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This work analyzes the electric impedance spectra of liver samples. Nyquist diagrams of experimental samples 

of different sizes were constructed. Optimal model equivalent electrical circuits of the systems studied were 
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Introduction 

The active development of technologies for 

measuring current in biological material, combined with 

methods for diagnosing morphological changes in tissues 

of living organisms, has shown that the influence of even 

low-intensity electric fields on biological tissues can cause 

morphometric processes. The study of these processes 

requires the application of adequate biophysical methods. 

An example of these methods is the electrical 

impedance spectroscopy (IS) technique across a wide 

range of frequencies. IS allows establishing a relationship 

between the structural features of tissues and their 

electrical parameters, enabling the conduct of appropriate 

diagnostic manipulations if necessary to check the overall 

functioning state of the objects studied [1, 2, 3, 4, 5, 6]. 

In particular, in works [7] and [8], we demonstrated 

the correspondence of the structural components of the 

cell, especially the plasma membrane, intra- and extra-

cellular spaces, to elements of the electrical equivalent 

circuit. This was shown at various stages of tissue 

destruction and illustrated through the results of optical 

microscopy. 

It's worth noting that different frequencies and electric 

field potentials have a specific effect on the biological 

sample, necessitating the determination of their action and 

the selection of an optimal range of parameters for 

measurement. For example, a frequency of 300 Hz causes 

membrane depolarization, stimulating the transmission of 

the electrical potential impulse in the tissue [9]. The use of 

higher frequencies (1Hz–1MHz) may be associated with 

certain risks to the morphological integrity of the object 

studied, specifically certain types of stress, and therefore 

the possibility of selective impact on pathological cells 

and the treatment of cancer diseases. This technology 

involves the process of electroporation, i.e., local 

membrane destruction for the elimination of atypical cells 

[9].  

The work [10] established that a similar process is 

possible using both alternating and direct current, and the 

effectiveness of the influence shows a clear dependence 

on frequency. 

Special attention is given to additional practical and 

methodological components of the impedance 

measurement process and the influence of variable 

potential across different frequency ranges. For example, 

the dependence of the type and parameters of diagrams on 

the placement of electrodes on the sample is studied [11].  

The work [12] explores the influence of the distance 

between electrodes on measurements, bipolar and 

tetrapolar electrode placement methods, both 

conventional and needle, to detect measurement errors and 

improve the methodology for humans and using plant 

tissues [13].  
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Considering the diagnostic value and high sensitivity 

of IS [14], the method has found its application in a wide 

range of fields, particularly in medicine for detecting signs 

of cancerous and neuromuscular diseases [15, 16], 

investigating the peculiarities of body structure changes 

caused by cognitive disorders [17], and evaluating the 

effectiveness of cryosurgical methods [18].  

Overall, the application of impedance spectroscopy to 

study the parameters of biological tissues encounters the 

problem of a strong dependence of measured parameters 

on experimental conditions. Practical interpretation of 

such results requires finding invariant quantities or their 

derivatives, which would provide a clear 

phenomenological interpretation of the morphological 

state of the system studied [19, 21].  

Considering the wide variety of effects of certain 

frequency ranges, there is a need for verification and 

correct interpretation of the parametric changes in 

impedance spectra depending on the destructive 

transformation of the tissue to detect the degree of lethality 

of such manifestations.  

This work attempts to explain the mechanism of 

transformation of electrical impedance spectrum 

parameters as a result of multiple sequential procedures of 

obtaining the spectrum of biological tissue - pig liver. 

I. Materials and Methods 

The use of isolated tissues for the experiment allowed 

for control over the sample size according to the size of 

the used chambers, contributing to more precise 

measurements due to the uniformity of temperature impact 

[8]. The liver of a pig was chosen as the object for 

measurement due to the availability of the material, its 

relative common use, and certain morphological 

similarities with human tissues. The liver tissue samples, 

obtained immediately after slaughtering the animals, were 

stored in a thermostat at a set temperature (2°C). 

Cylindrical samples with a height of 1 cm and a diameter 

of 2 cm were used for the study. 

Imaging was conducted using samples of initially 

determined lengths, 0.5 cm, 1 cm, 1.5 cm, and 2 cm. The 

total number of measurement repeats was four. The 

measurement chambers were made from the plastic body 

of a 2 ml medical syringe. The ends of the cylindrical 

sample made contact with a nickel mesh. Nickel 

conductors, welded to the mesh, served as current leads. 

The structure of the experimental equivalent circuit was 

chosen to be similar to that presented in our previous work 

[8]. 

Impedance spectroscopy was conducted using an 

AUTOLAB PGStat 30 spectrometer in the frequency 

range of 0.01 Hz to 100 kHz. To reduce the impact of the 

amplitude values of the voltage measurement signal on the 

condition of organic tissues, the amplitude values of the 

voltage signal were set to 5 mV. Modeling of the electrical 

equivalent circuits and numerical processing of the 

measurement results to determine the parameters of the 

equivalent circuit elements were conducted with the help 

of software environments FRA-2, Origin, and Z-View 2. 

II. Results 

Experimentally obtained Nyquist diagrams of the 

studied samples are shown in Fig. 1. The frequency range 

of the obtained spectra is 0.01 Hz to 100 kHz, with Z’ and 

Z” representing the real and imaginary components of 

impedance, respectively. Inserts show the high-frequency 

regions of the spectra, with arrows indicating the 

directions of frequency increase. The presented spectra of 

samples of different thicknesses (0.5 – 2) cm were 

obtained through four consecutive repeats of the 

experiment. 
No significant differences in the nature of polarization 

currents between measurement repeats are observed (Fig. 

1b, 1d). On the other hand, significant differences can be 

noted in the diagrams, specifically, a reduction in the real 

and imaginary parts of the complex impedance across the 

entire range of frequencies used (Fig. 1a) as a result of 

consecutive repeated measurements. At the same time, a 

slight decrease in the slope of the polarization branch of 

the spectra of the sample sized 1.5 cm is observed (Fig. 

1c). Analysis of the aforementioned Nyquist diagrams 

(Fig. 1) allowed for the construction of corresponding 

electrical equivalent circuits, tested in our previous studies 

(Fig. 2) [8]. Such an equivalent circuit corresponds to the 

state of the tissue at the first stage of its destruction when 

restorative processes are still possible [7]. 

The values of the component parameters of the 

indicated schemes are presented in Table 1. CPE and R 

parameters of the electrical equivalent circuits of samples 

of corresponding sizes, where R is resistance, and CPE-T 

is a constant phase element, for which intermediate 

elements are defined between active resistance (when 

CPE-P = 0) or an ideal capacitor (CPE-P = 1). For CPE-P 

< 1, the element is defined as a pseudocapacitor. 

The dynamics of the dependency of CPE and R 

parameters of the elements in the equivalent circuits on the 

sample sizes and the repeatability of the experiment are 

graphically illustrated in Figs. 3 – 5. According to the 

interpretation of the circuit elements, R1-CPE, R2-CPE2, 

and R3-CPE [7] correspond to the components of the 

tissue's electrical subsystem, specifically to the internal 

area of the cell membrane and the intercellular formations, 

respectively. 

Sharp changes in resistance were observed with 

changes in sample size during certain repeats, which do 

not allow for the identification of a clear pattern. 

Additionally, only a portion of the repeats showed similar 

dynamics in changes. For example, a specific character of 

change in the R1 parameter curve can be noted, 

particularly a sharp decrease and increase in the case of 

the 2nd and 3rd repeats, respectively, when reducing the 

sample size. Moreover, the second group of repeats (1 and 

3) is characterized by a similar, though less pronounced, 

trend (Fig. 3c). In the case of R2 and R3, it's important to 

note certain similarities in the dynamics of changes, such 

as a sharp initial increase (R2) and decrease (R3) in values 

(Figs. 3a and 3b). Furthermore, it is worth noting the 

significantly lower membrane resistance (R3) in 

comparison to the external and internal cellular [8]. 

 



Amplitude-Frequency Effect of Mixed Electric Field on Impedance Spectrum Parameters of Biological Tissue 

 271 

 
Fig. 2. Electrical equivalent of experimental measurement 

cells based on liver material. 

 

Experimentally obtained Nyquist diagrams of the 

studied samples are shown in Fig. 1. The frequency range 

of the obtained spectra is 0.01 Hz to 100 kHz, with Z’ and 

Z” representing the real and imaginary components of 

impedance, respectively. Inserts show the high-frequency 

regions of the spectra, with arrows indicating the 

directions of frequency increase. The presented spectra of 

samples of different thicknesses (0.5 – 2) cm were 

obtained through four consecutive repeats of the 

experiment. 
No significant differences in the nature of polarization 

currents between measurement repeats are observed (Fig. 

1b, 1d). On the other hand, significant differences can be 

noted in the diagrams, specifically, a reduction in the real 

and imaginary parts of the complex impedance across the 

entire range of frequencies used (Fig. 1a) as a result of 

consecutive repeated measurements. At the same time, a 

slight decrease in the slope of the polarization branch of 

the spectra of the sample sized 1.5 cm is observed 

(Fig. 1c). Analysis of the aforementioned Nyquist 

diagrams (Fig. 1) allowed for the construction of 

corresponding electrical equivalent circuits, tested in our 

previous studies (Fig. 2) [8]. Such an equivalent circuit 

corresponds to the state of the tissue at the first stage of its 

destruction when restorative processes are still possible 

[7]. 

The patterns of change in capacitance values (CPE2-

T) are characterized by a sharp rise when reducing the 

sample size to 1.5 cm, followed by a sharp subsequent 

decline at 1 cm (Fig. 4b). The CPE1-T parameter of the 

mixed group element did not show clear regular changes 

in values with corresponding changes in sample sizes. 

However, a general trend toward a slight increase in the 

parameter with decreasing sample size is observed, 

particularly from 1.5 cm in most repeats (Fig. 4c).  

It is worth noting a minor similarity in the behavior of 

the curves of the 2nd and 3rd repeats and the 1st and 4th, 

which was also observed in the case of R3 (Fig. 3c). 

Just like with the R parameter, for CPE-P, sharp 

jumps in values obtained during measurement can be 

detected. Additionally, a similarity in the variable 

dynamics of individual repeats can be noted, which does 

not allow determining an overall trend.  

For instance, the curves of the 2nd and 3rd repeats and 

the 1st and 4th for CPE2-P and CPE3-P change similarly 

with opposite dynamics (Figs. 5b and 5c), as observed 

     
a)                                                                                            b) 

     
c)                                                                                            d) 

Fig. 1. Parametric spectra of liver tissue impedance of certain sizes after fourfold measurement. Inserts display 

the high-frequency regions of the Nyquist diagrams, with arrows indicating the direction of frequency increase. 
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earlier (Figs. 4b and 4c).  

It is necessary to note the similarity in the behavior of 

the curves of the 2nd and 3rd repeats and the 1st and 4th, as 

observed in the case of CPE3-T, R2, and R3 (Figs. 3b, 3c, 

4c). 

The obtained values of the tangent of the loss angle 

increase to a slight extent with the increase in sample size, 

hence a gradual partial increase in the peaks of the curves 

can be observed. The curve of 0.5 cm did not adhere to the 

specified trend; furthermore, significant differences 

between other curves of the parameter were not observed 

in most repetitions. The curve of 2 cm exhibited some 

more pronounced differences compared to others (Fig. 6a, 

6b, 6d), however, a clear pattern was also not observed. 

In this comparison format, it is quite difficult to notice 

clear differences between the curves of the tangent of the 

loss angle. There are no sharp differences from the basic 

behavior of the curves, indicating the absence of processes 

that would clearly signal the intensification of stress 

processes in the samples during various repeats. 
 

2.1 Discussion  

As demonstrated [9], repeated exposure to a varying 

electric field at certain frequencies, for example, 1 kHz – 

1 MHz, causes changes in the structure and shape of the 

cell membrane, threatening the integrity and stability of 

the tissue studied. This type of stress, with equal intensity 

of manifestation (isotropic), facilitates a change in shape. 

A change in cell volume is caused by stress with different 

intensities (anisotropic). Moreover, with the change in 

radius and conductivity of the external environment, there 

is a risk of spatial shift [9].  

The obtained result indicates the possibility of such a 

mechanism due to repeated use of the corresponding 

frequency spectrum, specifically 100 kHz, as reflected in 

the change in the curvature of the polarization branch. It's 

noteworthy that the degree of its manifestation likely fades 

with the decrease in frequency, but the consequences of its 

impact are sufficient for their amplification in subsequent 

measurements, as reflected in a significant decrease in 

impedance amplitude and potential stress exacerbation 

(Fig. 1a, 1c).  

A sharp reduction in membrane volume (Fig. 3c) 

indicates probable damage to the cell structure, reflected 

in the same increase in intracellular resistance, which may 

not be related to the applied frequency. 

Table 1. 

Parameters of Equivalent Circuits (Fig. 2). 

Repeats Size 
R1, 

Ohm 

CPE1-T, 

F 
CPE1-P 

R2, 

Ohm 

CPE2-

T, F 

CPE2

-P 

R3, 

Ohm 

CPE3-T, 

F 
CPE3-P 

1 

0.5 

2.58*1

06 2.16*10-5 7.07*10-1 
1.93*

105 

3.67* 

10-5 

9.85* 

10-1 

1.25*

103 
5.78*108 6.11*10-1 

2 
2.20*1

03 4.69*10-5 7.13*10-1 
1.65*

103 

3.60* 

107 

4.63* 

10-1 

1.19*

106 
2.68*10-5 8.62*10-1 

3 
1.22*1

04 3.01*10-5 6.96*10-1 
5.33*

102 

7.19* 

107 

4.76* 

10-1 

1.89*

106 
2.47*10-5 9.12*10-1 

4 
1.93*1

03 
6.49*10-5 1.04 

1.55*

105 

2.23* 

10-5 

7.81* 

10-1 

1.19*

103 
1.72*107 5.63*10-1 

1 

1 

2.77*1

05 2.33*10-5 7.77*10-1 
2.59*

106 

2.48* 

10-5 

9.03* 

10-1 

1.47*

103 
1.41*107 5.55*10-1 

2 
3.09*1

05 
2.32*10-5 7.42*10-1 

1.57*

108 

2.69* 

10-5 

7.38* 

10-1 

1.27*

103 
2.32*107 5.01*10-1 

3 
6.29*1

04 
1.23*104 1.12 

2.73*

106 

1.38* 

10-5 

8.16* 

10-1 

1.28*

103 
3.45*107 5.39*10-1 

4 
1.23*1

03 
3.98*104 6.01*10-1 

1.22*

106 

3.23* 

10-5 

8.72* 

10-1 

1.05*

103 
3.81*107 5.16*10-1 

1 

1.5 

1.15*1

05 
8.53*10-5 7.87*10-1 

6.48*

105 

1.06* 

104 

9.47*1

0-1 

1.24*

103 
1.43*107 5.55*10-1 

2 
8.37*1

06 
8.26*106 6.65*10-1 

1.49*

105 

8.56* 

10-5 
1.04 

2.48*

103 
1.73*108 6.30*10-1 

3 
2.20*1

05 
1.82*10-5 7.76*10-1 

9.05*

105 

3.30* 

10-5 

9.36* 

10-1 

1.48*

103 
7.68*107 4.47*10-1 

4 
6.34*1

05 
2.60*10-5 7.91*10-1 

1.34*

106 

8.86* 

10-5 
1.10 

1.66*

103 
1.49*107 5.66*10-1 

1 

2 

6.90*1

04 
2.85*10-5 8.09*10-1 

2.02*

106 

1.57* 

10-5 

8.41* 

10-1 

2.24*

103 

1.33E*10
7 

5.14*10-1 

2 
1.62*1

03 
1.68*104 5.92*10-1 

1.08*

106 

3.26* 

10-5 

7.99* 

10-1 

1.67*

103 
3.43*108 6.03*10-1 

3 
3.25*1

05 
2.65*10-5 7.87*10-1 

7.51*

105 

7.12* 

10-5 
1.07 

2.37*

103 
2.02*107 5.49*10-1 

4 
4.69*1

08 
1.12*10-5 7.63*10-1 

6.16*

105 

6.60* 

106 

7.26* 

10-1 

1.98*

103 
3.43*108 6.01*10-1 
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a)                                                                                            b) 

 
c) 

Fig. 3. Impact of sample size on changesin the R parameter of the equivalent circuit across the frequency range of 

0.01 Hz – 100 kHz. 

 

    
a)                                                                                            b) 

 
c) 

Fig. 4.  The impact of sample size on changes in the CPE-T parameter of the equivalent at the frequency range of 

0.01 Hz – 100 kHz. 
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a)                                                                                            b) 

 
c) 

Fig. 5. The impact of sample size on changes in the CPE-P parameter of the equivalent circuit at the frequency 

range of 0.01 Hz – 100 kHz. 

 

    
a)                                                                                            b) 

    
c)                                                                                            d) 

Fig. 6. The impact of sample size on changes in the tangent of the loss angle at the frequency range of 

0.01 Hz – 100 kHz. 
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The change in size does not form a single clear trend 

towards the corresponding changes in the parameters of 

the electrical circuit. It's possible to distinguish both sharp 

increases and sharp decreases in values. Primarily, the 

reduction in the values of CPE-Z and CPE-T parameters, 

whether significant or minor, occurs with the reduction in 

sample sizes. Similar signs can be found in the case of a 

sudden increase in membrane and a decrease in 

intracellular volume when changing the sample size from 

1 cm to 0.5 cm.  

Among the possible causes of such sudden deviations 

could be a greater sensitivity of a minor volume of tissue 

to stress caused by the corresponding frequency and the 

presence of a certain number of damaged areas during the 

sequential processing of samples. 

Conclusions  

The study of the parameters of the Nyquist diagram of 

liver tissue samples of different sizes shows a certain 

influence of the spectrum of frequencies used during 

multiple measurements. This is likely caused by stress due 

to repeated use of a certain frequency, for example, 100 

kHz, leading to a potential change in the structure and 

shape of the cell. Therefore, among the possible reasons 

for the differences in the results of samples of different 

sizes could be a greater sensitivity of a minor volume of 

tissue to the indicated destructive factor. The study of the 

tangent of the loss angle demonstrated a general absence 

of clear trends in curve changes, which may indicate an 

insufficient degree of induced stress and require further 

stages of research 
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Амплітудно-частотний вплив змішаного електричного поля на 
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В роботі проведено аналіз спектрів електричного імпедансу зразків печінки. Побудовано діаграми 

Найквіста експериментальних зразків різних розмірів. Отримані та опрацьовані оптимальні модельні 

еквівалентні електричні схеми досліджуваних систем, а також здійснено обчислення параметрів їх 

складових. Показані зміни параметрів та тангенсу кута втрат. Зроблено висновок про взаємозалежність 

напруженості електричного поля та виникнення стресу, спричиненого використанням певних частот, від 

розміру зразка. 

Ключові слова: імпеданс, печінка, тангенс кута втрат, електрична схема. 


