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In this article the analysis of the electric impedance spectra of liver samples was performed. Nyquist diagrams 
were built for intact and experimental samples that were exposed to temperature. The optimal model equivalent 

electrical circuits of the studied systems are obtained and processed, an attempt to establish the correspondence 

of individual elements of equivalent circuits and their real analogues in the studied tissues was made and the 

parameters of component circuits are calculated. It is shown that the initial stages of thermotemporal 

transformation of the tissue structure are reflected in the change of the parameters of the elements of the 

schemes and the final irreversible destructive effects are manifested in the form of loss of their elements. In 

addition, structural deformations of tissues were examined by optical microscopy. The conclusion about features 

of influence of temperature on the investigated samples and on the general structure of equivalent electric 

schemes was made. 
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I. INTRODUCTION 
The need to study the features of processes, 

factors of destruction and damage of biological 

tissues is due to the importance of preserving their 

structural integrity for use in industries where these 
factors play an important role. One of the most 

studied factors of influence is temperature and its 

negative values are actively used in medicine. 

The influence of cryosurgical methods 

causes "thermal stress", which occurs when a there 

is a drastic change in the freezing process to heating 

process [1, 2]. In addition, such values are usually 

used for storage and freezing of meat, which is 

important in the field of food technology [3, 4]. 

Due to the fact that it is not always possible 

to maintain a stable low or high temperature, for 
example, during transportation, its abrupt changes 

can lead to a number of freeze-thaw cycles. The 

result is a violation of metabolism, structure of 

proteins and lipids [5, 6]. 

In addition, an additional cause of damage 

at low temperatures is the formation of ice in the 

outer cell space and dehydration of cells at high 

concentrations [7, 8]. 

It should be noted that the use of 

cryosurgical methods can contribute to the process 

of death, or necrosis, the signs of which must be 

recognized in the early stages for the preservation 
and subsequent use of organs [9]. 

Necrosis is characterized by specific 

manifestations, in particular, the development of 

inflammation in the affected areas, chromatin 

condensation and destruction of membrane 

structures [10, 11]. 

Necrosis is preceded by the process of 

necrobiosis, the early stages of which are called 
oncosis [12]. It is characterized by changes in the 

shape and volume of the cell that occur within a few 

minutes from the beginning of the action of 

aggressive factor. Its signs can be recognized by 

checking the capacity of the cell to propidium iodide 

or trypan blue. 

Necrosis is actively studied, for example, 

in the case of acute and chronic liver disease and 

depending on the degree and size of the affected 

area, there are several types, including spotted, 

zonal and partial [13]. 

Microscopic analysis of the affected cells 
can detect a number of signs of this process, in 

particular the appearance of cytosolic and 

membrane vesicles in the vascular space with their 

gradual exfoliation [14]. 

To prevent and monitor the occurrence of 

destruction processes, specific methods of 

biomaterial research are used, in particular, the 

method of pulsed photothermal radiometry, which, 

for example, is used to assess the impact of laser 

surgery [15]. 
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In cryotherapy there are methods that allow 

to visualize the results of treatment: 

vibroacoustography [16], ultrasound monitoring 

[17] and electrical impedance tomography (EIT) 

[18]. 

One of the most well-known and promising 

non-destructive methods of control is electrical 

impedance spectroscopy (IC) [19], which allows to 
characterize the structural features of tissues based 

on their passive electrical properties and is the basis 

of EIT. 

Impedance measurement involves the 

passage of alternating current through the object of 

study at a certain frequency which allows to obtain 

information about changes in volume to classify 

tissues based on their conductive and dielectric 

properties [20]. 

The essence of the method is to measure 

the frequency (w) dependence of the real (Z ') and 
imaginary part (Z' ') of the complex electrical 

impedance of the object to obtain a parametric 

frequency (w) dependence: Z' '(w) = f (Z' (w)) 

(Nyquist diagrams) and interpretation of the results 

obtained by constructing an electrical equivalent 

circuit and calculating the parameters of its 

components by various mathematical and software 

tools [21].  

At present, experiments have been 

conducted using bioimpedance to assess the overall 

impact of low temperatures, thawing and freezing 

processes [22, 23], thermal damage [24, 25, 26] to 
study the characteristics of changes of impedance in 

tissue over time [27]. In the field of food 

technology, IP has been used to determine the 

freshness of meat when stored in ice [28]. Attempts 

have also been made to detect early signs of necrotic 

processes using cryosurgical methods [29]. 

Given that electrical equivalent models are 

not often used to measure the degree of damage of 

the studied material, the aim of the study was to 

show the results of changes of impedance in organ 

tissue under the influence of positive temperatures 
by creating appropriate equivalent schemes, 

explaining changes in their parameters and 

comparing results with optical microscopy.  

 

II. MATERIALS AND METHODS 
The use of separate tissues for the 

experiment allowed to control the size of the 

samples according to the size of the cells used and 

contributed to more accurate measurement due to 
the uniformity of the temperature influence. 

It was decided to select the pig liver as the 

object of measurement due to the availability of the 

material and the relative prevalence of its use. The 

samples obtained immediately after slaughter and 

were stored in a thermostat at a certain temperature. 

The test cells were made of a 2 ml plastic 

syringe body. The ends of the cylindrical sample 

were in contact with the nickel mesh. Nickel 

conductors welded to the mesh served as a current 

collector. The structure of the experimental 

equivalent scheme is chosen similar to that given by 

us in the previous work [30]. 

Cylindrical samples, 1.2 cm high, weighing 
1 - 1.5 g and 2 cm in diameter, were placed in a 

sealed thermostat 1/120 SPU under the influence of 

temperatures of 2 ° C, 8 ° C, 12 ° C, 25 ° C and 35 ° 

C for 2, 8 and 14 hours. 

Impedance spectroscopy was performed 

using an AUTOLAB PGStat 30 spectrometer in the 

frequency range 0.01 Hz - 100 kHz. To reduce the 

influence of the amplitude values of the voltage of 

the measuring signal on the state of organic tissues 

the potential range was set to 0 - 5 mV. 

Numerical processing of measurement 
results to determine the parameters of the elements 

of equivalent circuits was performed using software 

environments FRA-2, Origin and Z-View 2, 

respectively. 

In order to demonstrate the effects of 

temperature exposure at the tissue and cell levels 

optical microscopy of experimental samples was 

performed in which the structure of equivalent 

models differed from the corresponding intact 

models. 

For histological examination tissue samples 

were fixed in a 10% solution of neutral formalin 
which was replaced every 12 and 24 hours. After 14 

days the material was transferred to paraffin blocks 

on a sled microtome where sections with a thickness 

of 5 μm were made followed then by staining with 

hematoxylin and eosin according to conventional 

methods. Trichrome Mason and Hart staining were 

used to identify collagen and elastic fibers, 

respectively. 

The obtained histological sections were 

examined using a Micros Austria MC300 light 

microscope and a Sony ToupCam 5.1M UHCCD 
digital camera with a ToupTek Photonics AMA075 

ToupView v.3 adapter.  

 

III. RESULTS AND DISCUSSION 
The experimentally obtained Nyquist 

diagrams of the studied samples for different 

temperatures stored for 2, 8 and 14 hours are shown 

in Figures 2, 6 and 11. The frequency range of the 

obtained spectra is 0.01 Hz - 100 kHz. Z ’i -Z” are 
the real and imaginary components of the 

impedance, respectively. The tabs show the high-

frequency parts of the spectra, the arrows indicate 

the directions of frequency increase. 
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a)  b)  
 

c)  
Fig. 1. impedance spectra of liver tissues stored at a) 2 ° C, b) 8 ° C, and c) 12 ° C. 

 

Analysis of the above diagrams of Nyquist (Fig. 1) allowed to build the corresponding electrical equivalent 

circuits.  

 
Fig. 2. electrical equivalent circuit of liver samples: intact sample, sample at 2 ° C, 8 ° C and 12 ° C for 2, 8 and 

14 hours. 

 

The values of the parameters of the 

components of these schemes are given in table 1. 

For comparison, all the following tables show the 

values of the parameters of the scheme of the intact 

sample. CPE and R- parameters of electrical 

equivalent circuits of samples under the influence of 

2, 8 and 12 ° C, where R is the resistance and CPE-

T is the constant phase element for which the 

intermediate elements between the active resistance 

are determined (at CPE-P = 0) or an ideal capacitor 

(CPE-P = 1). For CPE-P <1, the element is defined 

as a pseudocapacitor.  
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Table. 1. Parameters of equivalent schemes (Fig. 2). 

 
 

The dynamics of changes in the parameters 

of the schemes (Table 1a) allows us to draw 

conclusions about the feasibility and effectiveness 

of the chosen method for a similar characteristic of 

the electrical properties of tissues. When storing the 

sample at 2 ° C, there are no significant differences 

in the values of the capacity of intact and 

experimental samples which is due to the expected 

low destructive effect of the selected temperature.  

Minor, monotonic changes in the parameter 

can potentially be explained by passive changes in 
the electrolyte composition near the bilipid layer. In 

the case of CPE-P which conditionally reflects the 

permeability of the membrane a slight decrease in 

the parameter over time is observed in the case of 

CPE1-P and CPE2-P. However, the value of CPE1-

P at 14 hours, indicates the incorrectness of the 

corresponding equivalent scheme. The R-parameter 

also does not show either a significant difference in 

values between groups of samples, except for R2, 

and a clear dynamics of changes over time. 

A similar situation is observed at 8 ° C and 

12 ° C. A slight decrease in capacity is observed in 

CPE3-T and, in part, in CPE1-T parameters. In the 

case of permeability and resistance, no significant 
differences between the experimental samples from 

the values of intact or changes over time are 

observed, both at 8 ° C and at 12 ° C.  

 

a)  b)  

Fig. 3. intact sample: a) 1 - hepatic plates, 2 - central vein, 3 - layers of loose connective tissue, 4 - blood 

vessels; sample at 8 ° C: b) 1 - hepatic plates, 2 - interparticle vein, 3 - layers of loose connective tissue, 4 - 

interparticle artery, 5 - interparticle bile duct. Coloring: according to Hart. Coll .: x100. 
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Fig. 4. sample at 8 ° C: 1 - hepatic plates, 2 - dinuclear hepatocytes, 3 - sinusoid, 4 - layers of loose connective 

tissue, 5 - lympho-histiocytic infiltrates. Staining: hematoxylin and eosin. Coll .: x200. 

 

In light-optical examination in all fields of 

view there is a clear separation of particles due to 

well-developed interparticle connective tissue (Fig. 

3 - 4) which identifies collagen and elastic fibers. 

At the apex of the hepatic lobules, in the 

portal spaces, there are triads which include the 

interparticle arteries, veins and bile ducts. Arranged, 

arranged in rows, hepatocytes - hepatic plates which 
are radially directed to the central vein - are 

visualized in lobes. Due to this specificity of 

architecture in the hepatic lobe, the central, 

intermediate and peripheral zones are distinguished. 

In the middle of a hepatic plate bilious 

tubules are visible, between plates there are 

sinusoids. Hepatocytes are polygonal in shape, often 

have two nuclei (Fig. 4). In general, there are no 

clear signs of any significant damage.  

 

 
Fig. 5. transformation of the impedance spectra of liver tissues at a temperature of 25° C. 

 

The structure of the developed electrical equivalent circuit is identical to the circuit shown in Fig. 2. 

 

Tab. 2. CPE and R-parameters of electrical equivalent circuits of samples under the influence of 25°C. 

 
 

The effect of 25 ° C shows a significantly different parameter of CPE1-T experimental and intact samples and a 

slight decrease in CPE2-P, CPE3-P and R1, R3 parameters over time, respectively.  
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a)   b)  

Fig. 6.a) 1 - hepatic plates, 2 - interlobular vein, 3 - dilated sinusoids, 4 - compacted layers of loose connective 

tissue, 5 - damaged areas of interparticle connective tissue layers, 6 - peripheral edema; b) 1 - disorganized liver 

plates, 2 - destruction of the peripheral zone of the lobe. Coloring: according to Hart. Coll .: x100. 

 

 a)b) 

 

Fig. 7.a) 1 - hepatic plates, 2 - two nuclear hepatocytes, 3 - layers of loose connective tissue, 4 - lympho-

plasmacytic infiltrates, 5 - sinusoids, 6 - interparticle bile duct, 7 - edema of the peripheral zone of the lobe; b) 1 

- hepatic plates, 2 - interparticle artery, 3 - interparticle vein with stasis, 4 - interparticle bile duct, 5 - layers of 

loose connective tissue, 6 - lympho-plasmacytic infiltrates, 7 - sinusoids. Staining: hematoxylin and eosin. Coll 

.: x200. 

 

 
 

Fig. 8.1 - hepatic plates, 2 - sinusoids, 3 - interparticle artery, 4 - fluffy, swollen areas of interparticle connective 

tissue layers. Staining: hematoxylin and eosin. Coll .: x200. 

 

The results of microscopy ofthe 

corresponding samples show the preserved lobular 
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principle of structure, however, structural changes 

are revealed both in the connective tissue skeleton 

and in the parenchymal component (Figs. 6 - 8).  

In some areas there are visible seals of 

interparticle connective tissue (Fig. 8), as well as 

edema, fibrosis and local destruction. Blood stasis, 

dilation and plethora of sinusoids are observed in 

the interparticle veins (Fig. 6b). 

Violations of intercellular contacts are 

found in peripheral zones, as a result, there is a 

noticeable disorganization of hepatic plates (Fig. 

6). The contours of hepatocytes are blurred, 

lympho-plasmacytic infiltrates are common (Fig. 

7b).  

 

 
Fig. 9. impedance spectra of liver tissues at a temperature of 35 ° C. 

 

Analysis of Nyquist diagrams (Fig. 9) for a storage temperature of 35 ° C allowed to build the corresponding 

electrical equivalent circuits (Fig. 10).  

a)  
 

b)  
 

c)  
 

Fig. 10. electrical equivalent circuits of liver samples for spectra of samples at a temperature of 35 ° C for a) - 2, 

b) - 8 and c) - 14 hours. 

 

Significant thermal tissue damage which has been 

shown to occur at temperatures close to 37 ° C and 

above is visually reflected by the formation of 

edema and blisters, increased intercellular space and 

general disorganization of liver plates according to 

the results of optical microscopy described below. 
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Tab. 3. Parameters of electrical equivalent circuits of samples under the influence of 35 ° C. 

 
 

At the cellular level such processes are 

accompanied by destruction of the cytoskeleton and, 

as a consequence, the plasma membrane [31, 32]. 

As a result, the amount of free electrolytes increases 

due to the leakage of intracellular ions into the 

extracellular space and the volume of extracellular 

fluid which can potentially cause a decrease in the 

values of capacitive elements of experimental 

samples, in particular at 35 ° C (Table 3), increasing 

the conductivity and correspondingly decreasing the 

modulus of impedance that correlates with the 

temperature value. [33, 34] 

In addition, the decrease in capacity may be 

due to a decrease in the permeability of the plasma 

membrane and, as a consequence, the number of 

mobile ions. This could potentially be accompanied 

by an increase in the CPE-P parameter observed in 

the CPE-P1 values. One of the reasons for the 

decrease in the permeability of the membrane may 

be its complete structural destruction under the 

influence of temperature which is probably reflected 

in the absence of both CPE-P3 and capacity.  

 

    a)    b)  
Fig. 11. a) 1 - disorganized liver plates, 2 - compacted areas of interparticle connective tissue layers; b) 1 - 

disorganized liver plates, 2 - compacted areas of interparticle connective tissue layers, 3 - interparticle artery, 4 - 

interparticle vein, 5 - edema. Color: trichrome according to Mason. Coll .: x100. 

 

a)   b)  
Fig. 12. a) 1 - disorganized hepatic plates, 2 - compacted areas of interparticle connective tissue layers, 3 - 

lympho-plasmacytic infiltrates, 4 - interparticle bile duct; b) 1 - disorganized liver plates, 2 - compacted areas of 

interparticle connective tissue layers, 3 - lympho-plasmacytic infiltrates, 4 - edema. Staining: hematoxylin and 

eosin. Coll.: x200. 
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The results of microscopy of the 

corresponding samples show more pronounced 

edematous-dystrophic changes and disorganization 

of the liver plates than in previous cases (Fig. 11 -

12). 

There are noticeable seals and 

deformations in the stroma, elastic fibers are thinned 

(Fig. 11a) and there are noticeable loci with swollen 
collagen fibers and edematous changes in the portal 

spaces and in the wall of the components of the liver 

triad (Fig. 11b). 

It is worth noting the stasis in the sinusoids 

of the intermediate zone of the lobe (Fig. 13a) and 

the loss of radial architecture (Fig. 11, 12). Weak 

eosinophilia of the cytoplasm of hepatocytes and 

lympho-plasmacytic infiltration are also observed 

(Fig. 12).  

 

IV. CONCLUSIONS 
The gradual increase in temperature and 

time of its influence contributes to the destruction of 

tissues due to the caused necrosis which is 

manifested by the corresponding changes in the 

structure of the equivalent electrical circuit of the 

studied samples. The critical value at which such 

processes occur among the studied temperatures are 

temperatures close to 35 ° C. Potential causes are 

membrane destruction and mixing of extracellular 
and intracellular contents which is reflected in the 

disappearance of the relevant components of the 

model, in particular CPE3 and R3. 

Temporal changes of thermostabilized 

samples are manifested primarily by changes in the 

parameters of the circuits of the impedance sample, 

in the future, for higher temperatures, the 

transformation of a directly equivalent circuit. 

Thus, the analysis of experimental spectra 

of electrical impedance can serve as a sufficiently 

informative tool for expressive analysis of the 

degree of destruction of liver tissues.  
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