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ABSTRACT 

 

Research results from several investigations worldwide suggest that Measurements of 

Electrical Bioimpedance of the brain might be useful to monitor the health of the brain. 

The path selected by the electrical current injected to perform the Bioimpedance 

measurements is an important factor to evaluate the applicability of any bioimpedance-

based method for brain monitoring. The pathways and its impact in the bioimpedance 

measurement can be studied through the current density distributions and the voltage 

lead field associated with and impedance measurement. In this work, the current density 

distribution and the impedance sensitivity maps for several frequencies and 

arrangements of electrode have been calculated and analyzed with Matlab®. The 

obtained results have been analyzed with a special focus on the dependency of the 

electrode arrangements as well as the measurement frequency. The obtained results 

provide us with interesting and relevant information supporting that there is a strong 

dependency between the measured bioimpedance and the arrangement of electrode as 

well as the frequency that should be considered when evaluating the implementation of 

Electrical Bioimpedance Cerebral Monitoring systems as a tool for diagnosis support. 

The results suggest that further investigations must be done in order to reach a higer 

level of understanding. 
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CHAPTER 1  

THESIS INTRODUCTION 

 

1.1 Introduction 

 

This work has been done as the Final Degree Project for the study program of Electrical 

Engineering from the Universitat Politècnica de Catalunya of Barcelona and I have 

realized as an Erasmus student at the School of Engineering at the University of Borås 

in Sweden during the academic year 2008/09. 

 

1.2 Motivation 

 

Measurements of cerebral EBI can be used to monitor brain activity, brain damage, 

cerebrovascular, dysfunction, etc. One prime of EBI technology is that it can retrieve 

information from a volume conductor only when current passes through it. Therefore to 

know how the current flows through the brain is of critical importance to assess on 

potential clinical applications of cerebral EBI. 

 

Since the electrical properties of tissue are frequency dependency and the current 

distributes through a volume conductor regarding the placement of the injecting 

electrodes. To investigate the frequency dependency and the electrode placement 

influence on the current distribution on the brain and the measured EBI of the head is an 

initial step in learning more about the feasibility of the use of the EBI method for 

cerebral monitoring. 

 

1.3 Goal 

 

The goal of this thesis is to study the current density distribution maps obtained from 

computer simulations in a 3D-anatomical model at different frequencies for different 

placement of the electrodes in order to investigate the frequency dependency and the 

electrode placement influence on the current distribution on the brain and the measured 

EBI of the head. 

 

1.4 Work Done 

 

To achieve the aforementioned goal the analyses of the computer simulations have been 

done with Matlab
®
. The analyses have been done on a two-dimensional axial slice of 

the head.  

1. The anatomical tissues distribution has been calculated. 

2. The contributions of each tissue to the total bioimpedance have been 

calculated.  
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3. The contribution of each tissue to the total current density distribution 

has been calculated. 

4. The impedance sensitivity maps for each current density distribution 

have been obtained. 

5. The effects on the total bioimpedance of variations on the conductivity of 

the tissues have been calculated. 

6. The effect of the stimulation frequency and the placement of electrodes 

have being study for calculations 2, 3, 4 and 5.  

 

1.5 Structure of Thesis Report 

 

This thesis report is divided in six chapters plus a final section with references. Chapter 

1 is the introduction to the thesis work and a brief explanation about the motivation for 

the project and the goal of this thesis work. Chapter 2 contains a brief background about 

the specific theory used in the study of the current density distribution and EBI of the 

brain. Chapter 3 describes the method applied on the analysis of the nine current 

distribution maps considered in this work. This chapter describes how the matlab scripts 

and the analysis processes have been implemented. Chapter 4 presents the results 

obtained with the performed analyses. Chapter 5 contains the discussion of the obtained 

results. Chapter 6 contains the conclusions of the results and the limitations of the study 

as well as future work are proposed. 

 

1.6 Out of Scope 

 

To validate the obtained computations results of experimental data are out of the scope 

of this report. 
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CHAPTER 2  

ANTECEDENTS 

 

2.1 Background 

 

This chapter provides background information about bioimpedance in this thesis. For 

this reason, different theoretical concepts are introduced and explained in order to lay 

the foundation for understanding the results and discussions of this thesis work. The 

reader will be introduced to certain parts of interest within the field of basic 

bioimpedance theory: the electrical properties of the tissue, the biophysical bases of the 

hypoxic injury mechanism that causes changes in tissue, the current distribution and the 

impedance sensitivity map. 

2.1.1 History of Electrical Bioimpedance Measurements 

 

The history of the measurements of the bioimpedance of tissues and cells suspension 

began before the turn of the century after the invention of Wheatstore Bridge in 1832. 

(Schwan 1999) but the first monitoring application of bioimpedance was not until the 

beginning of XX century when the passive electrical properties of the biological tissues 

what analyses the dependency of the impedance with the frequency. After that, the 

bioimpedance techniques have been used in several medical applications: e.g. from 

system for monitoring lung resistivity in congestive heart failure patients (Zlochiver, 

Radai et al. 2007)to skin cancer detection (Åberg, Nicander et al. 2004) skin condition 

monitoring during therapeutic and cosmetic procedures(V.A. Aleksenko 2007), the 

body composition and impedance pneumography (Barbosa-Silva and Barros 2005) 

.Currently, new efforts are dedicated  to study use of a bioimpedance-based, advances 

medical imaging modality, Electrical impedance tomography (EIT), that is a being, 

developed technique with a potential wide range of application in medicine (Bagshaw, 

Liston et al. 2003) 

 

On other hand, cerebral EBI has been proposed to detect brain damage and other 

neuropathological symptoms as spreading depression, seizure activity, asphyxia and 

cardiac arrest since 1950s’ and 1960s’ (A. Van Harreveld 1957), but the most 

important activities in electrical cerebral bioimpedance research has been during 

the last 20 years(Holder 1987), (DS and AR. 1988). Examples of areas of study 

are brain ischemia, spreading depression, epilepsy, brain function monitoring, 

perinatal asphyxia, monitoring of blood flow and stroke. 

2.1.2 Electrical Properties of Biological Tissue 

 

The impedance of the material can tell us about the composition, structure, size and 

activity of the object. Therefore it is useful in several medical studies of the tissues 

composition and the physiological processes. The Bioimpedance deals with passive 

electrical properties of tissue: like the ability to oppose electric current flow and the 

ability to be polarized. 

 

Biological tissue is a very heterogeneous material, due to the cells that builds, a tissue, 

have different sizes, composition and function. There is a large difference between in 
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term of electrical conductivity: from blood tissue flowing through the blood vessels to 

the axons of the nerve cells, from connective tissue specialized to endure mechanical 

stress to bones and teeth, muscle masses, the dead parts of the skin, gas in lung tissue 

and so on. Therefore, from an electrical point of view, it is impossible to regard tissue as 

a homogenous material(Grimnes and Martinsen 2008)  

 

There are two electrical properties of the Biological Tissues, Conductive (σ) and 

permeability (ε), these are the means by which the tissue is defined as, an electrolyte 

with dielectric properties. These properties are given by its constituents, that they are 

divided in two types, the chemical that they can divide in organic and inorganic: ions, 

proteins, subcellular structures, etc…and mechanical components e.g. cellular walls, 

cells, tissues structure, etc. 

The Cell Membranes is the most important cause behind the dielectric properties of 

Biological Tissue .The conductivity is generated by the movement of the free ions in the 

intracellular and extracellular fluid as well as across the membrane. The second 

properties exist in the biological tissues due to the charge polarization that it means the 

capacitance of the membranes, polarization of bounded charges e.g. organelles, 

proteins, molecules and water, etc inside the cells of the biological tissue. The 

permittivity property of cell is very easy to understand observing the structure of the 

cell membrane which is based on a lipid double layer in which proteins are distributed, 

allowing the formation of channels to exchange ions with the exterior, Figure 2.1. Due 

to its structure and molecular components, the cellular membrane acts as a dielectric 

interface and can be considered as the two plates of a capacitor. 

 

For this reason, the electrically charged ions across the membrane accumulate in both 

sides of the membrane when an electrical field is applied. As the result of this, is the 

appearance of the dielectric relaxation phenomenon in the tissues that affect the 

permittivity (ε) and conductivity (σ) of the tissue. Consequently one characteristic that 

the electrical behaviour of biological tissues reveals is a dependency of the dielectric 

parameters upon the current frequency. This is due to the different relaxation 

phenomena that take place when the current flows through tissue. When the frequency 

of applied electric field increases, the conductivity of most of the tissues rises from a 

low value in direct current, which depends on the extracellular volume. 

  

 

Figure 2.1The membrane of the cells(Seoane 2007) 

 



 

 

13 

 

2.1.3 Electrical Bioimpedance Spectroscopy and Brain Bioimpedance  

 

Electrical Bioimpedance (EBI) is a method used to study the response of the biological 

tissue when it is applied electric current. Measurements of EBI are able to extract 

biomedical information relative to physiological and pathological scenarios of tissue. 

This method possesses certain advantages: of non-invasive, inexpensive, safe, etc.  

Nowadays, it a mature technology in medicine that has been already widely used in 

clinical practice, and makes progress continuously (Chaoshi, Huiyan et al. 1998) 

As we have seen in previous sections, the electrical properties of biological tissue 

depend on its biochemical composition and its structure, for these reasons EBI 

was used to detect changes in the tissues, e.g. appearance of edema, ischemia, perinatal 

asphyxia and unhealthy deflections since 1950’s(A. Van Harreveld 1957) .The cell 

structure of tissue in the Figure 2.2 reflects in voltage response V to the excitation 

current Iexc flowing through the tissue(M. Min, Kink et al. 2004). 

 
The analysis perspective about the intracellular and extracellular water for the cells of 

the tissue has a frequency dependency .For high frequencies, the information that it will 

be extract is about the extracellular water, instead for the low frequencies the 

information is about the extracellular and intracellular water and for both, the 

information of the structure and the composition of the tissue is obtained. Hence, the 

changes in the structure or the composition cause a change in the extracellular and 

intracellular space whence causing a change in the electrical properties in the cells of 

the tissue. So, the pathophysiological mechanism in the head and brain produce 

alterations in several tissues within their own intrinsic electrical properties and this has a 

frequency dependency. 

2.1.4 Electrical Bioimpedance Measurements 

 

In EBI, measurements the impedance is very often obtained through the relationship of 

the four following basics units are: an electric generator, a voltage meter, the surface 

electrodes for current injection and voltage pick up as well as the connecting electrical 

leads. The voltage dropped in the tissue is caused by the injected current and the 

measured bioimpedance is calculated according to Ohm’s law, in the Equation 2.1 See 

Figure 2.3  

 

 

Figure 2.2 The cell structure of tissue with the excitation current 

Iexc.(Min and Parve 2005) 
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𝑍 =
𝑉

𝐼
    Ω  

(Equation 2.1) 

 

The number of pairs of points to inject a current or to measure a potential difference is 

infinite in a volume conductor. Since, EBI in a volume conductor depends on the 

arrangement of the injecting and sensing electrodes as well as the voltage difference 

depends on the selected points, thus there are infinite values of EBI in a volume 

conductor. The selected points define a quadruple and as such relationship between the 

voltage and the current between the terminals is not impedance but transimpedance. 

 

2.2 Electrical Current Distribution 

 

The injected current is distributed through the whole volume conductor i.e. the head. 

This distribution depends on the conductivity of the tissues that compose the head like 

bone, brain, blood, cerebral spinal fluid etc. The electrical conductivity of the tissue σ ; 

represents the current density induced in response to an applied electric field, and it 

indicates the facility of the charge carriers to move through the tissue under the 

influence of the electric field. In the case of living tissue, the conductivity arises mainly 

from the mobility of the extracellular and intracellular ions in the cells of the 

tissue(Seoane, Lu et al. 2007). 

 

The relationship between the conductivity and the current density is direct but not 

simple. Basically, if the conductivity of given tissue is high the current density 

distribution through that tissue will be larger than for tissues with lower conductivity. 

On the other hand, the current distribution has a dependency of the position of the 

electrodes used to inject the current inside the volume conductor. The current density 

 

Figure 2.3 Functional diagram of a measurement system for Electrical 

Bioimpedance Cerebral Monitoring(Medicine 1986) 
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distribution depends on the conductivity of all elements forming the volume conductor 

and their spatial distribution. In this way the magnitude of the current density flowing 

through a given voxel of volume depends on the conductivity of the tissue present in 

that voxel, but also on the conductivity of the surrounding voxel and ultimately on the 

conductivity distribution of the whole volume conductor. This dependency from the 

total conductivity distribution and also the location of the electrodes makes rather 

difficult to estimate the current density flowing through a given voxel and numeric and 

iterative techniques are need. 

2.3 Impedance Sensitivity 

 2.3.1 Impedance Sensitivity Map 

 

The Impedance Sensitivity distribution map is used to give a relation between the 

changes in bioimpedance ∆Z and the current that flows through the measured object.  

(Kauppinen, Hyttinen et al. 2005). 

 

The following Equation 2.2 describes the sensitivity distribution when the current are 

injected in the lead ∅ and the voltage is measured form the lead 𝜓 . There are two forms 

to express the sensitivity distribution and both are related by Ohm’s law. 

 

𝑆𝑉𝑚𝐽 =  
𝐽𝛷  • 𝐽𝜓

𝐼𝛷  • 𝐼𝜓
=  

𝐸𝛷  • 𝐸𝜓

𝐼𝛷  • 𝐼𝜓
 𝜎2 = 𝑆𝑉𝑚𝐽 𝜎

2       [m
4 
] 

(Equation 2.2) 

 

In this Equation 1.2 the symbol ● is the dot product, and both expressions of the 

equations are divided by the product of the electrical currents injected in the volume 

conductor (Iφ and IΨ ) The current density form of the equation uses  the vectors of the  

current density fields, (Jφ and JΨ) in the numerator and the electric field form uses the 

electric fields, ( Eφ and EΨ ). In a two-electrode system the forward and reciprocal 

current densities are identical Iφ =IΨ =I the same happens for the current density and 

electric fields, consequently the dot product becomes a regular multiplication, the  new 

Equation 2.3 is: 

 

𝑆𝑉𝑚𝐽 =  
𝐽 •  𝐽

𝐼 •  𝐼
=  

𝐸 •  𝐸

𝐼 •  𝐼
 𝜎2      [𝑚−4] 

(Equation 2.3) 

 
The Sensitivity 𝑆𝑉𝑚𝐽  is a factor determining the influence of the each portion of tissue 

to the total impedance of the tissue 
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The Figure 2.4 show the application of the Equation 1.4 to the current density fields that 

its represented in the Figure 1.4(a) and behind it is the Sensitivity map that the result in 

two dimensions. 

 

Hence, in the Figure 2.4 it is observed that a change on the conductivity of a specific 

voxel may cause increment, decrement or unaffected the measurement of the total 

impedance. In a case that the total impedance is unaffected it is because the lead fields 

in the Figure 2 .4 (a) are perpendicular to each other, therefore 𝑆𝑉𝑚𝐽  will be null. 

 2.3.2 Sensitivity Distribution and Impedance Measurements 

 

The Equation 2.5 show the relationship of the total measured impedance with the 

sensitivity distribution and the change in the dielectric properties of the volume 

elements are  

 

𝑍𝑉𝑚 =  
1

σV
 𝑆𝑉𝑚𝐽

𝑉

𝑑𝑣 =   
1

σV
 
𝐽 •  𝐽

𝐼 •  𝐼𝑉

 𝑑𝑣 =   
1

σV
 
𝐽 

2

𝐼2
𝑉

  [Ω]   

(Equation 2.5) 

In this Equation 1.5 appears the σ which is the value of the conductivity of the material 

of the conductor volume when the current is injected. The conductivity σ in the material 

is frequency dependent. In case of a homogenous volume, the conductivity is constant 

for all regions of the volume and consequently the σ can be taken out of the integral, 

and the result is the Equation 2.6: 

 

𝑍𝑉𝑚 =
1

σV
  𝑆𝑉𝑚𝐽
𝑉

𝑑𝑣 =  
1

σV
  

𝐽 •  𝐽

𝐼 •  𝐼𝑉

 𝑑𝑣 =  
1

σV
  

𝐽 
2

𝐼2
𝑉

  [Ω]  

(Equation 2.6) 

 

 

Figure 2.4 (a) Current density fields generated by a current dipole at AB and CD, 

red and blue respectively. (b) Corresponding sensitivity map for the measurement with 

current density field as in Figure 1.4(a)(Seoane 2007)  
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In contrast, to a measure a changed in the total impedance, the conductivity changes 

contribute in the volume conductor 𝑉 to obtain increment impedance. Such a 

relationship with the increment impedance and conductivity changes can be expressed 

as follows:  

∆𝑍 =  ∆(σ)−1   𝑆𝑉𝑚𝐽
𝑉

𝑑𝑣 =  
1

σf − σo

   
𝐽 

2

𝐼2
𝑉

 𝑑𝑣  [Ω] 

(Equation 2.7) 

 
The principle of the EBI measurement system implemented in this thesis work about the 

study of the brain lays as follows: the analysis of the tissues that contribute to the EBI of 

the brain, the conductivity of the tissues and the percentage in which they participate in 

the total bioimpedance.  
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CHAPTER 3  

METHODS 

 

3.1 The Human Visual Project 

 

For the simulation worked done in this thesis, a fully three-dimensional representation 

of the normal human head model is used. The model was obtained from a tissue 

classified version of the Visible Human Project
® 

 (Medicine 1986).The model sectioned 

in 1 mm
3
 voxels and each of the voxels corresponds to a biological tissue with a given 

electrical conductivity. In this thesis an axial slice of the model at 115 mm of the very 

top of the head has been used to study the current density distribution and the 

impedance sensitivity maps obtained when injecting electrical current in the whole 

head. Therefore, the simulation of the current density distribution has been performed 

over the whole head, but the analysis has been done over a single slice. 

 

This head model consists of 24 several tissues (Seoane, Lu et al. 2007)that have 

different electrical conductivities different frequencies. The 24 tissues with its 

conductivity at each corresponding frequency are listed in the Table 3.1. 

 

   Conductivity  

Tissues Id# 50Hz 50kHz 500kHz 

Air External 1 0 0 0 

Body Fluid 3 1,5 1,5 1,5 

Eye Cornea 4 0,42 0,48 0,57 

Fat  5 0,02 0,024 0,025 

Lymph 6 0,52 0,53 0,56 

Mucous Memb. 7 0,00042 0,029 0,17 

Nerve 11 0,027 0,069 0,11 

Muscle 17 0,23 0,35 0,45 

White Matter 30 0,053 0,078 0,095 

Glands 40 1 0,53 0,56 

Blood Vessel 65 0,26 0,31 0,32 

Bone Cortical 111 0,02 0,021 0,022 

Cartilage 133 0,17 0,17 0,20 

Ligaments 142 0,26 0,38 0,39 

Skin dermis 143 0,002 0,00027 0,044 

Tooth 152 0,020055 0,020 0,022 

Grey Matter 160 0,075 0,13 0,15 

Eye Lens 163 0,32 0,33 0,35 

Eye (scle_wall) 183 0,50 0,51 0,56 

Blood 189 0,7 0,7 0,75 

Cerebro Spinal 

Fluid 

190 2 2 2 

Eye (aquos humo) 204 1,5 1,5 1,5 

Bone Marrow 209 0,0016 0,0031 0,0038 

Bone Cancello 253 0,08 0,08 0,087 

Table 3.1:Conductivity of the 24 tissues of the brain ,with the frequencies of the study. 

Ref: http://niremf.ifac.cnr.it/tissprop/ (IFAC 2007). 

  

http://niremf.ifac.cnr.it/tissprop/
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The head model is represented using uniform 3-D Cartesian grid. Each of the voxels in 

the model is considered electrically homogeneous and isotropic.  

In this thesis the current density distribution is studied for three different arrangements 

of electrodes. This way current is injected with two electrodes and then distributed 

according Kirchhoff laws. Both current electrodes overlap with the pair of the voltage 

sensing electrodes. The electrodes are arranged in three different positions: end, back 

and middle, as shown in Figure 3.1: 

 

The three arrangements of electrodes are label as A, B, C in Figure 3.1. The 

arrangement middle is label as (A) and it corresponds to when the electrodes are placed 

in an opposite configuration, the arrangement back is label as (B) and it corresponds to 

when the electrodes are placed adjacent but far configuration. The last arrangement, 

end, is label as (C) and it corresponds to when the electrodes are place  adjacent but 

very close configuration (Seoane 2007) 

 

For all three of them and for three different frequencies: 50 Hz, 50 kHz and 500 k Hz 

the current density distribution has been simulated for an injected electrical current of 

40 mA. The combination of 3 electrode arrangements at three different frequencies 

provides 9 complete current density distribution maps(Seoane, Lu et al. 2007).They are 

showed in Figure 3.2, Figure 3.3 and Figure 3.4: 

  

 
 

 
Figure 3.1 The arrangement of the electrodes. C is the position called END, B is the 

position called BACK and A the position called MIDDLE, in the simulations of the study. 
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(a)        (b)      (c) 

Figure 3.3 Current distribution maps of the slice Z115 with the frequency 50K Hz. The (a) is the current 

distribution map with the arrangements of the electrodes end, the (b) is the current distribution map with the 

arrangements of electrodes back, the (c) is the current distribution map with the arrangements of the electrodes 

middle. 

 

 

 

(a)      (b)    (c) 

Figure 3.2 Current distribution maps of the slice Z115 with the frequency 50 Hz. The (a) is the current 

distribution map with the arrangements of the electrodes end, the (b) is the current distribution map with the 

arrangements of electrodes back, The (c) is the current distribution map with the arrangements of the 

electrodes middle. 
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3.2 Matlab® Analysis 

 

The analysis of each current density distribution map of the slice Z115 has been done 

with Matlab
®
. The images are represented in matlab figure and the value of current 

density is colour coded.  

The method used in the analysis of each figure, consist in extracting all the current 

density values from the figure and combine them the anatomic information from the 

Z115 slice of the model. Once the current density for each pixel is associated to a tissue 

and consequently to a given conductivity the contribution of each pixel to the total 

impedance can be studied together through the impedance sensitivity maps, which have 

been previously obtained also from the obtained current density distribution.  

 

(a)       (b)      (c) 

Figure 3.4 Current distribution maps of the slice Z115 with the frequency 500K Hz. The (a) is the current 

distribution map with the arrangements of the electrodes back, the (b) is the current distribution map with the 

arrangements of electrodes end and the (c) is the current distribution map with the arrangements of the electrodes 

middle. 
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Figure 3.2 Flow Diagram of the method used to carry out the study in Matlab 
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 FigureData: contains the current density distribution of the each current 

distribution maps of the slice Z115 that will be analyzed in this method. 

 Colorcut: contains the anatomical information of the slice Z115. Each element 

of the matrix represents the tissue present in the very same position in the axial 

plane. Note that each cell corresponds to a 1 mm. Therefore each element 

represents an area of 1mm
2
. 

 Reference: Reference: it is a vector containing all the tissue that contributes to 

the total current density. That is current flows through that type of tissue. 

Tissues are ordered according to the identity number. 

 Times_ref: it is a vector, containing in each element   the number of times that 

each tissue appears with a current density value different than null. It is ordered 

according to the variable reference. 

 Density_Current: : it is a matrix where the columns are ordered by  the head 

tissues according to the reference vector and the rows contains the values of the 

density of current flowing through a voxel contain a specific tissues in the slice 

Z115. 

 Average_end: contains for the three different frequencies that the current was for 

injected with the same arrangement of the electrodes, the relative of the 

percentage of the current density of the current distribution map, ordered by 

tissues.  

 Average_back: contains for the three different frequencies that the current was 

for injected with the same arrangement of the electrodes, the relative of the 

percentage of the current density of the current distribution map, ordered by 

tissues.  

 Average_middle: contains for the three different frequencies that the current was 

for injected with the same arrangement of the electrodes, the relative of the 

percentage of the current density of the current distribution map, ordered by 

tissues.  

 Sensitivity: is a matrix that contains the value of the Sensitivity for each point of 

the corresponding current distribution. 

 Contribution of the tissues: is a matrix that contains the Sensitivity divided by 

the corresponding conductivity for each tissue that corresponds. 

 Bioimpedance: is the value of the total bioimpedance for the slice Z115 at the 

corresponding frequency.  

 Conductivity_5%: contains the relative variation of the total bioimpedance for 

an increment of 5%, ordered by tissue. 

 Conductivity_neg5%: contains the relative variation of the total bioimpedance 

for a decrement of 5%, ordered by tissue. 

 Conductivity_10%: contains the relative variation of the total bioimpedance for 

an increment of 10%, ordered by tissue. 

 Conductivity_neg10%: contains the relative variation of the total bioimpedance 

for a decrement of 10%, ordered by tissue. 
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As it can be observe in the flow diagram in Figure 3.2 the work starts processing the 

workspaces of the current distribution map of the slice Z115, which are generated with a 

code FigureData.m, it was necessary to the analysis due to be saved all the variables of 

the each current distribution map of the slice Z115 that it will be studied with this 

method. The current density distribution maps of the slice Z115 are given in the form 

figure and with this step, it will be generated a workspace in form matlab.  

The code in FigureData.m generates the workspace of each simulation. This obtained 

information is the original data to be study and therefore is a very important process. 

 3.2.1 Analysis for the Tissues 

 

One of the steps included in the study of how the current density was distributed in each 

of the different simulations,  was determine which head tissues has contributed  in the 

current density distribution. To carry the analysis of the current distribution by tissues, 

the figure slice Z115 anatomical was used.  

 

Figure 3.4 The slice Z115 anatomic, is a figure containing an axial view of the brain. 

The Figure 3.4 is the anatomical slice of Z115, which is only one and is the same for 

each current distribution map of the slice Z115. It represents with differently colours the 

24 tissues that compose the head of the model. The originated workspace of this figure 

has been called “slice.mat”, which the variable “colorcut”. The colorcut matrix contains 

in each element of the matrix a value that correspond with the identity number of one 

tissue and such value is colour coded, forming the Figure 2.3. 
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The next step of the study according to the flow diagram depicted in 3.2 is to discard 

which tissues present non-zero current density flowing through them. i.e. Tissues that 

do not participate in the current density distribution. Such process is done bys by 

Num_Diff.m and the information is saving in the variable Reference. 

Finally, for the last step to the study the contribution of each tissue to the current density 

distribution it is necessary to generate the code counter.m. Such script counts the times 

that each of the tissues appears in the figure containing the total current density 

distribution. Note that this study focus in the same axial slice, therefore the anatomical 

information is the same for each of the obtained simulations, 

 

3.2.2 Analysis for the Density Current 

 

After determinaning which tissues contribute to the flow of, the next step is to generate 

the variable “Density_Current” from each simulation’s workspace. To do that the 

matlab script is CurrentValue.m.  

This step is very important in this thesis work because it uses the three more important 

variables created so far. In Figure 3.5   the variables used to obtain the Density_Current 

are shown. 

. 

 

Figure 3.5 Flux Diagram that represents the variables used by CurrentValue.m to generate 

Density_Current. 

There are three variables: Colocut, FigureData and Reference. The first variable, 

Colorcut, is not generated by the code created in this method but has been given by the 

slice anatomical of Z115, shown in the Figure 3.4, used for the tissues study of each 

current distribution map of the slice Z115. The others variables are generated by the 

functions that they used in this method, and they are described in the Figure 3.2.Hence, 

with the variables and the code CurrentValue.m, is generated the variable 

Density_Current. 

CurrentValue.m

Colorcut

FigureData

Reference
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This variable is a matrix that represents the current density distribution for each of the 

different simulations study through slice Z115. The dimension of this matrix is the same 

for all the studied simulations. The range of the columns is determinate for the number 

of tissues participating in the simulation. 

One example of one of the simulations used in this thesis work is shown in Figure 3.6. 

 

 

Figure 3.6 Current distribution map of slice Z115 obtained at a frequency of 50 Hz with the 

arrangement of the electrodes back. 

 

In Figure 3.6, it can be observed the range of the values of the current density. In this 

study a total of 9 figures containing the current density at 3 different frequencies for 3 

different arrangements of electrodes are studied. 
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3.2.3 Analysis for the Average of the Tissues 

 

The relative percentage about the contribution of each tissue to the total current density 

distribution will be obtained in this step. The worked to do is to obtain the information 

about the relationship between the totally density current in the current distribution map 

and the density current measured for each tissue. 

At the beginning of the calculation is necessary to realize the sum of all the tissues in 

the matrix Density_Current, due to know the totally density current are in the current 

distribution map. The next step, consist to calculate the relative contribution of each 

tissue, it gets by the Equation 3.1 that following: 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒𝑡𝑖𝑠𝑠𝑢𝑒 =
 𝐽𝑡𝑖𝑠𝑠𝑢𝑒

 𝐽
 

(Equation3.1) 

The Equation 3.1 provides a vector with the same number of columns than tissues 

contributing to the distribution of current density. 

From each current distribution map a Density_Current variable is obtained and these 

nine vectors allow studying the dependency of the current density distribution by tissue, 

frequency and electrode position. 

 Since there is three completely different arrangements of the electrodes, the results 

from average tissue are classify in three corresponding matrixes: Average_end, 

Average_back and Average_middle. Each of them, containing the different percentage 

of density current for each tissue at all the three frequencies considered in this study. 

The last three matrices are generated with the code Average_tissue.m, as indicated as 

indicated in the flow diagram shown in the Figure 3.2. 

  

3.2.4 Analysis for the Sensitivity 

 

The impedance sensitivity for each simulation is an important magnitude when studying 

the influence of each tissue to the total impedance of the volume. The impedance 

sensitivity map is calculated for each simulation over the slice Z115 by the matlab script 

Sensitivity. One important value to calculate properly the impedance sensitivity in one 

point of the volume conductor is to know the total current that has been injected in the 

volume conductor to perform the impedance measurement. In these simulations the total 

injected current was 40 mA. Since the unit use to denote the current   was in mA and the 

unity current density was 1 mA/mm
2 

hence the units of the obtained impedance 

sensitivity  𝑆𝑉𝑚𝐽  was mm
-4

. 
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The Sensitivity is the minimum magnitude of input signal required to produce a 

specified output signal, and for in the case of impedance sensitivity, it provides the 

relationship between a change in impedance in the total volume conductor and a change 

in conductivity of a single element of the volume. This relationship is valid for a 

specific frequency and for a single electrode setup.  

 

3.2.5 Analysis for the Bioimpedance 

 

Through the impedance sensitivity it is possible to obtain the value of the total 

bioimpedance, see Figure 2.5. To obtain the total value of impedance, it is necessary to 

divide the impedance sensitivity in each element of the volume by the electrical 

conductivity and do the accumulative sum of all the results. This addition of products 

allows us to agroupate the intermediate products by tissues that through each specific 

conductivity. This agroupation allows studying the contribution of each tissue to the 

total impedance of the volume by frequency. This is implemented in this work through 

the script Contribution.m .This code is based in the Equation 3.2 following: 

𝐶𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛𝑡𝑖𝑠𝑠𝑢𝑒 =
1

𝜎𝑡𝑖𝑠𝑠𝑢𝑒
 𝑆𝑉𝑚𝐽  

(Equation 3.2) 

The total bioimpedance is calculated as an accumulative sum of all tissue contribution 

obtained by Contribution.m. This calculation is bone the script Bioimpedance.m, which 

obtains the total Bioimpedace of each simulation scene for the slice Z115. This code 

uses the Equation 3.3: 

𝐵𝑖𝑜𝑖𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒 =
1

𝜎𝑡𝑖𝑠𝑠𝑢𝑒
  𝑆𝑉𝑚𝐽

𝑡𝑖𝑠𝑠𝑢𝑒

 

(Equation 3.3) 

 

3.2.6 Bioimpedance Tissue Sensitivity 

 

Among the goals of this study is to evaluate how  changes in the conductivity of the 

different tissues of the head influence in the total measured bioimpedance The variable 

created to perform this study are shown on the work flow  shown in  Figure 3.7:  
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Figure 3.7 Flux Diagram to obtain the Bioimpedance Tissue Sensitivity. 

 

For this part of the study, 4 different changes in the conductivity of the tissues have 

been considered: +10%,-10%, +5% and -5%. For each case and tissue, the modified 

bioimpedance is calculated and it is compared with the original bioimpedance. 

To modification the conductivity of a single tissue might modify not only the total 

bioimpedance but the contribution of each tissue to the current density distribution. 

Therefore, both the contribution of each tissue in the total bioimpedance has been 

calculated at each frequency and electrode setup for all four increments and decrements. 

See figure 3.8: 

Figure 3.8 Flux Diagram for the Bioimpedance Tissue Sensitivity 

  

Bioimpedance.m

Contribution.mChange_Conductivity.m

Conductivity of each  tissue 
+10%

Contribution of each 
tissue +10%

Bioimpedance of each 
tissue +10%

Conductivity of each tissue-
10%

Contribution of each 
tissue-10%

Bioimpedance of each 
tissue-10%

Conductivity of each 
tissue+5%

Contribution of each 
tissue+5%

Bioimpedance of each 
tissue +5%

Conductivity of each tissue-
5%

Contribution of each 
tissue-5%

Bioimpedance of each 
tissue-5%
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CHAPTER 4  

RESULTS 

 

4.1 Results of the Tissues 

 

The tissues that participate in the current density distribution are a total of 16 out of the 

24 tissues that are present in the head model. The 16 tissues with their corresponding ID 

number and conductivity at the studies frequencies are listed in Table 4.1 as follows: 

   Conductivity  

Tissues Id# 50Hz 50kHz 500kHz 

Air External 1 0 0 0 

Fat  5 0,02 0,024 0,025 

Mucous Membrane 7 0,00042 0,029 0,17 

Muscle 17 0,23 0,35 0,45 

White Matter 30 0,053 0,078 0,095 

Glands 40 1 0,53 0,56 

Bone Cortical 111 0,02 0,021 0,022 

Ligaments 142 0,26 0,38 0,39 

Skin dermis 143 0,002 0,00027 0,044 

Grey Matter 160 0,075 0,13 0,15 

Eye (scle_wall) 183 0,50 0,51 0,56 

Blood 189 0,7 0,7 0,75 

Cerebro Spinal Fluid 190 2 2 2 

Eye (aquos humous) 204 1,5 1,5 1,5 

Bone Marrow 209 0,0016 0,0031 0,0038 

Bone Cancello 253 0,08 0,08 0,087 

Table  4.1 Conductivity of the 16 tissues of the brain, with the frequencies of the study. 

Ref: http://niremf.ifac.cnr.it/tissprop/(IFAC 2007) 

Note that among the 16 tissues reported in Table 4.I, they are Cerebro Spinal Fluid 

(CSF), eye aquos and blood has the highest conductivities 

In the Table 4.1 it is possible to observe how the conductivity of each tissue changes 

regarding the frequency. While there are tissues that have the same conductivity for 

three frequencies, like for example, CSF and eye (aquos humous) other tissues like 

muscle and white matter exhibit big differences between the conductivities for each 

frequency. These changes in conductivity can influence the distribution of current 

density directly. 

The Figure 4.1 show a bar plot indicating in percentage the contribution of each tissue 

to the total composition of the axial slice Z115.The composition is the same for all the 

simulations studied in this work. 

  

http://niremf.ifac.cnr.it/tissprop/
http://niremf.ifac.cnr.it/tissprop/
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Grey matter is the most common tissue to appear. It contributes with a 26,03%.The 

white matter is the tissue with second largest contribution. There other tissues with a 

significative contribution to the total composition of the head, like  fat, ligaments, 

muscle and bone cortical, among which only the ligaments can be considered brain 

tissue.. Note that the percentage of appearance of Blood is almost negligible 0.036% of 

the total head; this value is completely unexpected since blood accounts for 10 to 15 % 

the brain content. 

4.2 Results for the Density Current 

 

The following figures contain the distribution of the density current for the three 

different electrode positions and three different frequencies. 

  

 

 

Figure 4.1 Graphic of the percentage of times tissues that appear the 16 tissues in the current density 

distribution maps. 
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Figure 4.2The Current distribution map of the arrangement of the electrodes end to the 

frequency 50Hz 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3The Current distribution map of the arrangement of the electrodes back to the 

frequency 50Hz 
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Figure 4.4The Current distribution map of the arrangement of the electrodes middle to the 

frequency 50Hz 

 

 

Figure 4.5The Current distribution map of the arrangement of the electrodes end to the 

frequency 50 kHz 
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Figure 4.6The Current distribution map of the arrangement of the electrodes back to the 

frequency 50 kHz 

 

 

Figure 4.7The Current distribution map of the arrangement of the electrodes middle to the 

frequency 50 kHz 
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Figure 4.8The Current distribution map of the arrangement of the electrodes end to the 

frequency 500 kHz 

 

 

Figure 4.9The Current distribution map of the arrangement of the electrodes back to the 

frequency 500 kHz 
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The previous figures show how the current density is distributed on the axial slice Z115. 

Is can be observe that there is marked dependency on the arrangement of the electrodes, 

the figures also show certain dependency on the frequency. However the influence of 

the frequency is not as noticeable as the influence of the electrodes. The current density 

distribution maps present a slightly different current density distribution for each 

frequency. Basically the current density distribute into deeper areas of the brain. 

 

4.3 Results for the Tissue Contribution for the Electrical Current 

Density 

 

The total current density for each tissue has been calculated and the three following 

figures contain the results for each frequency and sorted by electrode arrangement. 

Therefore each figure contains the total current for each tissue in three different colour 

columns for each frequency: 50Hz, 50 kHz and 500 kHz. 

  

 

Figure 4.10The Current distribution map of the arrangement of the electrodes middle to the 

frequency 500 kHz 
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Figure 4.11 present the current data for the electrode arrangement label as END: 

 

 

In the figure 4.11, the graphic showed that the highest percentage has the tissue called 

fat, 22-21%, after it the next tissues those have percentages high that 5% are: the 

muscle, mucous membrane, skin-dermis, bone cortical, gray matter and ligaments, all of 

them ordered the higher to lower percentage. 

  

 

Figure 4.11 Graphics of the percentage of the density current respect the tissues with the 

arrangements of the electrodes END. 
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In this Figure 4.12 the graphic will be observe that the highest percentages of current 

density is the same that for the arrangement end, the fat and muscle, but the next tissue 

with high percentage in this arrangement are the bone cortical, mucous membrane, grey 

matter, skin dermis, ligaments and white matter, the ordered are little different of the list 

of the tissues with high percentage of the arrangement end. 

The last graphic, it is shown the percentage for the arrangement MIDDLE in the Figure 

4.13 as following: 

  

Figure 4.12 Graphics of the percentage of the current density respect the tissues with the 

arrangements of the electrodes BACK. 
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The Figure 4.13 contains the current data for the electrode arrangement label as 

MIDDLE showing how the contribution of the white and gray matter to the total current 

contribute he 

 

4.4 Results of the Tissue Contribution to the Bioimpedance 

 

This result gives the bioimpedance for each simulation that it is studied in this thesis. In 

the table 4.2 is shown the reference bioimpedance for each simulation:  

Bioimpedance reference [Ω] 

Freq/Arrang. End Back Middle 

50Hz 4989,6 3798,41 67,590 

50kHz 112,78 115,37 1450 

500kHz 59,0 70,29 571,8 

Table 4.2 the value of the each bioimpedance reference for each simulation. 

The results obtained in this part for each current distribution map are very different 

respect the arrangement of the electrodes: however, it is easy to see that the value of the 

bioimpedance reference has a depend frequencies of the current is injected. For each 

frequency have a value of the reference bioimpedance very similar for the arrangements 

Figure 4.13 Graphic of the percentage of the density current respects the tissues with the 

arrangements of the electrodes middle. 
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of the electrodes back and end, but for the arrangement middle the bioimpedance 

reference is bigger for all the frequencies.  

In the following figures it is possible to see the specific contribution of each tissue to 

total bioimpedance for each arrangement of the electrodes at each of the three 

frequencies. The X axis contains numbers from 0 to 16 that represents the tissues that 

contribute to the current density distribution. The assignment number to tissue is 

presented Table 4.3.: 

 

The following figures present the relative percentage of each tissue to the total 

bioimpedance of the slice115 for the arrangement of the electrodes END: 

  

1 Air External 

2 Fat 

3 Mucous Memb. 

4 Muscle 

5 White Matter 

6 Glands 

7 Bone Cortical 

8 Ligaments 

9 Skin-Dermis 

10 Gray Matter 

11 Eye.scle_wall 

12 Blood 

13 Cerebro Spinal 

Fluid  

14 Eye.Aque_humous 

15 Bone Marrow 

16 Bone Cancellous 

Table 4.3 the reference numbers for the tissues in the graphics of the relative percentage of the 

bioimpedance. 
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Figure 4.15 Relative Percentage of the Bioimpedance contribution of each tissue for 

frequency 50 kHz and END arrangement of the electrodes 

 

 

  

 

Figure 4.14 Relative Percentage of the Bioimpedance contribution of each tissue for 

frequency 50 Hz and END arrangement of the electrodes 

 # Rel. % 

1 4,23E-06 

2 0,01504 

3 0,43 

4 0,001 

5 1,50E-05 

6 3,49E-06 

7 0,0057 

8 8,81E-05 

9 0,53 

10 0,00011 

11 1,53E-06 

12 1,30E-16 

13 3,62E-06 

14 1,91E-07 

15 4,73E-06 

16 0,0001 

 

# Rel. % 

1 0,00015 

2 0,38 

3 0,18 

4 0,022 

5 0,0005 

6 0,00016 

7 0,16 

8 0,0021 

9 0,22 

10 0,0023 

11 6,97E-05 

12 1,45E-13 

13 0,00012 

14 8,67E-06 

15 0,00012 

16 0,0036 

 



 

 

42 

 

 

In Figure 4.14, it can be observed that tissue with higher contribution to the total 

bioimpedance of the slice is skin dermis, with 0.53%. However the frequency influence 

in the contribution of each tissue to the total bioimpedance and for 50 kHz and 500 kHz 

the tissue that contributes the most is Fat, Figures 4.15 and 4.16 respectively. 

The following figures present the relative percentage of each tissue to the total 

bioimpedance of the slice115 for the arrangement of the electrodes BACK: 

  

 

Figure 4.16 Relative Percentage of the Bioimpedance contribution of each tissue for 

frequency 500 kHz and END arrangement of the electrodes 

 

# Rel. % 

1 2,71E-04 

2 0,58 

3 0,049 

4 0,028 

5 8,00E-04 

6 3,15E-04 

7 0,25 

8 3,78E-03 

9 0,059 

10 0,0036 

11 1,33E-04 

12 2,63E-13 

13 2,15E-04 

14 1,79E-05 

15 2,28E-04 

16 5,97E-03 
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Figure 4.17 Relative Percentage of the Bioimpedance contribution of each tissue for 

frequency 50 Hz and BACK arrangement of the electrodes 

 

 

Figure 4.18 Relative Percentage of the Bioimpedance contribution of each tissue for 

frequency 50 kHz and BACK arrangement of the electrodes 

 

# Rel. % 

1 6,0251E-07 

2 0,002 

3 0,042 

4 0,00014 

5 8,1881E-06 

6 0,0000011 

7 0,00071 

8 0,000015 

9 0,045 

10 0,000035 

11 3,2323E-07 

12 7,7131E-16 

13 9,483E-07 

14 3,9372E-08 

15 3,2076E-06 

16 0,000019 

 

# Rel. % 

1 1,93E-04 

2 0,44 

3 0,15 

4 0,025 

5 1,94E-03 

6 4,05E-04 

7 0,18 

8 3,36E-03 

9 0,16 

10 0,0062 

11 1,21E-04 

12 2,87E-12 

13 2,73E-04 

14 1,48E-05 

15 6,58E-04 

16 5,84E-03 
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For the arrangement of the electrodes BACK, the contribution of the tissues to the 

bioimpedance for each frequency defer a lot between them. Figure 4.17 shows that the 

tissue with the largest contribution to the total bioimpedance at 50Hz are mucous 

membrane and after skin dermis. However, if the frequency increases to 50 kHz that are 

showed in the figure 4.18, the tissue with the largest contribution is fat, with 0.44%. At 

frequency 500 kHz, still fat with 0.61% the tissue with the largest contribution 

The following figures present the relative percentage of each tissue to the total 

bioimpedance of the slice115 for the arrangement of the electrodes MIDDLE 

  

 

Figure 4.19 Relative Percentage of the Bioimpedance contribution of each tissue for 

frequency 500 kHz and BACK arrangement of the electrodes 

 

# Rel. % 

1 2,99E-04 

2 0,61 

3 0,036 

4 0,028 

5 2,56E-03 

6 6,28E-04 

7 0,25 

8 5,22E-03 

9 0,039 

10 0,0083 

11 2,03E-04 

12 4,81E-12 

13 4,15E-04 

14 2,70E-05 

15 9,56E-04 

16 8,08E-03 
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Figure 4.21 Relative Percentage of the Bioimpedance contribution of each tissue for 

frequency 50 kHz and MIDDLE arrangement of the electrodes 

 

 

 

 

 

Figure 4.20 Relative Percentage of the Bioimpedance contribution of each tissue for 

frequency 50 Hz and MIDDLE arrangement of the electrodes 

# Rel. % 

1 1,06E-07 

2 0,0081 

3 0,0045 

4 0,00019 

5 6,89E-05 

6 2,01E-07 

7 0,00034 

8 2,28E-05 

9 0,98657 

10 0,00011 

11 8,03E-08 

12 5,84E-13 

13 1,60E-06 

14 8,61E-09 

15 9,20E-06 

16 1,74E-05 

 

 

# Rel. % 

1 1,26E-05 

2 0,71 

3 0,00095 

4 0,0076 

5 3,30E-03 

6 2,39E-05 

7 0,029 

8 1,43E-03 

9 0,23 

10 0,0054 

11 1,00E-05 

12 5,43E-11 

13 1,35E-04 

14 1,19E-06 

15 4,88E-04 

16 1,43E-03 
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For all the arrangements the skin-dermis is the tissue that contributes to the total 

Bioimpedance. 

 

4.5 Results of the Bioimpedance Tissue Sensitivity 

 

The Bioimpedance Tissue Sensitivity is obtained for each tissue with the four changes 

in conductivity already mentioned. One example for the percentages of the 16 tissues is 

shown in Figure 4.23 for the decrements of the conductivity equal to 5% and 10%: 

 

 

Figure 4.22 Relative Percentage of the Bioimpedance contribution of each tissue for 

frequency 500 kHz and MIDDLE arrangement of the electrodes 

# Rel. % 

1 4,87E-06 

2 0,31 

3 0,0024 

4 0,0044 

5 1,76E-03 

6 9,50E-06 

7 0,013025 

8 6,15E-04 

9 0,65645 

10 0,0026 

11 3,86E-06 

12 2,74E-11 

13 5,91E-05 

14 4,18E-07 

15 2,26E-04 

16 6,65E-04 
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Figure 4.23 shows a bar plot that will repeat for the rest of the current distribution maps, 

but a difference in the range of values of the bioimpedance tissue sensitivity. The 

difference of the range of bioimpedance tissue sensitivity is due to that the 

bioimpedance reference are different value for each current distribution maps, hence, 

the difference propagates  to the bioimpedance tissue sensitivity. 

Looking at the bar plot in Figure 4.23 it is difficult to assess the differences in the brain 

tissues, which are important tissue for this study. Consequently, the result concentrates 

on the four brain tissues, which are white matter, grey matter, ligaments and cerebro 

spinal fluid.  

The results of bioimpedance tissue sensitivity are shown in percentages, to understand 

and compare better between the influences over the nine current distribution maps of the 

Z115. 

 

Figures 4.24, 4.25 and Figure 4.26 present comparative bar plots for each of the four 

percentage values of conductivity change on the bioimpedance tissue sensitivity for the 

four brain tissues at 50 Hz: 

  

 

Figure 4.23The Bioimpedance Tissue Sensitivity with the decrement 5 % and 10 % for the current 

distribution map with the arrangement BACK and frequency 50 kHz 
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Figure 4.25 Percentage of variation of the Bioimpedance Tissue Sensitivity at 50Hz for the 

arrangement of the electrodes BACK 
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Figure 4.24 Percentage of variation of the Bioimpedance Tissue Sensitivity at 50Hz for the arrangement 

of the electrodes END 
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The results at 50Hz differ a lot for three arrangements of the electrodes. First of all, the 

ranges of the values are very different. In Figure 4.25, which corresponds for the 

arrangement of the electrodes back, the bars have a very small range of the values. 

Secondly, for each tissue there are differences in the percentages of variation of the 

bioimpedance tissue sensitivity. Figures 4.24 and 4.25 the ligaments present the second 

highest variation but in Figure 4.26 the ligaments have a percentage lower than the 

white matter. In all cases the grey matter is the tissue exhibiting the largest variation.  

The following figures show the percentage of the bioimpedance tissue sensitivity at 

frequency 50 kHz: 

  

 

Figure 4.26 Percentage of variation of the Bioimpedance Tissue Sensitivity at 50Hz for the 

arrangement of the electrodes MIDDLE 
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Figure 4.27 Percentage of variation of the Bioimpedance Tissue Sensitivity at 50 kHz for the 

arrangement of the electrodes END 
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Figure 4.28 Percentage of variation of the Bioimpedance Tissue Sensitivity at 50 kHz for the 

arrangement of the electrodes BACK 
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The bar plot in figures 4.27 and 4.29 exhibits the same range of values for the calculated 

change, while the bar plots in Figure 4.28 exhibit a slightly larger range of values. The 

latter corresponds for the arrangement of the electrodes BACK. Secondly, it is also 

possible to observe that for each tissue there is different in the percentages of the 

bioimpedance tissue sensitivity. For example, in Figures 4.27 and 4.28 the grey matter 

and the ligaments have a high percentage; but in Figure 4.29, the tissues that present the 

highest percentages are grey matter and white matter. 

The following figures show the percentage of the bioimpedance tissue sensitivity at 

frequency 500 kHz: 

  

 

Figure 4.29 Percentage of variation of the Bioimpedance Tissue Sensitivity at 50 kHz for the 

arrangement of the electrodes MIDDLE 
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Figure 4.31 Percentage of variation of the Bioimpedance Tissue Sensitivity at 500 kHz for the 

arrangement of the electrodes BACK 
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Figure 4.30 Percentage of variation of the Bioimpedance Tissue Sensitivity at 500 kHz for the 

arrangement of the electrodes END 
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At this frequency the plot present values in the same range of the of values, around 0,1 

% . Secondly, for each arrangement of electrodes there is a difference in the percentages 

for the tissues in the bioimpedance tissue sensitivity. For example, in the Figure 4.30 for 

the arrangement end, the tissues which have the highest percentage are the ligaments 

first and after the grey matter. As it possible to see in Figures 4.30, 4.31 and 4.33, the 

tissue with the highest variation is Grey Matter for the BACK and MIDDLE 

arrangements while the ligaments present the highest for the arrangement END. 

The next table presents a summary of the results. The results are commented in Table 

4.6 and contain the two tissues of each simulation that present the highest percentage of 

change of the bioimpedance tissue sensitivity: 

 

Freq./Arrangements End Back Middle 

50Hz 1.Grey Matter 

2.Ligaments 

1.Grey Matter 

2.Ligaments 

1.Grey Matter 

2.White Matter 

50KHz 1.Grey Matter 

2.Ligaments 

1.Grey Matter 

2.Ligaments 

1.Grey Matter 

2.White Matter 

500KHz 1.Ligaments 

2.Grey Matter 

1.Grey Matter 

2.Ligaments 

1.Grey Matter 

2.White Matter 

Table 4.6The comparative of the largest percentages of bioimpedance changes for each simulation. 

  

 

Figure 4.32 Percentage of variation of the Bioimpedance Tissue Sensitivity at 500 kHz for the 

arrangement of the electrodes MIDDLE 
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CHAPTER 5  

DISCUSSION 

 

5.1 Tissues and the Current Density 

 

Since the current density distribution depends more on the conductivity of the tissues 

and the place within the conductor volume that on the amount of tissue the proportional 

amount of each tissue does not exhibit direct relationship with the proportion of current 

density flowing through each the tissues. This conclusion can be drawn from observing 

that the tissues with a larger appearance in the slice, Grey and White Matter, are not the 

tissues containing more Current density. In the other hand the tissue containing more 

current density among the 16 head tissues are fat and muscle which happen to be very 

near to the electrodes. 

In the study frequency range   a clear dependency of the current density distribution on 

the frequency cannot be found. This can be due to the fact that tissues present similar 

percentages of current distribution at the three frequencies of the study.  

The arrangement of electrodes exhibit certain influence on the Current Density 

distribution by tissue. The tissues that have the largest percentage are the same for all 

the arrangements, fat and muscle, but the next tissues with higher percentages change 

for the different arrangements.  

The lack of presence of blood in the slice Z115 is results unexpected since the 

proportion of blood in the brain should be over 10%. It is true that the simulations of 

current density distribution where done in a 3D-model where it is expected to have the 

appropriate proportion of blood tissue. This result requires reviewing the Human 

Visible project model to check that the model contains the blood tissue as it should. 

 

5.2 Tissues and Head Bioimpedance 

 

At the beginning, it is necessary to comment that the bioimpedance obtained from the 

current density distribution map are too different and therefore not all obtained 

bioimpedance results cannot be considered completely reliable. The obtained results are 

the bioimpedance for only one two dimensional slice axial, the slice Z115. Therefore, 

the bioimpedance for the complete head will be much smaller than the bioimpedance 

obtained for the slice Z115 since the surface available for the current to flow will be 

much larger.  

As expected, the bioimpedance for the slice Z115 for each current distribution map have 

a certain dependency with. At high frequencies the bioimpedance is smaller than at low 

frequency and the values of Bioimpedance at 50 kHz and 500 kHz are very similar. 
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On the other hand, for the results obtained regarding the proportional amount of tissues 

on the volume conductor the bioimpedance have certain dependency with the frequency 

but the larger dependency is on the electrode arrangement. The tissues that contribute 

the most to the bioimpedance are the same for the arrangement BACK and END at each 

frequency, because the tissue contribution to the effective volume conductor is very 

similar for both arrangements. This is not happening for the arrangement of the 

electrodes MIDDLE is not happening since the effective volume conductor is 

completely different than for the other two cases. 

 

5.3 The Bioimpedance Tissue Sensitivity  

 

There is a relationship between the bioimpedance tissue sensitivity and the proportion 

of each tissue present on the volume conductor of the bioimpedance that this relation 

gives a frequency dependency. There is a coincidence between the tissues that have the 

largest contribution to the bioimpedance and the tissues have highest bioimpedance 

tissue sensitivity for all the three arrangements of the electrodes at 50 kHz and 500 kHz. 

Respect, the study realized for the four important tissues about the percentage of the 

bioimpedance sensitivity tissue there are two differences between the results. 

There is not any remarkable frequency dependency since for all the frequencies since 

the tissue with the highest   bioimpedance tissue sensitivity. But there are differences 

between the values of the bioimpedance tissue sensitivity between the frequency 500 

kHz, and both 50 Hz, and 50 kHz, which exhibit higher values. At high frequencies the 

sensitivity is more spread among the tissues, which is expected since the conductivities 

of the tissues present smaller and more similar values.   

Despite some differences between arrangements of the electrodes Grey Matter and 

White Matter present high values of bioimpedance tissue sensitivity for all the 

frequencies.  
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CHAPTER 6  

CONCLUSSIONS & FUTURE 

 

6.1Conclussions 

 

After all the results shown and discussion in the previous chapter, it can be concluded 

that the electrical current distribution in the brain have a strong dependency of the 

arrangement of the electrodes. The study about the bioimpedance realized of each 

current distribution map of the slice Z115 indicates also certain dependency on the 

frequency. 

 

 

6.2 Limitations 

 

As it was commented, this work is a tool useful to obtain specific current distribution 

and bioimpedance for one slice of the head model. The limitation is that the slice used is 

an axial slice of the model at 115 mm of the very top of the head, hence gives a specific 

result for this slice and most probably   the rest of slices of the head model will be  very 

different to this one in almost everything..  There generalization cannot be done freely 

 

The lack of blood in the slice Z115 present the largest limitation of this finding since it 

is clear that with a 10% of blood the current density distribution would most probably 

different.,   

Another limitation is that the slice used in the study is an axial slice and perpendicular 

to the equipotential surfaces, which would be the appropriate 2D-projection to 

proportionally study the current density distribution. 

6.3 Future Work 

 

Based on the limitations the suggested future works are: 

Conduct a validation test of the complete Three dimensional head model, to validate 

that no miss-classification of tissues has been done. 

The other suggested future work is to use a slice with the equipotential surfaces and not 

an axial slice of the head model. This way it will be possible to study the current density 

distribution normalized, since each equipotential slice contains the all the current 

injected to the head.  
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