑡𝑝𝑙𝑎𝑡𝑒𝑎𝑢 

32.5% 

𝐴𝑃𝐷20 

36.8% 
𝒕𝟏 

𝑽𝒎𝒂𝒙 

8.5% 

𝐴𝑃𝐷90 

9.5% 

𝐴𝑃𝐷10 

99.6% 

𝑉𝑚𝑎𝑥 

13.6% 

𝐴𝑃𝐷20 

14.3% 

𝐴𝑃𝐷10 

99.6% 
𝒕𝟐 
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and 3001ms (59.8%) in case1 and case2, respectively. 

Figure 5d shows the changes of t2 decreased APD10 by 

7232ms (99.6%) and 7235ms (99.6%), and increased 

Vmax by 5.5mV (13.6%) and 1.9mV (8.5%) in case1 

and case2, respectively.  

The parameter determining the time of occurrence 

of a slow-wave per minute is one of the most important 

parameters in the stimulus current. The period of slow-

wave in the colon is approximately 5 cycles-per-minute 

(cpm) [15], while the period in the stomach is 3 cpm [10]. 

By changing the tperiod during stimulation current from 

the P-S value of 11.8 milliseconds to the M-S value of 

17.15 milliseconds and the F-S value of 22.5 milliseconds, 

this rate decreases to less than 3 cpm (Table 8), which is 

approximately according to laboratory results [10] for 

gastric cells (Figure 6).  

4. Discussion 

The purpose of this study is to obtain the 

electrophysiological models of a specific cell, i.e., 

stomach SMC, from another type of cell (colon SMC), 

which has similar properties and characteristics. We 

were able to extract the parameters of the gastric cell 

using the sensitivity analysis method. 

Despite the wide variety in the family of gastrointestinal 

cells, these cells have structural similarities and similar 

properties, such as the existence of similar SMCs, common 

ion channels, and similar electromechanical movements 

[22]. The model obtained in this study was validated using 

the available data and models, and compared with the 

electrophysiological patterns of the SMC of the stomach 

[10].  

In similar research, it seems that the reasons for 

selecting, simplifying, or eliminating some factors are 

as follows: 1) The parameters did not change much on 

the different_phases of he slow-wave diagram resulting 

from the changes in membrane potential. 2) The 

parameters did not have a significant effect on APD. 3) 

Quantitative and sufficient empirical information on 

the characteristics of SMCs has not been available to 

researchers. 

In different species of animals, significant differences 

between tissues in the gastrointestinal tract have been 

reported in terms of slow-wave shape and frequency, 

which have been attributed to different underlying cellular 

mechanisms [10]. Because the classification of all GI 

cells is tedious and may not be possible [23], it is 

suggested to use inferential approaches to obtain 

mathematical models for each cell. The principles 

discussed in this paper can be used to deduce the 

electrophysiological behaviors of other stomach cells. 

The difference between this work and other publications 

on stomach SMC modeling is using electrophysiological 

estimation and approximation approach to similar cells 

and optimizing cell parameters, as the same results were 

obtained at the outputs of the slow-wave curve in the 

stomach. Using the sensitivity analysis method and finding 

the effective parameters of the channels and the stimulus 

current, one middle-model of transition from the colon 

to gastric conditions were obtained. Then, reusing this 

method and modifying the effective parameters of ion 

channel current and stimulation of the final gastric model 

was achieved. 

The presence of chloride currents in the SM (Smooth 

Muscle) gastrointestinal tract has not yet been fully 

explained [10] and we, therefore, did not consider the 

chlorine channel, which could be the basis for future 

research on the effect of chlorine current on the stomach 

slow-wave. 

As shown in Figure 4, the L-type calcium and 

potassium channels appear to play a significant role in 

determining the plateau_phase. However, the effect of 

L-type calcium channel is greater and its changes 

cause the plateau_phase displacement of about 5mV, 

Table 8. Repeat interval of a slow-wave cycle (cpm: cycles-

per-minute) in three states (Modified Colon, Approximation, 

and Stomach) 

F-S M-S P-S State 

22500 (ms) 

2.8 (cpm) 

17150 (ms) 

3.5 (cpm) 

11799 (ms) 

5.1 (cpm) 
𝒕𝒑𝒆𝒓𝒊𝒐𝒅 

 

 

Figure 6. The time difference between repeating a 

slow-wave cycle by Sensitivity analysis for Modified 

Colon (dotted line), Approximation (dashed line), and 

Stomach (solid line) 
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while the IKni shows changes of about 0.5mV on the 

plateau_phase. 

Based on the results which are shown in Figure 5, it 

seems that the parameters of stimulus current have a 

greater effect on the duration of phases and the slope 

of depolarization and repolarization_phases (Figure 5b, 

d). In the plateau_phase, the rate of membrane potential 

changes is controlled by the potassium and calcium ions 

(Figure 4a, b). Similarly, the t1 increases the duration 

of the plateau_phase (Figure 5c) and the tperiod prolongs 

the time of occurrence of a slow-wave cycle (Figure 6). 

According to Table 5, it appears that the L-type 

calcium current, in addition to the potential changes in 

the membrane of the plateau_phase, has been very 

effective in the APD created in the spike_phase and has 

increased the APD. The parameters τf-po and τd-CaT are 

also very effective in the_phases of the valley and the 

plateau and the time of their occurrence, they are also 

very effective on the APD in the spike_phase and have 

significantly increased it. According to Table 7, the Vrest 

parameter is very influential on the spike_phase APDs. 

It also has a moderate effect on the membrane potential 

difference due to the difference in voltage value in the 

spike_phase and the resting_phase. Parameter tslope has 

the greatest effect at the time of occurrence of the plateau 

membrane potential, and t1 has a moderate effect on 

the APD of the spike_phase and the middle part of the 

repolarization_phase due to changes in the duration of 

the plateau_phase. Parameter t2 is very effective on the 

APD_phase of the spike. It seems to be due to the short 

time and value of the potential of the spike_phase and the 

lack of a valley_phase in the slow-wave curve of the 

colon cell, as well as increase in the depolarization_phase 

rate in the other two curves. It should be noted that tperiod 

is the most important parameter among the stimulus 

current parameters because it affects the number of slow-

wave cycles in one minute. In the colon, a slow-wave 

occurs at the rate of 5 cpm [15], while the rate in the 

stomach is 3 cpm [24]. 

In the future, this approach will provide a way 

to develop neural and hormonal interventions in 

electrophysiological behaviors of modeled cells by 

considering neural cell parameters. The development 

of a complementary ICC model and subsequently 

combining it in the simulation of multicellular tissue 

levels allows for a better understanding of the underlying 

mechanisms of electrophysiological abnormalities seen 

in arrhythmias and other gastric disorders [10, 25]. 

Modeling helps to provide a physiological mechanism 

for gastric arrhythmias and other gastric disorders in 

addition to a tool for predicting the pathological prognosis 

and a better understanding of the electrophysiological 

behavior of gastric cell membranes. Although the results 

presented here follow empirical data, much work needs 

to be done to establish the electrophysiological models 

of the stomach as a reliable tool for examining the 

pathophysiological aspects of this tissue in the same 

way as for the heart [7, 26-28]. 

The development of gastrointestinal cell modeling 

in combination with biometric measurements [29, 30] 

can be the basis for the control algorithms embedded 

in modern closed-loop electrical stimulator devices for 

the stomach [2, 3, 31]. 

5. Conclusions 

Using the sensitivity analysis method and the approach 

of matching the electrophysiological function, it is possible 

to obtain the electrophysiological model for the gastric 

cell from the colon cell with relatively high similarity, 

which indicates the physiological behavior of the excitable 

membrane of the gastric cell. In addition, this method can 

be used to model other cells of the gastrointestinal tract. 
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