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ABSTRACT 

By means of the analytical formula of specific impedance for the spherical cells in suspension 
introduced by Kenneth S. Cole in 1928, a bioimpedance simulator has been developed for the 
generation of specific impedance spectrums of suspension of cells. With the help of the simulator 
the user can obtain different impedance spectrums according with the biophysical parameters of 
the cell suspension. Then, generate different kind of plots in order to understand and interpret all 
the resulting information. 
 
With the selection of different values and range of the biophysical parameters to obtain the 
spectrums, it is possible to simulate different kinds of physiological process and observe their 
electrical bioimpedance behaviour in a certain range of frequencies. The performance of the 
simulator has been validated simulating Cellular Edema and Haemorrhage has been also 
simulated. 
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CHAPTER 1 

INTRODUCTION 

1.1. Introduction 
The Electrical Bioimpedance (EBI) of the biological tissues and biomaterials depends not 

only on the shape and the volume of the tissue, but also on the biophysical properties of the tissue 
constituents: cells, proteins, intracellular and extracellular fluid, organelles, nucleus, plasma 
membrane, etc. As the permittivity and the conductivity of the cell constituents depend on the 
frequency, the electrical impedance of cells, tissues and organs depend significantly on the 
frequency. 

 
Since composition and structure of cells and tissues change with physiological process, EBI 

of tissue also changes accordingly with the biophysical process. In this way, monitoring the EBI 
of tissue can be used in order to assess on changes on tissue composition or physiological 
processes e.g. respiration rate by monitoring the changes of conductivity suffer by lung tissue 
while breathing. 

 
Traditionally, EBI measurements and measurements analysis has been done at one single 

frequency, doing a temporal analysis, e.g. Impedance cardiography (ICG). Single frequency 
offers less information than spectroscopy measurements and most often only allows us to perform 
time analysis or other very straightforward analysis. On the other hand, spectroscopy 
measurements of EBI allow us to perform spectral or multifrequency analysis like Cole model 
analysis or Impedance Indexes. 

 
Most often in order to validate any test or theory it is necessary to perform experiments. In 

most of cases lab or clinical experimentation is very expensive, complex and in many times is not 
even available. In the other hand through simulations, it is possible to perform preliminary tests 
of hypothesis at very low cost. 

1.2. Motivation  
Simulations have become a regular functional block in any initial investigation, allowing the 

researcher to evaluate scenarios and processes, otherwise not available to the researcher. There 
are several measurement scenarios within the field of EBI that cannot be setup. On those 
scenarios a Biosimulator would be extremely useful and would obtain an initial approximation of 
what to expect. 

1.3. Goal 
The goal of this project is to build a Matlab® based Simulator of Spectral electrical specific 

impedance for a suspension of cells. This simulator would be based in the cell as fundamental 
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constituent of a biomaterial and the suspension of cell as the fundamental block of a biological 
tissue. 

The validation of the implemented tool will be done by performing simulations that will 
reassemble physiological processes. The obtained results will be analyzed in order to identify 
spectral based candidates for tissue assessment. 

1.4. Work Done 
With the help of Matlab®, a simulator based on the analytical equation for the electrical 

specific impedance of spherical cells suspended in conductive media [1], has been developed. 
The simulator consists on a user interface which allows the user to create different kind of 
simulations by means of the selection of the biophysical parameters of a suspension of cells. The 
values for those parameters can be a single value or a range of values and in addition it is possible 
to select the range of frequencies to obtain the spectrum of the specific impedance. 

 
Once the results of the simulation are produced, the user can select several kinds of graphic 

options to show the results like 2D and 3D plots. It is also possible in some plots to compare 
different results. 

 
To validate the performance of the simulator, two simulations have been run studying the 

effect of cell swelling and bleeding on the spectrum of the specific impedance. The obtained 
results have been analyzed aiming to obtain spectral-based features as candidates for detection of 
cellular edema and haemorrhage. 

1.5. Structure of the Thesis Report 
This thesis report is organized in five chapters and the references. Chapter 1 is the 

introduction to the thesis work. Chapter 2 gives a brief background of the specific impedance 
formula for spherical cells and how the expression was obtained by Cole from Maxwell’s articles. 
Chapter 3 consists on a guide to the implemented simulator. This guide describes how the 
simulator was developed under Matlab® and how to use the programme interface in order to 
obtain run simulations and plot the obtained results. Chapter 4 describes the cell swelling and 
haemorrhage processes and how with the help of the simulator a model-based simulation is run 
and spectral analysis of the specific impedance for both processes is performed. The spectral 
analysis is done at the end of the chapter over two spectral features, which were obtained from 
the spectral analysis and are also introduced on the chapter. Chapter 5 contains the limitations of 
the developed tool and proposed future work. 

1.6. Out of Scope 
The implementation of a classifier or even a candidate validation is not under the objectives 

of this Final Degree Thesis. 
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CHAPTER 2 

BACKGROUND  

2.1. Cell, Cell Suspension and Tissue 
A definition of cell: “The cell is the structural and functional unit of all known living 

organisms” [2]. Therefore is the smallest unit of life. The cells can be divided in two groups, 
prokaryotic cells and eukaryotic cells. The human being is an eukaryotic organism, therefore for 
our purpose the eukaryotic cell is the one to be treated in this document, from now on will be 
referenced as cell. 

 
The cell is constituted by the cell membrane, a double layer of phospholipids (lipid bilayer), 

enclosing the cytoplasm, consisting of the cytosol within which the nucleus and all the other cell 
organelles reside. A general animal cell structure is shown in the Fig.2.1 [3]. 

A cell suspension, also called a cell culture, basically consists of a cell population, 
surrounded by an extracellular fluid, which contains proteins and electrolytes, including the 
plasma and the interstitial fluid. 

 
Particularly for this document, a cell suspension will be referred to an aggregation of 

spherical cells with the same characteristics. And the container will be a sphere as well. 
 
In essence a tissue, in a structural way, is the same as a cell suspension of similar cells, but 

with the difference that the shape and size is irregular and it is different for each case. 

2.2. Electric model of a cell 
To develop the electric model of a cell analyzing the way of an electric current injected into 

a cell is not very complicate. In its route, the current has to flow through the cell membrane, and 

 
Fig.2.1 Diagram of a typical animal cell and some organelles. 

Ref: [3] 
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then cross the cell by means of the intracellular fluid to exit across the cell membrane again to the 
extracellular fluid. 

 
The first element in the way of the current is the cell membrane. The cell membrane, as 

mentioned above, consists of a lipid bi-layer structure, with the presence of numerous proteins 
that are crucial to the cell activity (Fig2.2 [3]). Integral proteins are found among those proteins. 
Such kind of protein forms transmembrane channels, which control the entry and exit of ions and 
water. 

 
In this manner, the current has to ways to flow inside the cell, across the double lipid layer 

by displacement current or across the transmembrane channel. From an electrical point of view 
and according with the characteristics of the lipid bi-layer, which has a poor conductivity the cell 
membrane could be considered as a dielectric. In the other way, the integral protein allows the 
current to pass through the membrane in a passive manner, therefore is considered as a resistance. 
So it is possible to model the membrane as a capacitor, lipid bi-layer, with an approximate value 
of 0.01 F/m2 in parallel with a resistance, transmembrane channel [3]. 

The intracellular fluid contains ions dissolved in the cytosol (fluid), and as electrolyte it is 
considered as an ionic conductor for the electrical charges. The resistivity of the fluid will be 
determined by the concentration, mobility, charge and activity of ions. Obviously, once inside the 
cell, the current flows through the electrolytic conductor, modeled as a resistance. 

 
The complete electric cell model and its simplifications are represented in Fig.2.3 [3]. 

Fig.2.2 Cell membrane 

Ref: [3] 
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2.3. Electrical Resistivity of a Spherical Cell 
J. C. Maxwell presents in A Treatise on Electricity and Magnetism, how a hollow sphere 

having a core of resistivity r1 and radius a1, surrounded by a shell of resistivity r2 and radius a2, is 
possible to replace it for a sphere of radius a2 with a resistivity r, given in Equation 2.1 [4]. A 
representation of the spheres can be observed in the Figure 2.4. 

 
 3 3
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Later Kenneth S. Cole introduced a simplification of the formula given in Equation 2.1 [1]. 

The first simplification consists on when a1 = a1 – δ =a – δ, where δ is a small quantity such that 
higher powers than the first can be neglected, corresponding with the Equation 2.2. The second 
simplification considers the case of having a resistivity of the shell higher than the resistivity of 
the nucleus, this is r2 >> r1, or 1 >> r1/ r2. The final result is shown in the Equation 2.3. 
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Supposing that the current flow in the surface layer is radial, the expression δr2, which is a 
resistivity of the shell for unit area (Ωm2), can be changed by a complex specific impedance per 
unit area, referenced here like zs, obtaining a complex specific impedance for the sphere, denoting 
by z, instead of r. 
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Fig.2.3 The electric circuit cell model and its simplifications. The simplification is based on the large 
value of Rm.  
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= + Ω⋅  (Equation 2.4)

 
As the cell can be considered as an sphere with membrane of radius a2 and resistivity rm, 

surrounding the nucleus of radius a1 with a resistivity ri, and it is also possible to apply the 
simplifications made by Cole, because the membrane is thin (a1 = a1 – δ =a – δ, where δ is a 
small quantity) and the resistivity of the membrane is much higher than the resistivity of the 
nucleus (1 >> r1/ r2).Therefore it is possible to express the resistivity of the cell with the Equation 
2.2, and taking also in consideration that the cell membrane is working like a capacitor it is 
possible to use the Equation 2.3 with zm referencing the complex specific impedance per unit area 
of the cell membrane. 

 
 

    [ ]m
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zz r m
a

= + Ω⋅  (Equation 2.5)

 

2.4. Electrical Resistivity of a Suspension of Spherical Cells 
J. C. Maxwell also introduced how a sphere of radius a2 containing a medium of resistivity 

r2, in which are suspended n spheres of radius a1 and resistivity r1, can be replaced by a single 
sphere of radius a2 and resistivity r, given in Equation 2.6 [4]. 
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In the Equation 2.6, f stands for the volume fraction of the concentration of spheres, which 

has the expression shown in Equation 2.7. 

Fig.2.4 Representation of the equivalence of a sphere with a nucleus with a radius of a1 and resistivity 
r1, surrounded by a shell with a radius of a2 and resistivity r2, with a single conductive sphere with 
radius a2 and resistivity r . 
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 (Equation 2.7)

 
Cole by means of the Equation 2.6 transformed the expression for the case of an sphere 

having small spheres, which ones contains a nucleus with different resistivity than the shell (the 
same spheres as the treated in the section before) [1]. Also considering the case of a sphere 
containing a suspension of spherical cells, in the Equation 2.6 the r2 is changed for re, denoting 
the resistivity of the extracellular space and r1 for the complex specific impedance of the cells 
obtained before, in Equation 2.5. 
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Assuming that the equivalent circuit for the cell membrane is a capacitance in parallel with a 

resistance, as was explained in the section 2.2 called Electrical model of a cell and represented in 
the Figure 2.3, the Equation 2.8 can be transformed in Equation 2.9. 
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Fig.2.5 Representation of the equivalence of a sphere of radius a2 containing a medium of resistivity 
r2 and small spheres of radius a1 and resistivity r1, with a single conductive sphere with radius a2 and 
resistivity r . 
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Considering the high value of the resistivity of the membrane, it can be omitted in the 

complex specific impedance of the membrane, resulting a pure reactivity, zm = 1/jωcm. 
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Therefore the Equation 2.9 represents the specific impedance of a suspension of spherical 

cells in a medium. The impedivity is an intrinsic characteristic of the suspension (or any 
material), not depending of the shape. This equation is the basis of the program developed for this 
project. 
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CHAPTER 3 

SPECIFIC IMPEDANCE SIMULATOR GUIDE  

3.1. Introduction 
In this chapter an explanation about the general structure and the design of the program 

implemented in Matlab® is given. The program consists of a cell suspension specific impedance 
simulator tool, developed with Matlab® language and under its graphical user interface, GUIDE. 
This way of programming entails an object-oriented programming, which means that the code is 
given for a particular object and for a particular event. The order of the execution of the program 
will be dictated by the events. 

 
The result is a program with a GUI that allows the user to execute simulations and the results 

of a simulation. The program inputs are the parameters of the specific impedance formula for a 
suspension of cells (Equation 2.9) and the selected options for the user. The simulation outputs 
are several different plots and the result simulation data stored in the workspace. 

 
The program is divided in two parts, one to create the simulation and the other, once the 

simulation has been created, to display the results in plots. This is represented in Fig3.1, where 
the names in the boxes are the names of the files (or functions) without the extension .m, and 
from now on, in this document will be referenced just for the name in italics. 

 
Fig.3.1 The main division of the program, showing the files 
and functions used (modules). The boxes in red are m-files 
associated to a GUI interface and load in pink is a dialog
box, already developed in Matlab®. 
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3.2. Modules 
To build the program, several modules with different functions have been developed. These 

modules are Matlab® files with the extension .m, where the code to execute the program is 
written. The start module is Welcome and then depending of the user the program can take two 
ways, ConfigSim, which correspond to the part where the user creates the simulation, or 
ConfigPlot, where the user selects the proper graph to plot the results. That has been shown in 
Fig3.1. An explanation of the developed modules is given in the next sections. 

3.3. Welcome 
The Welcome figure is the first window when the program is run (Fig 3.2). This window 

shows two buttons, ‘NEW SIMULATION’ and ‘LOAD SIMULATION’, in order to create a new 
simulation or to load one already done to perform the results, respectively. 
 

3.4. Creating a New Simulation 
To create a new simulation, in the welcome window, the user has to click on the ‘NEW 

SIMULATION’ button, and then a new window to create the simulation will appear on the screen, 
that window is the module ConfigSim. 

 
The main structure, or better said, the connections among the rest of the code files (in Matlab 

files with the extension .m, called modules in this document) under ConfigSim module are shown 
in Fig 3.3.  

 
Notice that the files with red color represent both an m-file (name.m) associated to a GUI 

figure and the GUI figure (name.fig), so inside of the m-file, all the necessary events for the 
objects in the GUI are programmed. From now on, both m-file and GUI figure will be referenced 
by the name in italics. Then we can think in these red files like the ones that are going to 
communicate with the user. The file in blue are functions in Matlab®, they were developed in 
order to have a clearly, readily and legible program, that is the policy “divide and conquer”, the 
red files will call these functions. And the pink files represent a dialog boxes already developed in 
Matlab®. Notice that in the figure the back ways are not shown. 

 
Fig 3.2 Welcome window 
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3.4.1. ConfigSim module 
The ConfigSim GUI is represented in Fig.3.4. The interface takes the biophysical parameters 

of the cell suspension, as the frequency and the dimension (radius) of the sphere that is suppose to 
contain the cell suspension, in order to run a simulation. Mainly, the interface could respond to 
three events, corresponding with a click in each button of the figure. 

 
The introduced parameters can be either a single value, either a range of values, specified in 

the last case with the start, finish and step values. Also in the case of the resistivity of 
extracellular fluid, the range can be specified by a file, containing a matrix with different values 
of the resistivity depending on the frequency. The user can select as much range as he wants, 
obtaining specific impedance sweeps over the parameters used as a range, e.g. an spectral specific 
impedance analysis in case of select the frequency. The ranges have to be specified in ascending 
order. 

 
For helping the user to introduce the data, a volume factor calculator has been developed. In 

the start, step and end boxes of the calculator (at the middle bottom in Fig.3.4) the user has to 

 
Fig.3.3 Diagram representing the connections among the 
Matlab® files or functions. 
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introduce the start, finish and step values of the expected volume factor and two of these three 
parameters: number of cells, suspension radius and cell radius in the normal boxes. Then the user 
by means of the radius button selection, the parameter to calculate, that could be one of the last 
three parameters, and finally press de ‘Calculate’ button. That process will call the function 
fCalculator, which automatically writes the value in the corresponding box. 

Also with the aim of helping the user in the hard labour of introducing the parameters, the 
ConfigSim interface offers an option of simulations loading. In other words, by clicking in the 
‘Load Simulation…’ button the user can select an old simulation in the load dialog box, to extract 
all the parameters selected, in order to use them in the new simulation as is represented in Fig.3.5. 
Note also that the name and a description of the loaded file are given as information in the GUI. 

 
Once all the data has been introduced, by clicking in the ‘SIMULATE IMPEDIVITY’ button, 

the simulation will run.  

Fig.3.4 ConfigSim window 
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3.4.2. fCalculator module 
This function (blue in Fig3.3) is called from ConfigSim when the ‘Calculate’ button is 

pressed. Consist on a function which calculates the cell radius, the cell population or the 
suspension radius by means of volume factor data (start, end and step values) and two of the last 
three parameters.  

 
 
 
 
 

Fig.3.5 Select simulation window, for loading data and ConfigSim window after the data is loaded
from and old simulation 
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Note that the radius of the suspension is referenced as the radius of the sphere containing the 

cell suspension. Therefore the volume fraction is a value obtained from: 
 

 34
3

34
3

= n af
r

π
π

⋅ ⋅ ⋅
⋅ ⋅

 (Equation 3.1)

 
Where: 
n = number of cells 
a = cell radius [m] 
r = suspension radius [m] 
 
Therefore, the number of cells, cell radius and suspension radius are the primary parameters 

to obtain the volume factor. But in general or for most simulation cases are important to select the 
volume fraction like a parameter instead of the other three. That means, that for example if I have 
the cell radius and the suspension radius (generally known parameters) with the help of this 
calculator and giving an expected volume factor, the function gives a cell population result. 

 
The developing of this function consists on isolate the required value from the volume 

fraction formula, using the other three parameters to obtain the value or the range of values for 
each case. 

3.4.3 Load module 
The load module already developed in Matlab® is used for loading files to use the same 

parameters values or ranges of already performed simulations for the current simulation, and for 
loading the resistivity of extracellular fluid file, to make this resistivity depend on the frequency.  

 
This resistivity file is performed by the user and has to have a specific format. In the first 

column the frequency values are given and they have to be in a range within the maximum value 
is higher than the maximum frequency required in the simulation and the minimum value is lower 
than the minimum frequency required in the simulation. The second column has the resistivity 
values corresponding with the frequency given in the first column. The next columns will have 
resistivity values as well, if the user wants a resistivity range analysis for different frequencies. 

3.4.4. CheckDataSimulation module 
After the ‘SIMULATE IMPEDIVITY’ button has been clicked, this function (blue in Fig3.3) 

is called from the handler of that event (click on the button). The aim of this function is to check 
all the data introduced for the user in the interface to configure the simulation, because 
afterwards, that data could produce an abnormal operation of the program.  

 
The errors checked in the function are: 

• If the value of a parameter is missing 
• If the value is not a valid number 
• If the file for resistivity of extracellular fluid has been loaded (if the file is the chosen 

option) 



 

25 

• If the frequency range is selected in the case of have a file for resistivity of 
extracellular fluid (necessary condition) 

• If the loaded file for the resistivity of extracellular fluid has at least a frequency under 
the minimum frequency in the range selected and other over the maximum, in order 
to allow the interpolation. 

• Fix the matrix, by means of linear interpolation, of the loaded file for the resistivity 
of extracellular fluid, to obtain the same frequencies as the user selected for the 
simulation. 

 

The function returns a string containing the detected errors and the fixed matrix. Then in the 
ConfigSim function, if an error was detected, will launch an error dialog to show the errors 
(Fig.3.6) and will stop the program in the running of the simulation. 
 

3.4.5. Simulation module 
Once the user data has been checked, the handler of the click on the ‘SIMULATE 

IMPEDIVITY’ button, belonged to ConfigSim, calls the Simulation function. 
 
The Simulation function is the main part in the performance of the simulation. The function 

returns: the specific impedance matrix obtaining by applying the formula to obtain the specific 
impedance for spherical cell suspension, as the result of the simulation; the selected parameters 
by the user on the GUI; and also a template indicating to which parameter belongs to each 
dimension of the matrix, in order to can decipher completely the specific impedance matrix. 

 
The function consist on two parts, the aim of the first one is to get all the given information 

by the user on ConfigSim GUI (passed through the variable handles on the function). That 
information is stored in proper variables (a value in the case of single value or vector in the case 
of range) corresponding with the parameters of the formula to obtain the specific impedance. The 
second part, and the most important, calculates the specific impedance matrix containing all the 
results of the applied formula for all the selected parameter values. 

 
The specific impedance matrix is calculated by means of iterations (depending of the number 

of ranges selected), and with the help of the function Impedivity, in the case of the user wants a 
single value (not really interesting for our purpose) or with the help of the function ImpedivityMat 
for other case. The inputs of the function ImpedivityMat, are single values of the different 
parameters of the specific impedance formula, excepting the one chosen to do a sweep (for this 

Fig.3.6 Error Dialog window 
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parameter, the start, end and step values are passed to the function) and the resistivity of 
extracellular fluid if it is depending on the frequency. Then, the result is a vector with specific 
impedance values obtained from the formula for a range of the chosen parameter. So for 
obtaining all the matrix, the way is iterate as many times as necessary to obtain a specific 
impedance value for all the cases under simulation. 

 
The specific impedance matrix calculated will have complex values, as is expected for EBI 

measurements, and will have as many dimensions as many ranges were selected by the user on 
the ConfigSim window. That means, for example, that in the case of select single values for all 
the parameters, except for the frequency, the resulting matrix is a matrix of one dimension (or 
vector): 

 
Z = [5.2647 - 0.0063i   4.8848 - 1.1327i   4.1027 - 1.7365i   3.3808 - 1.8785i   2.8559 - 1.8021i] 
 
As it could be notice, the matrix contains the specific impedance results, but not the 

frequency associated for each parameter, anyway, as has been commented above, the functions 
returns also all the parameters used in the formula, so the frequency is given like a vector of three 
elements, the start, the end and step values. 

 
f = [freq_start freq_step freq_end] = [1000 200000 1000000] 

 
Therefore with the specific impedance matrix and the parameter, in this particular case, the 

frequency, we can obtain the associated frequency for each value, through the next equation: 
 

_ * _ _frequency freq step matrix index freq start= +  
 

Where the frequency is obtained by means of add to the start frequency of the range, the 
index of the matrix, where the specific impedance value is taken, multiplied by the frequency 
step. In the same way, we can obtain any other parameter for other cases: 

 
_ * _ _parameter parameter step matrix index parameter start= +  

 
For our case the obtained frequencies for each index are: 

 
f  = [1000      201000      401000      601000      801000] 

 
Let’s have a look at the case of two ranges selected, as it could be a frequency range for 

different resistivity of extracellular values. For this case the program will create a 2-dimensions 
matrix, where the index of one dimension belongs to a one parameter, frequency or extracellular 
fluid resistivity for our case, and the other dimension belongs to the other one,. The values of the 
parameters are obtained in the same way of the one-dimension matrix. In order to know over 
which parameter have been done sweeps and to know to which dimension belongs each 
parameter, a template variable is returned by the function. All of them could be observed in 
Fig3.7. For three dimensions another representation is shown in Fig3.8. 
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Therefore, with the specific impedance matrix, the parameters and the template, we can 
obtain all the information to plot the results in a proper way. For dimensions higher than three 
until eight, that is the maximum, as many as the number of parameters, the operation is the same.  

 

Fig. 3.7 Representing the specific impedance matrix; the vectors with the start, end and step values of 
the parameter ranges; and the Template. The three elements to decipher completely the matrix. 

 
Fig. 3.8 3-Dimensions of the specific impedance matrix 
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3.4.6. ImpedivityMat module 
This function by means of the parameters of the specific impedance expression will return a 

vector containing the specific impedance results of the formula over one of the parameters chosen 
to perform a parametric analysis. (The program selects one of them). The arguments will be 
single values of the parameters, excepting the parameter to do a sweep. The last one consists on a 
vector of three values: start, end and step values of the parameter range. In the case of the range 
of the resistivity of the extracellular fluid is depending on the frequency, will be passed like a file 
containing the dependency. This file has to be loaded before. 

 
The function consist on finding out which one was the chosen parameter, and then with the 

help of the Impedivity and ImpedivityF functions, which return a simple value of the formula, and 
doing several iterations (as many as number of steps has the selected range) build the specific 
impedance vector. 

3.4.7. Impedivity & ImpedivityF modules 
Those simple functions are the core of the program. They received the eight parameters 

needed on the specific impedance formula to obtain a specific impedance result. Then these 
functions return a single value (complex value) of specific impedance, by means of applying the 
formula for suspension of spherical Cells: 
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(Equation 3.2)

 
Where: 
z = specific impedance of tissue [Ω m] 
re = resistivity of extracellular fluid [Ω m] 
ri = resistivity of cytoplasm [Ω m] 
rm = surface membrane resistivity [Ω m2] 
cm = surface membrane capacity [Farads/m2] 
a = cell radius [m] 
f = volume fraction of cells 
ω = angular frequency [rad s-1] 
j = the imaginary unity operator, √-1 
 
And reminding the volume fraction formula (Equation 3.1): 

34
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Therefore re, ri, rm, cm, a, r and the frequency (to obtain ω) are the arguments of the function, 
and z is the output, being the last one a complex value. 

 
At this point the reader could be wondering why to use two functions for the same aim. The 

answer is easy, is just to provide speed in the execution to the program. Because, the volume 
factor value has to be calculated before the specific impedance formula has been operated, and 
now we have two ways, in the case of cell population and cell and suspension radius are constant, 
the program could calculate the volume fraction just one time and then call the function 
Impedivity several times to obtain the vector. But, on the other hand, when one or more of that 
three parameters (cell radius, suspension radius and number of cells) are variable, the volume 
fraction has to be operated each time, then a call to the function ImpedivityF, passing as is logical 
that three parameters, the volume fraction will be calculated. 

 
So we can affirm that the main difference is the kind of arguments (or parameters) for each 

function: 
 
Impedivity arguments: 

• re = resistivity of extracellular fluid, Ω X m 
• ri = resistivity of cytoplasm, Ω X m 
• rm = surface membrane resistivity, Ω X m2  
• cm = surface membrane capacity, Farads/m2  
• a = cell radius, m 
• f = volume fraction of cells 
• fc = frequency, Hz  

 
ImpedivityF arguments: 

• re = resistivity of extracellular fluid, Ω X m 
• ri = resistivity of cytoplasm, Ω X m 
• rm = surface membrane resistivity, Ω X m2  
• cm = surface membrane capacity, Farads/m2  
• a = cell radius, m 
• n = number of cells 
• r = suspension radius 
• fc =  frequency, Hz  

 
Note that in Impedivity the volume fraction is an argument and in ImpedivityF has to be 

calculated from cell population and the radii of the cells and the suspension. 

3.4.8. Sim module 
Sim is a Matlab® GUI (in red in Fig3.3) used to show in a brief to the user, the simulation 

done, in order to decide to save it, to create another one, or just to ignore this step. The figure is 
shown in Fig3.11. 

 
The functions of the different buttons of the GUI are: 
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• ‘Save simulation’ button: open a save dialog to store the simulation in a file with the 
extension .mat. Also a description, written on the Sim GUI will be stored. 

• ‘Home’ button: returns the control to the welcome window 
• ‘New simulation’ button: close the Sim panel and gives the control to ConfigSim 

window, in order to run another simulation. 

3.5. Plotting the Results of a Simulation 
Once we have a simulation run and stored, we can go to the second part of the program, with 

the aim of plotting the results in a different kind of graphics. In this way, on the welcome 
window, the user must click on the ‘LOAD SIMULATION’ button (Fig.3.2). 

 
After a load dialog to select the file (.mat) corresponding with the simulation, from where 

the user wants to obtain graphic results, an entrance window of the plotting part of the program 
will appear on the screen of the computer.  

 
As we did for the modules under ConfigSim, the connections among the rest of the code files 

(in Matlab files with the extension .m), under the ConfigPlot module are shown in Fig 3.10. That 
represents the structure of this part of the program. The colors used in the figure have the same 
meaning as the ones used in Fig3.3 for ConfigSim. Note that a new color, green, represents the 
files which will show the plots on the screen, that is, the final results or the outputs of the 
program. 

Fig.3.9 Sim window 



 

31 

 

3.5.1. ConfigPlot module 
The panel is represented in Fig3.11 showing three buttons to select the kind of plot that can 

be produced. 

3.5.2. Plot2D module 
The interface shown in Fig.3.12 allows the user to plot the specific impedance results on a 

2D graph. 

Fig.3.10 Diagram representing the connections among the Matlab® files or functions. 

Fig.3.11 ConfigPlot window 
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This interface allows the user to plot in a figure the results of the specific impedance results 
over a chosen parameter. The parameter to do the sweep is chosen in the list box bellow the text 
‘Select a parameter’, then start, step and end labels will show the range of the values of the 
chosen parameter. 

 
As it was commented above, the obtained specific impedance matrix could have more than 

one dimension, because of that the rest of the parameters within in a range must be also defined. 
In the specific case of having to specify a value for the resistivity of the extracellular fluid, loaded 
before by means of a file, the range among the user can select the value, is the range of resistivity 
for the lowest frequency (the same for the next two modules). Note also that when a loaded file 
for resistivity of extracellular fluid is used for the simulation and the graph plots the specific 
impedance against this resistivity, the values in the axis belongs to the lowest frequency as well 
(also for the next modules). 

 
In the list box under the label ‘Plot:’ a particular kind of plot could be selected: 

• The specific impedance against the parameter 
• The resistivity and reactivity against the parameter 
• The module and argument (of specific impedance) against the parameter 
• The specific impedance in a polar mode against the parameter 

 
The kind of plots will be explained in the following sections. 
 
The program also offers the utility of overlapping several plots of the same type, by means 

of a click on the check box next to the ‘Keep the plots in the same figure’ text label. 

Fig.3.12 Plot2D window 
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3.5.3. Plot2DCases module 

This GUI offers the same functions as Plot2D, but with the particular characteristic of that 
selecting other parameter in the list box under the ‘Select parameter for cases:’ label, the plots 
will represent the specific impedance results against a parameter for all the cases of the new 
chosen parameter. See Fig.3.13. 
 

3.4.4. Plot3D module 
Offering a similar interface as its analogous modules, also allows the possibility of plotting 

on 3D. Therefore the user could represent the specific impedance against two parameters at the 
same time, either in a normal 3D plot or a 3D plot having the two parameters on the axis of the 
graph and the specific impedance drawn with colors, representing each color a particular specific 
impedance value. See Fig.3.14. 

 
In the first two list box, the user will select the parameter for the ‘y’ and ‘x’ axis. And in the 

third list box will choose the kind of plot: 
 

• Resistivity against the parameters 
• Reactivity against the parameters 
• Module (of specific impedance) against the parameters 
• Argument (of specific impedance) against the parameters 

 
That plot will be on normal 3D or with colors in the case of the user selects the check box to 

select this option. 

Fig.3.13 Plot2DCases window 
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3.4.5. CheckDataPlot module 
This function is called after the user has introduced all the configurations of the plot (the 

parameters and the options) and has pressed the button plot, accepting the configuration. The 
function is similar to CheckDataSimulation, and has the aim of checking that the introduced data 
is correct, in order to avoid problems with the plotting. 

 
The errors checked in the function are: 

• If the value of a parameter is missing 
• If the value is not a valid number 
• If the value of the introduced parameter is inside the range of the parameter 
• If the selected parameter to do a sweep is different for the one to plot different cases 

 
The function returns a string containing the detected errors. Then in the ConfigPlot function 

if an error was detected, will launch an error dialog to show the errors (Fig.3.15) and stopping the 
program in the process of the plotting. 

Fig.3.14 Plot3D window 

Fig.3.15 Error Dialog window 
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In the case of loading a file for resistivity of extracellular fluid with a range in resistivity 
depending on the frequency, the value will be checked for the range of the lowest frequency. 

3.4.6. SubZ, SubZ2DCases and SubZ3D modules 
These functions are called from ConfigPlot, once the user has clicked on the ‘Plot’ button 

and the data has been checked. They return the plots, by calling the proper functions (the one 
selected for the user) to plot the results. 

 
The first step of the functions is to obtain a sub-matrix of the complete specific impedance 

matrix, passed to the function like an argument, this sub-matrix will be the data to plot. The sub-
matrix is obtained by means of the following arguments: the complete specific impedance matrix, 
the biophysical parameters of the cell suspension, the template (to indicate the parameter of each 
dimension) and the parameters selected to plot. 

 
As was written in previous sections, with the template and the parameters ranges, is possible 

to “read” the specific impedance matrix. But to plot the results, probably we do not need the 
entire matrix generated in the simulation. For example, for a 4-dimensions matrix, to show a 2D 
plot, is necessary a vector with all the values of the chosen parameter, in order to build the ‘x’ 
axis; and a vector with the values of specific impedance for each value of the parameter. Then the 
program needs information by the user, to know which parameter is selected and to extract from 
the specific impedance matrix, with the help of the template, a sub-matrix, or for this case a 
vector. 

 
Therefore, the function extracts a vector with the specific impedance values in the case of 

SubZ. For the case of the SubZ2DCases and SubZ3D functions, the extracted sub-matrix from the 
specific impedance matrix is a 2-dimensions matrix, each column belongs to each value of one of 
the chosen parameters and each row belongs to each value of the other chosen parameter. 

 
The second step, once the sub-matrix is obtained, is to plot the results calling to the functions 

represented on the Fig3.10 (in green). 

3.5. Types of plots 
Sixteen kinds of plots could be obtained. They are divided in 2D plots, 2D plots for all the 

cases of a parameter and 3D plots. Some of them can be appreciated in the chapter 4. 
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CHAPTER 4 

CELL SWELLING & HAEMORRHAGE SIMULATIONS 

4.1. Cell Swelling 

4.1.1. Theory 
Edema is swelling caused by increased fluid in an organ or body tissue [5]. One common 

example of cellular edema is prompted by hypoxia that means lack of oxygen in a cell, in this 
case is referred to as hypoxic cellular edema and it is often the result of a pathophysiological 
series of events called the hypoxic/ischeamic injury mechanism. 

 
Our purpose is to observe how the cell swelling modifies the specific impedance. The 

treatment will be theoretical and focused in the specific impedance formula for spherical cells, 
introduced in the Chapter 2 (Equation 2.9). Here the expression is given again: 
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(Equation 4.1)

 
Where: 
z = specific impedance of tissue [Ω m] 
re = resistivity of extracellular fluid [Ω m] 
ri = resistivity of cytoplasm [Ω m] 
rm = surface membrane resistivity [Ω m2] 
cm = surface membrane capacity [Farads/m2] 
a = cell radius [m] 
f = volume fraction of cells 
ω = angular frequency [rad s-1] 
j = the imaginary unity operator, √-1 
 
In cellular edema, a modification in the cells size and concentration is observed. In particular 

it can be appreciated how cell swelling implies a change in the cell radius a, and, therefore in the 
volume fraction.  
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The volume fraction formula has the following expression: 
34

3
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Where: 
n = number of cells 
a = cell radius 
r = suspension radius 
 
As the cell population and suspension radius are constant, an increase in cell radius a cause a 

consequent increment of volume fraction. 

4.1.2. Solving with the help of the specific impedance simulator 
One way to know how the specific impedance changes with the cell swelling, is obtaining 

specific impedance spectrum data. In other words, with the help of the specific impedance 
formula (Equation 4.1) it is possible to perform values of the specific impedance for different 
values of cell radius and volume fraction at different frequencies. 

 
The first step is to create a simulation, introducing the parameters to use in the formula. The 

Fig 4.1 shows the simulation parameters.  

As the figure shows, the result of the simulation is the specific impedance for different 
figures of cell radius in a frequency range. 

 

 
Fig.4.1 Simulation for cell swelling summary 
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At this point all the information is contained in a matrix, the next step is to obtain the figures 
to show how the specific impedance changes with the cell swelling for different frequencies. 
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Fig.4.2 Specific impedance for a frequency range from 1 kHz to 10 MHz, in the case 
of a cell radius with a value of 4.22* 10-6 and 5.69 * 10-6 meters, corresponding with 
a volume fraction of 30% and 74% respectively. 
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Fig.4.3 Specific Reactance for a frequency range from 1 kHz to 10 MHz, in the case 
of a cell radius with a value of 4.22* 10-6 and 5.69 * 10-6 meters, corresponding with 
a volume fraction of 30% and 74% respectively. 
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The Fig. 4.2 represents the specific impedance for two different sizes of radius, 

corresponding the smallest one to a volume fraction of 30% and the other one to a volume 
fraction of 74%, as the cell swelling implies a radius increment, it can be observed how the 
specific impedance grows and the radius and the centre of the semi-circle change and shift with 
the cell swelling. 

 
The frequency is missed in the Fig 4.2, because it is an impedance plot representing the 

impedance data on the frequency plane But in the Fig 4.3 and Fig 4.4 the imaginary (specific 
reactance) and the real (specific resistance) part are plotted separated and against the frequency. 
The specific resistance (Fig 4.4) decreases with the frequency and it can be affirmed that at low 
frequencies, the difference in resistivity between two different radiuses is more remarkable. On 
the other hand for the specific reactance (Fig. 4.3) the higher differences are at the medium 
frequencies. Also it can be appreciated how the reactivity for low frequencies is increasing (in 
absolute value) but for high frequencies is descending. In any case it is possible to observe that 
there is a significant change in the spectral contents. 
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Fig.4.4 Specific resistance for a frequency range from 1 kHz to 10 MHz, in the case 
of a cell radius with a value of 4.22* 10-6 and 5.69 * 10-6 meters, corresponding with 
a volume fraction of 30% and 74% respectively. 
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Fig.4.6 Specific impedance for a cell radius increase from 0.3 to 0.74 of volume 
fraction working at 1 MHz. It represents a temporal analysis of the impedivity for 
cell swelling. 
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Fig.4.5 Specific Impedance for a cell radius increase from 0.3 to 0.74 of volume 
fraction working at 1 kHz. It represents a temporal analysis of the impedivity for
cell swelling. 
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Figs. 4.5 and 4.6 show how the specific impedance changes with the cell radius variations for 
different frequencies, but it cannot be appreciated the values of cell radius. Having a look to Fig 
4.7, where the resistivity and the reactivity are plotted separately against the cell radius, it can be 
drawn that the cell radius increase from right to the left of the plots in Figs. 4.5 and  4.6. The 
curves are different in each frequency. 

 
For the moment, the results above show just electrical specific impedance values over 

frequency for a particular cell radius value or at the most for several cases (never for whole the 
range) or vice versa. But rather than this we would like to have in the same figure information of 
the specific impedance variations with the cell radius and with the frequency, at the same time. 
The way to do it is to use 3D plots, either a regular 3D plot, either a 3D plot in where you have 
the frequency and the cell radius in the axes and the value of the bioimpedance is shown in each 
point of the graph with a color, that has a numeric value associated (corresponding with the 
specific impedance value). The next figures show 3D plots. 
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Fig.4.7 Specific resistance and reactance for a cell radius increase from 0.3 to 0.74 
of volume fraction working at 1 kHz. It represents a temporal analysis of the 
impedivity for cell swelling. 
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Fig.4.8 Specific resistance in 3D for a frequency range from 1 kHz to 10 MHz and 
for a cell radius range from 4.22* 10-6 to 5.69 * 10-6 meters (volume fraction from 
30% to 74%). 

Fig.4.9 Specific resistance represented in a color map for a frequency range from 1 
kHz to 10 MHz and for a cell radius range from 4.22* 10-6 to 5.69 * 10-6 meters 
(volume fraction from 30% to 74%). 
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Fig.4.10 Specific reactance in 3D for a frequency range from 1 kHz to 10 MHz and 
for a cell radius range from 4.22* 10-6 to 5.69 * 10-6 meters (volume fraction from 
30% to 74%). 

Fig.4.11 Specific reactance represented in a color map 3D for a frequency range
from 1 kHz to 10 MHz and for a cell radius range from 4.22* 10-6 to 5.69 * 10-6 

meters (volume fraction from 30% to 74%). 
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The specific resistance is plotted in Figs. 4.8 and. 4.9 and it can be noticed how the specific 
resistance has larger variations of their values over the cell radius range as lower is the frequency. 
Also the larger is the cell radius, the larger variation will obtain in the resistance over the 
frequency range. 

 
On the other hand, the specific reactance has bigger variations of its value (when the cell 

radius changes) at medium frequencies. Therefore in specific reactance a measurement in this 
zone offers more variation than in other frequency range. 

4.2. Haemorrhage 

4.2.1. Theory 
The blood is flowing along the circulatory system, its function is to provide oxygen and 

nutrients to the cells of the organism and also to transport waste products away from the cell [6]. 
When the blood abnormally leaves the circulatory system is called haemorrhage. The 
haemorrhage causes an intrusion of blood in the extracellular space of a tissue. For our case that 
means an intrusion of blood in the extracellular space of a cell suspension.  

This intrusion produces a change on the extracellular fluid resistivity. That resistivity of 
extracellular fluid has a specific value, but when the blood invades this space the resistivity will 
change, that is due to the blood resistivity could differs from the extracellular fluid. In this way if 
we have an extracellular space full of blood, the resistivity will be the same as the blood 
resistivity instead. 

 
The formula to obtain the specific impedance (Equation 4.1), which depends on extracellular 

fluid composition, will change for haemorrhage on just one factor, the resisitivity of extracellular 
fluid, re. 

4.2.2. Solving with the help of the specific impedance simulator 
As we made in the case of cellular edema, with the help of the Equation 4.1, by means of 

using the specific impedance simulator, it is possible to have values of the specific impedance for 
different values of resistivity of extracellular fluid. 

First, it should be considered some important aspects, like the blood resistivity and the 
manner that the resistivity of the extracellular fluid is changing during a haemorrhage. The blood 
conductivity is given in the Table I [7]. As the resistivity is the inverse of the conductivity: 

 
 1     [ ]mσ

ρ
= Ω⋅  (Equation 4.2)

Where: 
σ = resistivity [Ω m] 
ρ = conductivity [S/m] 
 
Therefore, the blood resistivity is given in Table II as the inverse of the conductivity. 
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TABLE I: CONDUCTIVITY OF THE BLOOD OVER THE FREQUENCY 

Frequency 
[Hz] 

Conductivity 
[S/m] 

Frequency 
[Hz] 

Conductivity 
[S/m] 

10 0.7 39811 0.70052 

15.849 0.7 63096 0.70124 

25.119 0.7 100000 0.70292 

39.811 0.7 158490 0.7068 

63.096 0.7 251190 0.71546 

100 0.7 398110 0.73363 

158.49 0.7 630960 0.76785 

251.19 0.7 1000000 0.82211 

398.11 0.7 1584900 0.8906 

630.96 0.7 2511900 0.95897 

1000 0.7 3981100 1.0164 

1584.9 0.7 6309600 1.0612 

2511.9 0.7 10000000 1.0967 

3981.1 0.70001 15849000 1.1267 

6309.6 0.70002 25119000 1.1538 

10000 0.70004 39811000 1.1798 

15849 0.70009 63096000 1.2058 

25119 0.70022 100000000 1.233 
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 As it has been chosen in the cell swelling case, 3.3 Ω x m will be the resistivity value 
consider for the extracellular fluid (without blood). That value will be supposed constant for the 
frequency range. The resistivity of the extracellular fluid mixed with blood is taken like: 

 (1 )eTotal e e blood blood blood e blood bloodr Q r Q r Q r Q r= ⋅ + ⋅ = − ⋅ + ⋅  
Where: 
reTotal = resistivity of extracellular fluid 
re = intrinsic resistivity of extracellular fluid, Ω X m 
rblood = resistivity of blood, Ω X m 
Qe = percentage, given as a fraction of unity, of extracellular fluid without blood in the 

extracellular space (1- Qblood) 

TABLE II: RESISTIVITY OF THE BLOOD OVER THE FREQUENCY 

Frequency 
[Hz] 

Resistivity 
[Ω/m] 

Frequency 
[Hz] 

Resistivity 
[Ω/m] 

10 1.428571 39811 1.427511 

15.849 1.428571 63096 1.426045 

25.119 1.428571 100000 1.422637 

39.811 1.428571 158490 1.414827 

63.096 1.428571 251190 1.397702 

100 1.428571 398110 1.363085 

158.49 1.428571 630960 1.302338 

251.19 1.428571 1000000 1.216382 

398.11 1.428571 1584900 1.122839 

630.96 1.428571 2511900 1.042785 

1000 1.428571 3981100 0.983865 

1584.9 1.428571 6309600 0.942329 

2511.9 1.428571 10000000 0.911826 

3981.1 1.428551 15849000 0.887548 

6309.6 1.428531 25119000 0.866701 

10000 1.42849 39811000 0.847601 

15849 1.428388 63096000 0.829325 

25119 1.428123 100000000 0.81103 
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Qblood = percentage, given as a fraction of unity, of blood in the extracellular space  
 
For the simulation an haemorrhage with an intrusion from 0% (non-haemorrhage, Qblood=0) 

to 50% (Qblood=0.5) of blood intrusion in the extracellular space will be considered. Therefore it is 
possible to represent in a table a variation in resistivity of extracellular fluid (reTotal) among the 
intrusion of blood, Qblood, for a frequency range (remind that blood resistivity is depending on the 
frequency). This is represented in Table III, this table contains in short the data of the file that 
will be loaded in the simulation. 

 
The simulation parameters for the haemorrhage case are given in the Fig. 4.12. 

The result of the simulation is a matrix containing values of specific impedance for different 
values of extracellular fluid resistivity and for a range of frequencies. Once here, the aim is to 
represent the haemorrhage in specific impedance variations. The next plots represent these 
variations. 

 

Fig.4.12 Simulation for haemorrhage summary 
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TABLE III: RESISTIVITY OF EXTRACELLULAR FLUID IN HAEMORRHAGE OVER THE 

FREQUENCY 

Qblood 
Freq 0 0.1 0.2 0.3 0.4 0.5 

10 3.3 3.112857 2.925714 2.738571 2.551428 2.364286 
15.849 3.3 3.112857 2.925714 2.738571 2.551428 2.364286 

25.119 3.3 3.112857 2.925714 2.738571 2.551428 2.364286 

39.811 3.3 3.112857 2.925714 2.738571 2.551428 2.364286 

63.096 3.3 3.112857 2.925714 2.738571 2.551428 2.364286 

100 3.3 3.112857 2.925714 2.738571 2.551428 2.364286 

158.49 3.3 3.112857 2.925714 2.738571 2.551428 2.364286 

251.19 3.3 3.112857 2.925714 2.738571 2.551428 2.364286 

398.11 3.3 3.112857 2.925714 2.738571 2.551428 2.364286 

630.96 3.3 3.112857 2.925714 2.738571 2.551428 2.364286 

1000 3.3 3.112857 2.925714 2.738571 2.551428 2.364286 

1584.9 3.3 3.112857 2.925714 2.738571 2.551428 2.364286 

2511.9 3.3 3.112857 2.925714 2.738571 2.551428 2.364286 

3981.1 3.3 3.112855 2.92571 2.738565 2.55142 2.364276 

6309.6 3.3 3.112853 2.925706 2.738559 2.551412 2.364266 

10000 3.3 3.112849 2.925698 2.738547 2.551396 2.364245 

15849 3.3 3.112839 2.925678 2.738516 2.551355 2.364194 

25119 3.3 3.112812 2.925625 2.738437 2.551249 2.364062 

39811 3.3 3.112751 2.925502 2.738253 2.551004 2.363756 

63096 3.3 3.112605 2.925209 2.737814 2.550418 2.363023 

100000 3.3 3.112264 2.924527 2.736791 2.549055 2.361319 

158490 3.3 3.111483 2.922965 2.734448 2.545931 2.357414 

251190 3.3 3.10977 2.91954 2.729311 2.539081 2.348851 

398110 3.3 3.106309 2.912617 2.718926 2.525234 2.331543 

630960 3.3 3.100234 2.900468 2.700701 2.500935 2.301169 

1000000 3.3 3.091638 2.883276 2.674915 2.466553 2.258191 

1584900 3.3 3.082284 2.864568 2.646852 2.429136 2.21142 

2511900 3.3 3.074279 2.848557 2.622836 2.397114 2.171393 

3981100 3.3 3.068387 2.836773 2.60516 2.373546 2.141933 

6309600 3.3 3.064233 2.828466 2.592699 2.356932 2.121165 

10000000 3.3 3.061183 2.822365 2.583548 2.34473 2.105913 
Frequency values shown in the first column, given in Hz. 
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Fig.4.13 Specific impedance for a frequency range from 1 kHz to 10 MHz, in the 
case of a 50% of blood intrusion (haemorrhage) and 0% (non haemorrhage). 
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Fig.4.14 Specific reactance for a frequency range from 1 kHz to 10 MHz, in the case 
of a 50% of blood intrusion (haemorrhage) and 0% (non haemorrhage). 



 

52 

 
As it was done in a cell swelling analysis, for a better understanding of the haemorrhage, 

they have been plotted graphs to compare how the specific impedance changes for a cell 
suspension with a resistivity of extracellular fluid without blood, or in other words a regular cell 
suspension without haemorrhage, for our case it is 3.3 Ω x m as extracellular fluid resistivity. 
And the pathological case (haemorrhage) is the one filled with 50% of extracellular space with 
blood. 

 
The figure Fig. 4.13 represents how the specific impedance has a reduction and a several 

shift of the center of the semicircle for the haemorrhage due to a strong decrease in the resistivity, 
as is expected. The reactivity is also smaller in a haemorrhage than in a regular case, that 
contribute to a reduction in the specific impedance. 
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Fig.4.15 Specific resistance for a frequency range from 1 kHz to 10 MHz, in the 
case of a 50% of blood intrusion (haemorrhage) and 0% (non haemorrhage). 
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Fig.4.16 Specific impedance for a haemorrhage from 0% to 50% of blood intrusion 
working at 1 kHz. It represents a temporal analysis of the impedivity for 
haemorrhage. 
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Fig.4.17 Specific impedance for a haemorrhage from 0% to 50% of blood intrusion 
working at 1 MHz. It represents a temporal analysis of the impedivity for
haemorrhage. 
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The next figures in 3D represent the spectral analysis of specific impedance which gives a 
vision of the specific impedance for the whole ranges of frequency and blood intrusion. 
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Fig.4.18 Specific resistance and reactance for a haemorrhage from 0% to 50% of 
blood intrusion working at 1 kHz. It represents a temporal analysis of the 
impedivity for haemorrhage. 
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Fig.4.19 Specific resistance in 3D for a frequency range from 1 kHz to 10 MHz and 
for a haemorrhage with a blood intrusion from 0% to 50%. 

Fig.4.20 Specific resistance represented in a color map for a frequency range from 
1 kHz to 10 MHz and for a haemorrhage with a blood intrusion from 0% to 50%. 
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Fig.4.21 Specific reactance in 3D for a frequency range from 1 kHz to 10 MHz and 
for a haemorrhage with a blood intrusion from 0% to 50%. 

Fig.4.22 Specific reactance represented in a color map 3D for a frequency range
from 1 kHz to 10 MHz and for a haemorrhage with a blood intrusion from 0% to 
50%. 
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In the case of resistivity (Fig. 4.20), the lower is the frequency the more changes over 
resistivity values occur during an haemorrhage process. In contrast to the resistivity, the reactivity 
(Fig. 4.22) has sudden changes of its value when a haemorrhage is taken place at medium 
frequencies. 

4.2.3. Important consideration 
It is important to notice that the haemorrhage was analyzed for the case of an intrinsic 

resistivity of extracellular fluid (without blood) with a value of 3.3 Ω x m, this means a higher 
value than the resistivity of the blood. Therefore the result of resistivity, when the fluid of the 
extracellular space is mixed with blood (haemorrhage), will be lower as more blood intrusion has 
place. But this is truth for the considered case and for the cases where the resistivity of 
extracellular fluid (without blood) is higher than the resistivity of the blood. For any other case 
another study has to be made. But also is truth that the resistivity of the blood is one of the lowest 
among human tissues, so that study is useful for the most of the cases. 

 
Having a look of the Table IV is possible to affirm that blood has a high conductivity value 

comparing with other body tissues, therefore the resistivity of the blood is one of the lowest. So it 
can be affirmed that in the most of the cases the haemorrhage will have a similar behavior than in 
the discussed case in before sections (4.2.1 and 4.2.2 sections). 
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TABLE IV: CONDUCTIVITY OF SEVERAL TISSUES 

FREQUENCY = 1000 Hz FREQUENCY = 10000 Hz FREQUENCY = 1000000 Hz
Tissue name Conductivity 

[S/m] Tissue name Conductivity
[S/m] Tissue name Conductivity 

[S/m] 
SkinDry 0.00020006 SkinDry 0.00020408 BoneMarrow 0.0042081 

MucousMembrane 0.00065738 BoneMarrow 0.0027347 SkinDry 0.013237 
SkinWet 0.00065738 MucousMembrane 0.0029317 BoneCortical 0.024353 

BoneMarrow 0.0022655 SkinWet 0.0029317 Nail 0.024353 
BoneCortical 0.020157 BoneCortical 0.02043 Tooth 0.024353 

Nail 0.020157 Nail 0.02043 Fat 0.025079 
Tooth 0.020157 Tooth 0.02043 BreastFat 0.025757 

Fat 0.022404 Fat 0.02383 BoneCancellous 0.090399 
BreastFat 0.024192 BreastFat 0.024676 BrainWhiteMatter 0.10214 

Nerve 0.028774 Nerve 0.042403 Nerve 0.13026 
SpinalChord 0.028774 SpinalChord 0.042403 SpinalChord 0.13026 

Liver 0.04138 Liver 0.053495 LungInflated 0.13609 
BrainWhiteMatter 0.062574 BrainWhiteMatter 0.069481 BrainGreyMatter 0.16329 

LungInflated 0.079538 BoneCancellous 0.082623 Spleen 0.18239 
BoneCancellous 0.08153 LungInflated 0.093172 Cerebellum 0.1854 

BrainGreyMatter 0.098805 Spleen 0.11081 Liver 0.18665 
Spleen 0.10303 BrainGreyMatter 0.11487 MucousMembrane 0.2214 
Heart 0.1063 Cerebellum 0.13487 SkinWet 0.2214 

Kidney 0.11274 Kidney 0.13774 Cartilage 0.2328 
Cerebellum 0.1188 Heart 0.15421 Bladder 0.23608 

Cartilage 0.17428 Cartilage 0.17589 Kidney 0.27823 
Bladder 0.20758 Bladder 0.21303 Colon 0.3141 

LungDeflated 0.21567 Colon 0.23995 Aorta 0.32671 
Colon 0.23228 LungDeflated 0.2429 BloodVessel 0.32671 

Tongue 0.27427 Tongue 0.27975 Heart 0.32753 
Trachea 0.30093 Trachea 0.31066 LungDeflated 0.33438 

Aorta 0.30709 Aorta 0.31308 Ovary 0.35795 
BloodVessel 0.30709 BloodVessel 0.31308 Trachea 0.3732 

Muscle 0.32115 Ovary 0.3302 Lens 0.37453 
Ovary 0.32405 Lens 0.33537 Tongue 0.38829 

Lens 0.327 Muscle 0.34083 Tendon 0.39207 
Tendon 0.3827 Tendon 0.38635 Muscle 0.50268 
Cornea 0.423 Prostate 0.42976 Dura 0.50338 

Prostate 0.42427 Testis 0.42976 Prostate 0.56205 
Testis 0.42427 Cornea 0.44249 Testis 0.56205 

Uterus 0.49171 Dura 0.5013 Cervix 0.56241 
Dura 0.50076 EyeSclera 0.51028 Uterus 0.56426 

EyeSclera 0.5048 Retina 0.51028 Duodenum 0.58374 
Retina 0.5048 Uterus 0.51441 Oesophagus 0.58374 
Cervix 0.52326 Duodenum 0.52973 Stomach 0.58374 

Duodenum 0.52427 Oesophagus 0.52973 Gland 0.60266 
Gland 0.52427 Stomach 0.52973 Lymph 0.60266 

Lymph 0.52427 Gland 0.52974 Pancreas 0.60266 
Oesophagus 0.52427 Lymph 0.52974 Thymus 0.60266 

Pancreas 0.52427 Pancreas 0.52974 Thyroid 0.60266 
Stomach 0.52427 Thymus 0.52974 EyeSclera 0.61882 
Thymus 0.52427 Thyroid 0.52974 Retina 0.61882 
Thyroid 0.52427 Cervix 0.53699 Cornea 0.65589 

SmallIntestine 0.53236 SmallIntestine 0.55967 Blood 0.82211 
Blood 0.7 Blood 0.70004 SmallIntestine 0.86488 

GallBladder 0.90003 GallBladder 0.90008 GallBladder 0.90024 
GallBladderBile 1.4 GallBladderBile 1.4 GallBladderBile 1.4 

BodyFluid 1.5 BodyFluid 1.5 BodyFluid 1.5007 
VitreousHumor 1.5 VitreousHumor 1.5 VitreousHumor 1.5007 

CerebroSpinalFluid 2 CerebroSpinalFluid 2 CerebroSpinalFluid 2 
 
The different tissues are given in ascending order by resistivity value. The blood is marked in blue 
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4.3. Candidates proposal: spectral features 
As the specific impedance have a dependency with the frequency is possible to extract 

spectral features of the given spectral simulations. These spectral features will help to obtain 
additional characteristics of the biophysical processes. 

 
With the help of Matlab and by means of scripts some spectral features will be extracted. For 

this purpose the scripts will use the specific impedance results stored in the workspace when a 
graph is plotted. 

 
In this section two spectral features are introduced, centroid and characteristic frequency. 

These spectral features will be obtained from the processes presented in the sections 4.1 and 4.2, 
corresponding with cell swelling and haemorrhage, respectively.  Note that the first step before 
obtaining the spectral features generally is to normalize the values respect the maximum value. 

4.3.1. Centroid 
The spectral centroid indicates in which frequency the "center of mass" of the spectrum is 

located. It is calculated as the weighted mean of the frequencies, with their magnitudes as the 
weights [8]. 
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 (Equation 4.3)

 
Where x(n) represents the magnitude (resistance or reactance), and f(n) represents the center 

frequency of that magnitude in n points (or frequency values). 
 
The next scripts, Code extract 1 and Code extract 2, obtain the centroids and plot them for 

the cell swelling and for the haemorrhage, respectively. The centroid for the resistivity and 
reactivity are plotted in Figs. 4.23 and 4.24, respectively for the cell swelling case and in Figs. 
4.25 and 4.26, respectively for the haemorrhage case. 
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EXTRACT CODE 1 

%Calculate centroid 
R=real(Result.Z); 
I=imag(Result.Z); 
frec=Result.fc; 
 
%-------------NORMALIZE----------------% 
Rmax=max(max(abs(R))); 
Imax=max(max(abs(I))); 
R=R/abs(Rmax); 
I=I/abs(Imax); 
%--------------------------------------% 
 
for a=1:size(R,2) %for each cell radius value 
    numR(a)=0; 
    denR(a)=0; 
    numI(a)=0; 
    denI(a)=0; 
    for f=1:size(R,1) %for each frequency value 
        numR(a)=numR(a)+R(f,a)*frec(f); 
        denR(a)=denR(a)+R(f,a); 
        numI(a)=numI(a)+I(f,a)*frec(f); 
        denI(a)=denI(a)+I(f,a); 
    end 
    centroidR(a)=numR(a)/denR(a); 
    centroidI(a)=numI(a)/denI(a); 
end 
 
figure 
plot(Result.a,centroidR); 
title('Specific Resistance Centroid', 'FontName', 'arial', 'Color', 'red', 'FontSize', 12); 
xlabel('Cell radius', 'Color', 'blue') 
ylabel('Frequency (Hz)', 'Color', 'blue') 
grid on; 
 
figure 
plot(Result.a,centroidI); 
title('Specific Reactance Centroid', 'FontName', 'arial', 'Color', 'red', 'FontSize', 12); 
xlabel('Cell radius', 'Color', 'blue') 
ylabel('Frequency (Hz)', 'Color', 'blue') 
grid on; 
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Fig.4.23 Specific resistance centroid for a cell swelling with a radius variation from 
4.22* 10-6 to 5.69 * 10-6 meters (volume fraction from 30% to 74%). 
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Fig.4.24 Specific reactance centroid for a cell swelling with a radius variation from 
4.22* 10-6 to 5.69 * 10-6 meters (volume fraction from 30% to 74%). 
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EXTRACT CODE 2 
%Calculate centroid 
 
R=real(Result.Z); 
I=imag(Result.Z); 
frec=Result.fc; 
 
%-------------NORMALIZE----------------% 
Rmax=max(max(abs(R))); 
Imax=max(max(abs(I))); 
 
R=R/abs(Rmax); 
I=I/abs(Imax); 
%--------------------------------------% 
 
for re=1:size(R,2) %for each resistivity of extracellular fluid value 
    numR(re)=0; 
    denR(re)=0; 
    numI(re)=0; 
    denI(re)=0; 
    for f=1:size(R,1) %for each frequency value 
        numR(re)=numR(re)+R(f,re)*frec(f); 
        denR(re)=denR(re)+R(f,re); 
        numI(re)=numI(re)+I(f,re)*frec(f); 
        denI(re)=denI(re)+I(f,re); 
    end 
    centroidR(re)=numR(re)/denR(re); 
    centroidI(re)=numI(re)/denI(re); 
end 
 
%Translate values of resistivity of ext. fluid to blood intrusion 
%Rblood(at lowest freq of the simulation) = 1.428571 
range=(Result.re-3.3)/(1.428571-3.3)*100; 
 
figure 
plot(range,centroidR); 
title('Specific Resistance Centroid', 'FontName', 'arial', 'Color', 'red', 'FontSize', 12); 
xlabel('Percentage of blood intrusion (%)', 'Color', 'blue') 
ylabel('Frequency (Hz)', 'Color', 'blue') 
grid on; 
 
figure 
plot(range,centroidI); 
title('Specific Reactance Centroid', 'FontName', 'arial', 'Color', 'red', 'FontSize', 12); 
xlabel('Percentage of blood intrusion (%)', 'Color', 'blue') 
ylabel('Frequency (Hz)', 'Color', 'blue') 
grid on; 
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Fig.4.25 Specific resistance centroid for a haemorrhage from 0% to 50% of blood 
intrusion. 
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Fig.4.26 Specific reactiance centroid for a haemorrhage from 0% to 50% of blood 
intrusion. 
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4.3.2. Characteristic frequency 
It is the frequency where the absolute reactance value reaches its maximum value. The next 

scripts, Code extract 3 and Code extract 4, obtain the characteristic frequency and plot them for 
the cell swelling and for the haemorrhage, respectively. The characteristic frequency is plotted in 
the Fig 4.27 for cell swelling and Fig. 4.28 for haemorrhage. 

 

EXTRACT CODE 3 
%Calculate characteristic frequency 
 
I=imag(Result.Z); 
frec=Result.fc; 
 
 
for a=1:size(I,2) %for each cell radius value 
   [val,pos] = max(abs(I(:,a))); 
   cfrec(a)=frec(pos); 
end 
 
figure 
plot(Result.a,cfrec); 
title('Characteristic frequency', 'FontName', 'arial', 'Color', 'red', 'FontSize', 12); 
xlabel('Cell radius', 'Color', 'blue') 
ylabel('Frequency (Hz)', 'Color', 'blue') 
grid on; 
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Fig.4.27 Characteristic frequency for a cell swelling with a radius variation from 
4.22* 10-6 to 5.69 * 10-6 meters (volume fraction from 30% to 74%). 
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EXTRACT CODE 4 
%Calculate characteristic frequency 
 
I=imag(Result.Z); 
frec=Result.fc; 
 
 
for re=1:size(I,2) %for each cell radius value 
   [val,pos] = max(abs(I(:,re))); 
   cfrec(re)=frec(pos); 
end 
 
%Translate values of resistivity of ext. fluid to blood intrusion 
%Rblood(at lowest freq of the simulation) = 1.428571 
range=(Result.re-3.3)/(1.428571-3.3)*100; 
 
figure 
plot(range,cfrec); 
title('Characteristic frequency', 'FontName', 'arial', 'Color', 'red', 'FontSize', 12); 
xlabel('Percentage of blood intrusion (%)', 'Color', 'blue') 
ylabel('Frequency (Hz)', 'Color', 'blue') 
grid on; 
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Fig.4.26 Characteristic frequency for a haemorrhage from 0% to 50% of blood 
intrusion. 
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CHAPTER 5 

CONCLUSIONS & FUTURE WORK 

5.1. General Conclusions 
In this work a specific impedance spectroscopy simulator for suspension of spherical cells 

simulator has been implemented. This simulator offers a tool for calculating the spectra of the 
specific impedance for several parameters of the suspension, enabling to simulate the effects of 
certain physiological processes on a suspension of cells. 

 
The implementation of the simulator in Matlab allows adding functionalities to the program 

in a straight forward manner. Another advantage of the Matlab implementation is that the results 
can be loaded on the workspace to perform user-customized analysis. 

 
With the representation in different kind of plots the simulator offers a tool to analyze the 

different variations produced over the specific impedance by a change in a single or several 
parameters of the suspension of cells. 

 5.2. Limitations 
As it was commented, this simulator is a tool useful to obtain specific impedance spectra and 

represent them in several kinds of plots. Therefore one of the limitations is that this tool does not 
offer a mathematical analysis of the specific impedance variations. 

 
In the last chapter some examples of a mathematical analysis offering statistical features 

obtained from changes in the specific impedance has been performed. These features offer 
another tool to give a better understanding of the changes in the specific impedance. But these 
analyses are not allowed directly in the program interface. 

 
The program is able to offer a complete specific impedance matrix offering all the 

information among changes in the eight parameters of the suspension of cells (Equations 3.1 and 
3.2). But it will take a long time of process in the CPU, so in this case the limitation will be 
imposed by the CPU. 

 
With a fixed frequency and changing a physiological parameter in the cell suspension, the 

result will be changes in specific impedance over the chosen parameter. The change in the 
parameter takes places during a period of time. So it is possible to associate the specific 
impedance variation over the parameter, to specific impedance changes over the time. But the 
limitation of the simulator is that introduce the speed of the changes in the parameter is not 
available. So it is impossible to achieve a temporal simulation automatically. 

 
Another limitation is that the program is working with a specific impedance expression, 

which includes several simplifications. The cells are considered perfect spheres with the same 
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size and same characteristics (resistivity, capacitance…). Therefore the expression is an 
approximation to the real measurement in a suspension of cells. This is a natural limitation 
inherent to the simplicity of the model. To mention other experimental models have been 
developed with more complex models [9]. 

 

5.3. Future work 
Based on the limitations the suggested future works are: 
 
Adapt the program to offer the user the possibility of performing temporal simulations. 

Therefore they could control the processes over the time and have a larger analysis of them. 
 
The biophysical processes generally are characterized by several steps over the time or sub 

processes. When cellular edema is caused by hypoxia, cellular adaptation produces an increase in 
the cell radius and then in case that the lack of oxygen lasts for a long time then necrosis might 
happen. Necrosis modifies the characteristics of the suspension of cells, decreasing the number of 
cells. As the simulation just can be run for changes in suspension cell parameters for a given time, 
a simulation of complex processes cannot be run. The only solution to simulate a complex 
process is to run a simple process, and then run another simple process, linking the results. To 
offer the user the possibility to perform complex processes directly with use of an interface or by 
means of scripts an add-on function is need it.  

 
To adapt the program to work with other models of suspension of cells, like non-spherical 

cell shapes and different sizes of the cells, is an important development which would increase the 
applicability of the simulator 

 
Also an analysis of several statistical features of singular interested processes, like 

haemorrhage, cell swelling, cancer, etc. could be useful to build automatics detectors for all these 
physiological processes. 

 



 

69 

REFERENCES 

 
[1] K. S. Cole, "Electric impedance of suspensions of spheres," J. Gen. Physiol., vol. 12, pp. 

29-36, September 20 1928. 
[2] http://en.wikipedia.org/wiki/Cell_(biology). 
[3] F. Seoane, "Electrical Bioimpedance Cerebral Monitoring: Fundamental Steps towards 

Clinical Application," in Institutionen för signaler och system, Medicinska signaler och 
system: Chalmers tekniska högskola, 2007, p. 154. 

[4] J. C. Maxwell, A treatise on electricity and magnetism: Oxford: Clarendon Press, 1873. 
[5] I. Klatzo, "Evolution of brain edema concepts," Acta Neurochir Suppl (Wien), vol. 60, pp. 

3-6, 1994. 
[6] http://en.wikipedia.org/wiki/Blood. 
[7] http://niremf.ifac.cnr.it/tissprop/htmlclie/htmlclie.htm#stfrtag. 
[8] http://en.wikipedia.org/wiki/Spectral_centroid#cite_note-1. 
[9] A. Lozano-Nieto and D. Rezywowski, "Electrical models for bioimpedance 

measurements," in Bioengineering Conference, 1998. Proceedings of the IEEE 24th 
Annual Northeast, 1998, pp. 118-119. 

 
 


