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                                                               Abstract 

An external electric field can induce mechanical changes depending on the amplitude, frequency 

and duration of the applied electric field. This study is focused on monitoring the electric/electro-

kinetic effects of real biological tissues (in vitro) and gelatin phantoms with high spatial 

resolution. In this study, we investigated the mean of the signal spectrum at the modulation 

frequency, root-mean-square of the noise in the spectrum, and signal-to-noise ratio (SNR) during 

the application of low-frequency AC electric field in tissues and phantoms. Our results show that 

the EIMC SNR can indicate the existence of AC electric current in samples, rather than be 

directly related to the sample’s electro-kinetic properties of the samples.  We also found that the 

SNR varies spatially even for homogenous samples. These two features might hinder the 

development of the proposed method to be a viable clinical diagnostic technique. 
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Chapter 1 

Introduction 

1.1 Brief History of Diagnostic Ultrasound Imaging 

Diagnostic ultrasound imaging has a wide range of medical applications such as abdominal, 

cardiac, maternity, gynecological, urological, breast and small tissue examination. It is  an 

inexpensive, easy to use, mobile and non-ionizing medical imaging modality [3], [4] . Its 

popularity arises from the fact that it provides high-resolution images without the use of ionizing 

radiation [3]. The use of ultrasound in diagnostic imaging started shortly after the close of 

Second World War, derived from underwater sonar research [4]. In the beginning, the clinical 

applications monitored changes in the propagation of pulses through the brain to detect the brain 

tumors. The ultrasound imaging developed rapidly through the 1960s from "A-mode" 

(time/amplitude) imaging to "B-mode" (intensity modulation) applications. From the introducing 

of the gray scale processing of the signals in 1974, B-mode of the ultrasound imaging became 

popular. The progress in the development of the transducers has led to better resolution of very 

small structures in the abdomen [5].   

       The first real-time mechanical commercial scanner was designed by Richard Soldner in 

1965. The machine consisted of a revolving transducer and a parabolic mirror which replaced the 

static B-scanners [5]. The progress changed the scope of ultrasound and it's applications in 

diagnostic radiology and medicine. Power Doppler, 3D data acquisition and the high resolution 

real-time imaging are the most important developments introduced into the clinical practice 
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[4].Ultrasound imaging is very useful for the diagnosis of the diseases of the coronaries, liver 

and prostate. However, this technique has a poor quality image, a lot of artifacts and a low signal 

to noise ratio. It is a very challenging task to get the useful information from the ultrasound data 

that makes the ultrasound imaging the active field of research [6]. 

1.2 The Physics of Ultrasound 

Ultrasound is a mechanical wave at frequencies greater than 20 KHz that can propagate through 

different medium such as soft tissues, fluids, and bones. The medical ultrasound machines use 

the frequencies between 2 MHz and 15 MHz [7]. When the beam of ultrasound travels through 

the material, the particles of the medium oscillate around their mean position. The ultrasound 

waves interact with the material resulting in scattering and absorption. For a plane wave in a 

medium, the sound pressure 𝑝 and the particle velocity  𝑣 are related as follows: 

                     𝑝 =  𝜌𝑐𝑣 = 𝑍𝑣 ……………                                                         (1.1) 

where, 𝜌 is the density of the medium, 𝑐 is the speed of sound and 𝑍 =  𝜌𝑐, is the acoustic 

impedance of the medium [8]. 

When the beam of ultrasound transmits through the material, the reflection and scattering of the 

incident wave can generate echoes. If the two materials have the same acoustic impedance then 

their boundary will not produce an echo. When the difference in acoustic impedance between the 

two boundaries is very high, a strong echo will be produced [9]. The intensity of the ultrasound 

beam can also be reduced by attenuation due to reflection, scattering and absorption. The 

reflection and refraction occur from the material surfaces that are large compared with the 

wavelength of the ultrasound. If the scatter sizes less than or equal to the wavelength of the 
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ultrasound wave then the energy is scattered in many directions. . The scattering of ultrasound 

gives a lot of diagnostic information that we observe in medical imaging [9], [10]. 

1.3 Electric field and biological tissues 

Various methods were used to investigate the physical properties of biological tissues in medical 

imaging. The application of electric field on biological tissues is used to study the electrical 

properties of tissues such as conductivity and permittivity [11].  Many reports explaining the 

effects of electric field on biological tissues and its clinical applications have been reported. The 

mechanical change on biological tissues due to externally applied electric field is an important 

subject [12].    

       An externally applied electric field can also be used for manipulation of tissues and cells. 

The use of alternating electric field has been recently introduced for the treatment of 

glioblastoma (tumors found in cerebral hemispheres of the brain). The electric field distribution 

is highly non uniform and depends on the shape and dielectric properties of the tissues [13]. 

1.4 Motivation 

Ultrasound imaging has been widely used for diseases screening and diagnosis purposes. It is 

relatively inexpensive and free of radiation risk and real time in nature when compared with 

other imaging technologies [5]. Ultrasound can also be used in dynamic study such that 

observing for pathological movement in tendon, muscles, or in joints and affected parts can be 

imaged in real time. At deeper structures, ultrasound imaging has a poor resolution however; 

recent advances in tissue harmonics have improved resolution and visualization of deeper 

structures [14].  The modern ultrasound is performed mainly using a pulse echo method with a 
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B-mode display. Usually only a small fraction of pulse returns as an echo after reaching a tissue 

surface partly scattered and partly absorbed [5]. 

       The overall quality of the ultrasound image depends on many factors such as spatial 

resolution (axial and lateral resolution), temporal resolution and contrast resolution. Axial 

resolution is the ability to distinguish between echoes from two objects one behind the other 

along the axis of the ultrasound beam. Lateral resolution is the ability to distinguish two objects 

situated side by side perpendicular to the ultrasound beam. Temporal resolution is the ability to 

detect an object that has moved over time. The contrast resolution is used in medical imaging to 

measure the quality of the acquired images. It is the ability to distinguish between differences in 

intensity of an image [4]. The exact three dimensional imaging of biological tissues with high 

spatial resolution is important for the diagnosis. Ultrasound current source density imaging 

(UCSDI) is the technique which can be used to image the current flow in different tissues[15]. 

     

       Ultrasound imaging is useful in characterizing tissue properties during electric field 

application. The mechanical response of the biological tissues during the physiological level 

electric field application can be investigated using ultrasound echo signal. The use of alternating 

electric field application to biological tissues to image the electric/electro-kinetic properties 

using ultrasound is a new research area. The tissue response can be monitored using ultrasound 

[16]. Noninvasive electrical impedance imaging methods have been actively investigated for 

decades because electric/electro-kinetic properties of biological tissues are sensitive to the 

physiological and pathological conditions of the tissues. These methods include magneto 

acoustic tomography, magnetic induction tomography, magnetic resonance electric impedance 

tomography and electric impedance tomography [17], [11]. 
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       The motivation of this research was to image the electric/electro-kinetic properties of 

biological tissues because the electric/electro-kinetic properties are correlated to the 

physiological and pathological status of the tissues. A new method of combining ultrasound with 

electric field to image the electro-kinetic properties of biological tissues will further improve the 

contrast of ultrasound imaging. The electric field induced mechanical changes (EIMC) on 

various biological samples of layered structures (muscle-fat-tissue) can be monitored to develop 

a new contrast mechanism of ultrasound imaging. It will be helpful to investigate more accurate 

diagnosis, earlier detection of diseases and characterization of the tissues based on electro-kinetic 

properties by measuring the change in amplitude of the echo signal from the layered structure 

during physiological level electric field application. In this study, the characterization of tissues 

and phantom based on the amplitude change of ultrasound echo signal under the application of 

electric field were performed in two different ways by using pork heart muscle, fat and the 

gelatin sample. Experiments were performed in both separating and without separating the 

tissues and phantoms using thin plastic (insulating material). 

 

1.5 Organization of chapters 

In this chapter we introduced a brief history of diagnostic ultrasound imaging, the Physics of 

ultrasound, a brief introduction of electric field and biological tissues and the motivation of this 

research. The second chapter includes the detailed literature review related to this research. The 

third chapter described the materials, methods used in this research and the terms used in this 

study. We presented the EIMC results and observations of the ex-vivo experiments in the fourth 

chapter. The last chapter includes discussion, conclusions and future work. 
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Chapter 2 

Literature Review 

2.1 Electrical conductivity 

The conductivity of the biological tissues depends on the direction, and the frequency of the 

applied electric field. Biological tissues are inhomogeneous materials on a cellular scale with 

extracellular and intracellular space. The electrical conductivity of a tissue is inhomogeneous on 

a microscopic scale but on a macroscopic scale the conductivity of a tissue can be considered to 

be homogeneous which represents the electrical properties of the tissue averaged in space over 

many cells, and this conductivity is called the effective conductivity[18] . The measurement of 

the effective conductivity of the biological tissues is very important for understanding the tissues 

structures and functioning [19]. Most biological tissues display some characteristics of both 

insulators and conductors because they contain dipoles and charges. For a biological sample of 

thickness  𝑑 and cross-sectional area 𝐴 the conductance is given by the equation [20]  which is 

                                              𝐺 =
𝜎𝐴

𝑑
                                                                                   (2.5)        

Where 𝜎 is the conductivity of the biological sample. 
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Some biological tissues are electrically anisotropic. For example, muscles are composed of fibers 

aligned in the direction of muscle contraction. The extracellular matrix is less conductive than 

the cell because electrical conduction along the length of the muscle fiber is easier than the 

conduction between the fibers in the extracellular matrix. Therefore, muscle tissue has typical 

anisotropic electric properties [20]. The conductivity measurement is very useful to identify the 

presence of tumor. Water is the better conductor of electricity than fat.  Due to this reason the 

changes in the percentage of body fat or water are reflected in tissue impedance changes.  

Biological materials exhibit large difference in electric properties. For example, blood and brain 

conduct electric current relatively well. Lungs, skin, fat and bone are relatively poor conductors. 

Liver and muscle are intermediate in their conductivities [20], [21].  

2.2 Electro-kinetic Phenomena 

Electro-kinetic phenomena are a family of many different effects that occur in porous bodies 

filled with fluids, heterogeneous fluids or in a fast flow over a flat surface. Electro-kinetic 

phenomena (EKP) are the oldest area of surface and colloid science. The EKP such as 

electrophoresis, electro-osmosis, streaming potential and sedimentation potential has an 

important role in understanding of the colloidal science and the concept of electrical double layer 

[22], [23]. When the two uncharged phases are placed in contact a difference in electrical 

potential between the two phases is established. An essential requirement of EKP is the 

formation of an electrical double layer. Thickness of the electrical double layer ranges from 

several nanometers to hundreds of nanometers [24],[25].  
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2.2.1 Electrophoresis 

Electrophoresis is the motion of the colloidal particles relative to a fluid under the action of the 

uniform electric field. It is due to the presence of the charged interface between the particle and 

the surrounding fluid. The electrophoresis of the positively charged particle is called cataphoresis 

while that of negatively charged particle is called anaphoresis. This method is frequently used in 

molecular biology and medicine for the separation and characterization of proteins and nucleic 

acids [26]. The insoluble solid which is dipped in an electrolytic solution forms a solid/liquid 

interface. The freely movable charge carriers can be adsorbed on the solid surface. In 

electrophoresis, the particles are separated based on their charge and size. An electric field is 

applied to the particles, and since the particles are electrically charged which results in force 

acting on the particles [1].  

       The greater the charge of the particle, the greater the force applied by the electric field and 

further the particle will move in the medium. A large sized particle will not move as far as the 

small particle with the same charge. The ratio of charge to mass of the particle determines how 

far it moves in the medium [23], [26]. During electrophoresis the particles are separated in a 

liquid and the electric field is applied by using the two electrodes as shown in Fig. 2.1 [1]. 
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Figure 2.1: The detailed schematic of the principle of the particle electrophoresis [1] 

 

When the electric force 𝐹𝑒𝑙
 is in the equilibrium with the friction force  𝐹𝑓𝑟

 , the particle having 

radius 𝑟 moves with the constant electrophoretic velocity 𝑣𝑒 .The electric field between the 

electrodes causes a particle movement. If 𝐸 is the electric field strength, 𝜁 is the zeta potential, 𝜖0 

is the permittivity of the vacuum, 𝜖𝑟 is the relative permittivity of the liquid, U
dc 

is the applied 

direct current voltage, I is the distance between the two electrodes and 𝜂 is the coefficient of 

viscosity of the medium then the electrophoretic velocity of the particles (𝑣𝑒) can be calculated 

by using the equation [27]  which is  

                                                𝑣𝑒 =  
−𝜖0𝜖𝑟𝐸𝜁

𝜂
                                                                            (2.1) 

The equation (2.1) is valid for the particles with 𝑟 << 𝑑, where 𝑑 is the thickness of the 

electrical double layer (EDL) [1], [27].The ratio of the electrophoretic velocity to the electric 

field strength is called electrophoretic mobility (𝑢𝑒) which is 

                                                 𝑢𝑒 =
𝑣𝑒

𝐸
                                                                                  (2.2) 
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In the electrolytic solution the net charge on the particle surface affects the distribution of ions 

surrounding it. The region where the influence occurs is called the electrical double layer (EDL). 

The EDL consists of the two separate regions as stern layer and the diffuse layer. An inner region 

where ions are strongly bound is called stern layer and an outer region where the ions are weakly 

bound is called diffuse layer. The potential at the interface between stern layer and the diffuse 

layer is called the zeta potential which represents the electrical properties of solid/liquid and 

liquid/gas interface. The electric potential varies with the distance from the particle surface as 

shown in the Fig. 2.2.[2], [28]  

                              

 

Figure 2.2: Schematic representation of the electrical double layer that surrounds a particle in an aqueous 

medium and the position of the slipping plane [2]. 
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2.2.2 Electro osmosis 

When electric field is applied across capillaries or micro channels, bulk fluid motion is observed. 

The velocity of the motion is directly proportional to the applied electric field and dependent on 

both the material used to construct the capillaries and the solution in contact with the capillary 

wall, this phenomenon is called electro osmosis. It is opposite to that of electrophoresis in which 

the liquid moves with respect to the solid particles under the action of electric field. Electro 

osmosis is applied in biological tissues to understand cell/tissue physiology because many 

biological tissues exhibit mechano-electrochemical phenomena such as ion induced swelling, 

streaming potential and electro osmosis [29]. In electro osmosis the thickness of the EDL is 

assumed to be very small compared with the particle radius. The electro osmotic slip velocity is 

given by the Smoluchowski equation [27] which is 

                                     𝑣𝑒𝑜
=  −

𝜖𝑟𝑠𝜖0𝜁

𝜂
𝐸                                                                              (2.3) 

Where, 𝜖𝑟𝑠
 is the relative permittivity of the electrolytic solution. The negative sign indicates the 

flow of liquid with respect to the solid.  

       An electric potential can be generated by the movement of the solid or liquid particles in a 

liquid when a charged particles move in a liquid medium under the action of some external 

forces is called sedimentation potential which is opposite of electrophoresis [1]. The streaming 

potential is produced when a liquid is forced to flow through a capillary or a porous solid 

medium. It is reverse of electro osmosis and depends on the presence of an EDL at a solid-liquid 

interface. This phenomenon is mainly due to the charge displacement in the electrical double 

layer as a result of an applied pressure [27]. 
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2.3 Electric/electro-kinetic properties of biological tissues 

The electric properties of biological tissue such as electric conductivity and permittivity play an 

important role in the diagnosis of various diseases, analysis of a wide range of biomedical 

applications and treatment of various physiological conditions with weak electric current [20]. A 

microscopic description of the response of a biological tissue to physiological electric field 

application is complicated by the variety of cell shapes and their distribution in the tissue. 

Therefore, a macroscopic approach is mostly used to characterize electric field distributions in 

biological tissues [20]. A few studies have been conducted on electrical properties of a cancerous 

tissue at various frequencies (10Hz-20GHz) and these studies have shown that the electrical 

properties of cancerous tissue are three or more times greater than those of healthy tissues [30]. 

Electro-kinetic properties contribute to the functions of many biological tissues and have 

practical applications in the control of molecular filtration. Fixed charge plays an important role 

in determining the functional properties of biological tissues and can be determined from the 

electro-kinetic responses of the tissues [31]. 

2.3.1 Fixed charge density in tissues 

The fixed charge density (FCD) is a measure of the negative charges per unit volume in the 

extracellular matrix (ECM). The electrostatic interaction between mobile free ions and fixed 

charges results in electro-kinetic and physiochemical effects. The fixed charge density strongly 

affects the mechanical functioning of the tissue and it determines tissue osmotic pressure and 

hydration [32], [33]. An intervertebral disc (IVD) is a charged and hydrated soft tissue which 

consists of the nucleus pulposus (NP), the annulus fibrosus (AF) and cartilaginous end-plate. The 

fixed charges on the tissue results from the charged groups on glycosaminoglycan (GAG) 
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molecules on the proteoglycans (PG) found on the extracellular matrix of the IVD soft tissue. 

[33], [34]. The high fixed charge density generates osmotic pressure, streaming potential and 

other electrochemical phenomena and also contribute to the hydration and compressive strength 

of the tissue [35].  

       A new method of measuring the FCD in intervertebral disc tissue using the two point 

electrical conductivity method was developed. In this method the tissue is first confined and 

equilibrated in a potassium chloride (KCl) solution and the tissue conductivity was measured. 

The experiment was repeated with a different concentration of KCl solution and FCD was 

determined using the equation [33] which is 

                                                𝑐𝐹  = 2√
𝜒

𝑐1
∗

2 [ (𝑐1
∗)2− (𝑐2

∗)2 ]

[𝜒
𝑐1

∗
2 − 𝜒

𝑐2
∗

2 ]
− (𝑐1

∗)2                                            (2.4) 

where 𝑐𝐹 is the fixed charge density in the unit of mole of charge per unit volume of the tissue, 

𝜒𝑐1
∗

2  and 𝜒𝑐2
∗

2  are the values for electrical conductivity of a tissue samples equilibrated in two 

different concentrations 𝑐1
∗ and 𝑐2

∗ respectively.  

       There are fixed charges on the bio-macromolecules (e.g. proteoglycans) on cell surface and 

extracellular matrix within biological tissues.  Electric field induced mechanical changes (EIMC) 

on biological tissues are probably due to the following two mechanisms. The first mechanism is 

that cells and extracellular matrix deform due to the fixed charge in the solid phase of the tissues 

when subjected to electric fields. The second mechanism is due to the electro-osmosis 

phenomena [27] when the electric field is applied on the biological tissues. The electric field 

exerts a force on the excess of positive charges in the porous structure of the tissues. The water 
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in tissues can flow in a process known as electro-osmosis ( due to the force exerted by the 

electric field on the counter charges in water). The electric force drives the water in the porous 

structures of the tissues as in the capillary tube. Both mechanical changes are determined by the 

fixed charged density in tissues. Since the changes in EIMC are mechanical in nature and they 

can be detected using ultrasound [36].  

2.3.2 Local Environment (pH variations) 

The electric/electro-kinetic properties of biological tissues are dependent on physical mechanism 

and the pH value. In biological tissues the important charge carriers are electrons, the positively 

charged hydrogen, potassium, calcium, magnesium and negatively charged phosphate ions. 

Those charges associated with proteins and extracellular matrix proteoglycans also contribute the 

tissue conductivity. The most important electrical properties of a biological membrane are 

electric charges, potential drop between the surroundings and the complex acid-base equilibrium 

of biological membrane [37]. The pH value of the normal and tumor large intestine cell 

membrane also depends on surface charge density [38]. At low pH values the positive surface 

charge density increases and at high pH values the negative surface charge density increases until 

a plateau is reached for both normal and tumor large intestine cells. Collagen contains nearly 

equal numbers of ionized amino and carboxyl groups and possesses little or no net fixed charges 

at physiological level of pH [37], [38].  

In general, tumors are more acidic than normal tissues with average pH values of about 7.0 in 

tumors and 7.5 in normal tissues. The pH in tissue can be measured by insertion of pH 

electrodes. Probes for measuring pH in tissue have been designed with a tip diameter ranging 

from about 1µm to a few mm. Most of the electrodes are large compared with the diameter of the 
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cell and cannot easily be used to study the change in pH over small distances within tumors. 

Very fine electrodes have been made but are associated with a small signal noise ratio [39]. 

2.4 Ultrasonic properties of biological tissues 

Biological tissues can be treated either as a varying density and compressibility or as a random 

distribution of scatters whose acoustic properties differ from the surrounding medium. Reflection 

occurs from the surfaces between tissues with different wave propagation properties (such as fat, 

muscle and blood). The degree of reflection depends on the acoustic impedance of the tissues. 

The remaining ultrasound energy may either penetrate deeper or be absorbed by the tissue [40]  

       Attenuation and scattering are important properties of tissue that contribute to diagnostic 

information in medical ultrasound. In B-mode imaging these tissue characteristics are extracted 

from variations in image brightness. The backscatter coefficient is commonly used to quantify 

the scattering properties of biological tissue. Measurement of this quantity includes the 

projection of a pulsed ultrasound beam into a volume of the tissue sample and monitoring echo 

signals due to scattering [41], [42]. If the ultrasound pulse encounters reflectors whose 

dimensions are smaller than the wave length of ultrasound or when the pulse encounters a rough, 

irregular tissue interface, scattering occurs because the process of absorption increases 

approximately in direct proportion to frequency [43].  

       For scatters much smaller dimension than the wavelength, the intensity of the scattered wave 

is proportional to the fourth power of the frequency of the incident wave and sixth power of the 

size of the scatters. In soft tissue, the density and the compressibility of scatters are similar to 

those in the surrounding medium. Thus, the contribution of scattering to overall attenuation is 
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very small. At low MHz frequencies, the attenuation by scattering in soft tissue is 10 to 15% of 

the total attenuation [8]. In clinical ultrasonic B-mode imaging, scattering of ultrasound by 

tissues plays a key role in visualizing the normal and abnormal tissue structures because gray 

scale B-mode images are formed by intensity modulating based on the amplitude of scattered 

signals [44]  

The ultrasound attenuation in biological tissues varies approximately linearly with frequency as 

shown in the Fig. (2.3) [43]. 

                            

Figure 2.3: Degrees of attenuation of ultrasound beam as a function of the wave frequency in different biological 

tissues. 

 

For soft tissues, this linear dependencies has been applied over a broad frequency range from 1 

to 50MHz and for cancellous bone in a limited frequency range of 0.2 – 2MHz. Attenuation also 
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varies among body tissues, with the highest in bone, less in muscle and lowest in blood for any 

given frequency [8], [43] 

2.5 Monitoring electro-kinetic response of biological tissues with optical 

coherence tomography (OCT) 

Optical coherence tomography (OCT) is analogous to the ultrasound for imaging soft biological 

tissues. OCT uses light instead of ultrasound for imaging. OCT allows for high resolution, 

noninvasive and depth resolved imaging of internal tissue structure in micrometer scale at real 

time [45]. Amplitude changes of OCT signals were utilized to investigate the electro-kinetic 

phenomena in soft biological tissue. To investigate the electric field induced optical changes 

(EIOC), a Fourier transform was first applied to the detrended signal during the interval of 

electric field application. Then the magnitude of the spectrum at the frequency of the applied 

electric current [Fig. 2.4 (c) ] was used to represent the magnitude of the EIOC image as shown 

in the Fig. 2.5 [46]. 

                        
Figure 2.4 (a) the time course of a typical OCT signal acquired on a sample before, during (inside the solid square), 

and after the AC voltage application. (b) Same time course after detrending. (c) Fourier spectrum of 3 portions of the 

signal [46]. 
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Figure 2.5: (a) Original OCT image (b) Un-normalized OCT-based EIOC image (c) EIOC background image during 

electric field application (d) OCT-based EIOC image normalized by the EIOC background image during electric 

field application. 

 

A1 mm diameter dielectric optical fiber was inserted into the middle of the sample to verify the 

ability of the technique to image the electro-kinetic response of tissues [46]. Fig. 2.5 [46] (a) and 

(b) display the original OCT image and the un-normalized OCT based EIOC image respectively. 

In both Fig. 2.5 (a) and (b), the optical fiber material surrounding the transparent core can be 

clearly distinguished. Fig. 2.5 (c) display the EIOC background image during electric field 

application which was computed using the FFT magnitude averaged over all the frequencies 

except the narrow bands around f0=0.1Hz (applied frequency) and its corresponding harmonics. 

EIOC image was divided by the background image, pixel-by-pixel to find the normalised image 

as shown in the Fig. 2.5 (d). The normalised EIOC image represents the information related to 
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the electro-kinetic phenomena of the biological tissue. The fiber and a small piece of surface 

tissue to the left of the fiber in Fig. 2.5 (b) do not appear in Fig. 2.5 (d), which is in agreement 

with the absence of electric field in optical fiber. The amplitude of the OCT signal oscillates with 

the applied voltage [46],. The amplitude of the OCT signal oscillates with the applied voltage 

[Fig 2.4 (b)]; the similar trend was observed in the EIMC experiments studied in this research. 

 

2.6 Hypothesis and objectives  

Hypothesis 

• Electric field can induce several mechanical changes in biological tissues and ultrasound 

phantoms depending on the duration of the applied electric field.  

• Amplitude of the ultrasound echoes from the tissues can be monitored to reveal the 

current distribution in the sample. 

Objectives: 

• Study the electric/electro-kinetic effects in layered tissues (muscle-fat) and phantoms. 

• Study the electric field induced mechanical changes (EIMC) based on the changes in the 

amplitude of RF signals, mean of the signal spectrum at the modulation frequency,  RMS 

of the noise in the spectrum, and SNR during the application of electric field in tissues 

and phantoms. 
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Chapter 3 

Materials and Methods 

The methods used to analyze the electric field induced mechanical changes on biological tissues 

and phantoms using ultrasound is described in this chapter. In addition, more details on 

experiment protocol, tissue types used in this study and methods of data analysis are also 

discussed in this chapter. 

3.1 Experiment setup 

The schematic diagram for monitoring electric field induced mechanical changes on biological 

tissues using ultrasound is shown in Fig. (3.1) [12]. It consists of a function generator (Stanford 

Research System, model DS335), square wave pulser receiver (Panametrics – NDT, model 

5077PR), ultrasound transducer, data acquisition card and two electrodes. The ultrasound 

transducer and the sample were immersed in the tank filled with mineral oil (Life Brand DIN 

01935348). The transducer was fixed perpendicular to the surface of the sample in order to get 

the strong reflection from the sample. 
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                                Figure 3.1: Schematic diagram of the experimental setup 

The tissue samples examined in the experiments were at least 6cm×3cm×1cm. They were 

positioned in the plastic base to reduce the random mechanical motion of the sample. The longest 

dimension of the samples and the tissue fibers were positioned perpendicular to the ultrasound 

beam axis as shown in the Fig. (3.2) [36]. The electric current was applied to the tissue fibers 

through the copper electrodes separated by 5cm. Electrodes were kept in contact with the 

samples such that their terminals were across the longest dimension (across X-axis) as shown in 

the Fig. (3.2). This arrangement gave a relatively uniform electric field inside the tissue. For 

good coupling of the ultrasound waves, the tank was filled with mineral oil. All the experiments 

were carried out in normal room temperature. 
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Figure 3.2: Schematic diagram showing the positioning of the sample and the ultrasound transducer during electric 

field application. 

 

The electric current was applied to the sample by a synthesized function generator. Ultrasound 

pulses were transmitted and received by a 10MHz spherically – focused immersion transducer of 

focal length 1.9cm. The transducer was placed very close (1cm to 2cm) to the top surface of the 

sample in order to constantly acquire RF data. The diameter and the focal zone of the transducer 

were 1.3cm and 0.3cm. The pulser receiver produces an electrical pulse to excite a transducer 

that converts the electrical input to mechanical energy, creating an ultrasonic wave. The pulser 

receiver features adjustable voltage and repetition rate. In the experiments, the ultrasound was 

focused at the middle part of the sample, which has a relatively uniform current density. 

Ultrasound travels through the sample along Z-axis until it is reflected from an interface back to 

the transducer. The transducer reconverts the mechanical pulse into an electrical signal. The 
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resulting ultrasound echo signals (A-lines) from the sample were sampled at the sampling rate of 

200MHz by a 14-bit data acquisition card and then stored in the computer for further processing. 

3.1.1 Experiment Phantoms 

A tissue-mimicking phantom follows important properties of biological tissues for the purpose of 

providing a more clinically realistic imaging environment. Depending on the imaging modality, 

certain physical and ultrasonic properties are of critical importance when making a tissue-

mimicking phantom. In the case of ultrasound imaging, the most important properties are the 

speed of sound, attenuation coefficient and acoustic backscattering coefficient. In soft tissues, the 

speed of sound is 1540m/s and the attenuation coefficient ranges from 0.5 to 3.3 

𝑑𝐵𝑐𝑚−1𝑀𝐻𝑧−1.The backscatter coefficient ranges from  10−5 to  10-1cm-1Sr-1 . The acoustic 

attenuation and the backscattering coefficient depend on frequency. The primary component of 

the ultrasound phantom tends to be water based (for example gelatin) which results in a speed of 

sound similar to biological tissue [47]. For this study, we used animal tissue types (porcine heart 

muscle and porcine fat) which were available from local grocery store (Fu Yao Supermarket) and 

the gelatin phantoms as shown in Fig (3.3) and (3.5).  
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Figure 3.3: Porcine heart muscle and gelatin sample 

 

Figure 3.4:  Porcine heart muscle fixed with electrodes and placed on the top of the gelatin sample 
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Figure 3.5: Porcine heart muscle, porcine fat and the gelatin sample. 

 

 

Figure 3.6:  Porcine heart muscle fixed with electrodes and placed on the top of the porcine fat tissue. 

 

Gelatin sample 

Gelatin sample for ultrasound experiment was developed after reviewing the studies [48] and 

[49]. In order to prepare the gelatin sample, de-ionized water was used. A gelatin powder of 

7.5gram (gelatin from porcine skin, Sigma Life Science, product code 1000612021) and the 
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scattering material (polyethylene oxide, Aldrich, 181994-250G) of 3gram was added to the 

150ml de-ionized water. The scattering material was suspended in the medium to produce the 

backscatter that makes ultrasound imaging possible. The mixture was constantly stirred. The 

mixture was slowly heated up to 60°c to 70ºc over the course of 10 to 15 minutes. Application of 

heat was turned off after a clear solution was seen indicating the dissolution of gelatin and the 

scattering material in the de-ionized water. After mixing, the phantom was allowed to cool and 

placed into a 4°c refrigerator for 24 hour to allow the solution to fully cross-link. Care was taken 

to avoid formation of bubbles while mixing. Experiments were then performed on the samples. 

3.2 Important terms used in this chapter 

Slow time (s) – Slow time is the instant when the ultrasound transducer was triggered and was 

also used to describe the time line of the application of the voltage source to the sample. The 

slow time was on the order of seconds. 

Fast time (µs) - The fast time represents the arrival time of the ultrasound echoes, which was the 

interval between the triggering of ultrasound transducer and the received echoes. The fast time is 

related to the thickness of the sample in the Z-axis in terms of the travel time of the ultrasound 

echo from the sample. The fast time scale was on the order of microseconds. 

Amplitude change (V) – The changes observed in amplitude of windows induced by the 

application of AC electric field. 

Mean signal (V) - The mean amplitude of the frequency spectrum at 0.02Hz was calculated and 

represented as the mean signal. 
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Root mean square noise (V) - The root mean square of the amplitude of the spectrum between 

the frequencies 0.05Hz and 0.25Hz was obtained and represented as the noise in the signal. 

Signal-to-noise ratio (SNR) – The ratio of the mean amplitude of the signal of interest to that of 

the noise is called the signal-to-noise ratio (SNR). 

 3.3 Experiment Protocol (Data Acquisition) 

The effects of electric current on biological tissues were studied for AC voltage of 8 volts and 

frequency 0.02Hz for various time intervals (1014s, 1059s and 381s). We choose 0.02 Hz 

because the EIMC effect decreases inverse proportional to the frequency. We have to choose a 

low frequency to obtain signals with good SNR. Before the electric current was turned on, 300 – 

500 acquisitions were obtained to serve as the base line to check the system stability. This 

interval also provides information about background fluctuations due to small vibrations of the 

building and experiment table. Each A-line comprised of 14972 sampling points and a single 

acquisition took 0.588s (60s/102). The sampling rate of acquisition for experiments with single 

element transducer was 200MHz which translates to a sample spacing of 5ns. The pulsing device 

selected for this data acquisition system was a panametrics 5077PR. This is an ultrasonic square 

wave pulser/receiver unit. The algorithm developed used interpolation to estimate the time delay 

estimates. All the samples of biological tissues (porcine heart muscle and porcine fat) used in this 

study were from local grocery stores. 
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3.4 Sample for experiments 

In this study, the experiments were performed by using the insulating material (plastic) between 

the samples and without the plastic between samples. A constant AC electric field was applied in 

the sample during the experiments for different time intervals. 

(a) Gelatin layer electrically isolated from tissue layer 

• Shorter time experiment using porcine heart muscle and gelatin sample separated by thin 

plastic 

• Longer time experiment using porcine heart muscle and gelatin sample separated by thin 

plastic 

  (b) Gelatin layer in contact with tissue layer 

• Longer time experiment using porcine heart muscle and gelatin sample without using 

plastic between samples 

• Longer time experiments using layered tissues and phantoms (porcine heart muscle, fat 

and gelatin) without using plastic between samples 

   (c) Single gelatin experiment 

3.5 Data Analysis 

In order to study the electric field induced mechanical changes on biological tissues and samples, 

the ultrasound echo signals were acquired continuously in a pulse mode during the application of 

electric field with the transducer fixed at one position perpendicular to the surface of the sample. 
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Some small windows were chosen in the ultrasound signals. The peak-to-peak values of the 

signals were used to represent the signal amplitudes and the flight times of peaks were used to 

represent the phases in each individual window. In this study, the time domain amplitude change 

signal of all the windows in the echo signal from the sample was transformed into a frequency 

domain and then mean signal and the root mean square of the noise was observed to analyze the 

fluctuations in signal-to-noise ratio for whole sample during electric field application. The 

comparison between experiments with and without the plastic membrane between samples 

during electric field application shows some significant difference.   

 3.5.1 Amplitude change in various windows with slow time 

In order to find the amplitude changes of the collected ultrasound echo signals due to electric 

field application, the windows were chosen in the A-mode signal as shown in Fig (3.7) [12]. 

                   

Figure 3.7: The echo signal from a piece of bovine muscle tissue before and after electric field application. 
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Fig. (3.7) shows the portion of the ultrasound echo signal from a piece of bovine muscle before 

(solid line) and after (dotted line) applying a DC voltage of 10 volts for 40 seconds to the tissue. 

Aa and Ab represents the peak-to-peak value of the signal within a small window after and before 

the application of electric field to the tissue. During the application of electric field the amplitude 

increases in some windows and decreases others as shown in the Fig. (3.7).  

       Each window size is about one wavelength, covering one peak and one valley of the echo 

signal. Using the maximum and minimum valus of the each window, amplitude changes were 

measured by usng an algorithm in matlab to find the peaks within the windows and observing the 

changes occuring in the peak to peak amplitude as a function of slow time. The changes are then 

monitored over a long period of time starting from the beginning of data acquisition  to the end 

of data acquisition as shown in Fig. (3.8).  

                     

Figure 3.8: The amplitude change of a porcine heart window during the AC electric field application (1.33V/cm and 

0.02Hz) for 381s. The current applied from 191s to 572s. 
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In this study, the change in amplitude of the windows in the porcine heart muscle, porcine fat 

and the gelatin sample before, during and after the application of the AC electric field 

(1.33V/cm, 0.02Hz) were obtained with the slow time. The amplitude change in the windows of 

the gelatin sample were also plotted with the slow time to check how much amplitude would 

change even though the gelatin sample has no electric field application. The electric field was 

applied for both longer time and the shorter time experiments to analyze the change in amplitude 

of the windows in the whole sample. 

3.5.2 Analyzing the frequency spectrum of the signal during electric field application 

The signal was selected during the electric field application as shown in Fig. (3.9). The Fourier 

transformation was applied to find the frequency spectrum of a signal as shown in Fig. (3.10) and 

to analyze the change in amplitude of the window. Since, it is difficult to identify the frequency 

component by looking at the original time domain signal. Converting time domain signal to 

frequency domain signal, the Discrete Fourier Transform (DFT) of the signal was found by 

taking the Fast Fourier Transform (FFT) using the code developed in Matlab. FFTs produce the 

average frequency content of a signal over the entire time that the signal was acquired and the 

amplitude of the FFT is related to the number of points in the time-domain signal.   

In order to get the frequency spectrum of the signal during electric field application, a certain 

length of the detrended time domain signal was selected. Fourier transformation was applied by 

using the “fft” function in Matlab to the detrended signal to get the spectrum amplitude of the 

required signal during current. In this study, experiments were performed for longer and shorter 

time durations using porcine heart muscle and gelatin sample where gelatin sample was 

electrically isolated using a thin plastic. The detrended signal which was used to apply for 
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Fourier transformation has different number of points in the signal for shorter and longer 

duration during electric field application which causes the length of the signal was smaller for 

shorter time and larger for longer time durations (length of the signal (L) = 𝑛𝛥𝑡, where 𝑛 is an 

integer and 𝛥𝑡 is the sample interval). The frequency (Δf) is inversely proportional to the length 

of the signal. Hence Δf is not the same for the shorter and longer time durations. However it was 

kept constant for a particular experiment during data processing. A Fourier transform converts a 

signal in the time domain to the frequency domain (spectrum). 

 

Figure 3.9: A part of a signal of a porcine heart window during electric field application. 
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Figure 3.10 Frequency spectrum of the signal during current. 

 

After the Fourier transformation of the signal during electric current, the amplitude of the 

frequency spectrum for each window in the sample was obtained corresponding to the frequency 

(0.02Hz) of the externally applied electric field. The amplitude of the frequency spectrum of 

various windows in the sample was compared at the particular frequency 0.02Hz (the frequency 

of the applied electric field). However, there are two disadvantages to use the amplitude at a 

single frequency of the spectrum to represent the EKP.  The first one is that maximum peak 

might shift away from the selected frequency slightly as explained below. The second one is that 

the amplitude of the peak is proportional to the ultrasound signals amplitude, therefore dependent 

on the backscattering coefficient of the tissue or the impedance mismatch at interface. It is more 

desirable to have an EKP indicator that is independent of the backscattering coefficient of the 

tissue or the impedance mismatch. We will address these two issues by introducing the SNR 

analysis in the spectrum domain. 
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3.5.3 Observing the mean signal and root mean square value of the noise 

The mean amplitude of the frequency spectrum at 0.02Hz was calculated and represented as the 

mean signal. The frequency spectrum of the windows in the whole sample during the electric 

field application was obtained to find the mean amplitude of the signal spectrum and the root 

mean square of the noise. Mean signal (Amean) was calculated by taking the mean amplitude of 

11 corresponding frequencies 5 at the left and 5 at the right of 0.02Hz for each window in the 

sample for longer time experiments using porcine heart muscle and gelatin sample. On the other 

hand, the mean signal was calculated by taking the mean amplitude of 7 corresponding 

frequencies 3 at the left and 3 at the right of 0.02Hz because we applied at most tens of cycles of 

sinusoidal waves. The peak frequency in the spectrum can shift back and forth slightly different 

for longer and shorter time durations as explained in the section 3.5.2. In addition, we also want 

to consider the frequency components other than the maximum point. Essentially we are 

calculating the area under the peak. The 5 corresponding points at the left and right of the 0.02Hz 

for longer time experiment and 3 corresponding points at the left and right of the 0.02Hz  for 

shorter time experiment was enough to get the mean amplitude at the maximum peak because it 

covers all the frequency components slightly below and above the 0.02Hz.   The mean signal for 

longer time duration was calculated by using the equation (3.1) and the code was developed in 

the Matlab for longer and shorter time durations respectively 

                     Amean =   
 ∑   𝐴𝑖

5
𝑖=−5

11
                                                                                       (3.1) 

Where, Ai is the amplitude corresponding to i
th

 frequency in the spectrum and i is an integer.  
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Figure 3.11: Schematic representation of signal and noise in the spectrum 

 

Noise is measured as a statistical variable so it is quantified by its root mean square (RMS) 

value. The part of the amplitude of the spectrum between the frequencies 0.05Hz and the 0.25Hz 

is considered as the noise in the signal as shown in the Fig (3.11) and the code was developed in 

Matlab. Since there are many small peak amplitudes and any one is not representative of the 

noise over all. Amplitudes of the frequencies between 0.05Hz to 0.25Hz were squared and then 

took the square root of the mean value. The resultant measure is referred to as the root-mean-

square or RMS amplitude  (Arms) of the noise which is given by the equation (3.2) [50], [51],[52]  

                     Arms = √
1

𝑁
 ∑[𝐴(𝑛)]2                                                                                 (3.2) 

Where N is the total number of points (frequencies) between 0.05Hz and 0.25Hz, A is the 

amplitude of each small peaks corresponding to n
th 

frequencies in the spectrum. The mean signal 

and the noise in the frequency spectrum are shown in the Fig. (3.11). 
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3.5.4 Analyzing fluctuations in signal-to-noise ratio (SNR) 

The ratio of the mean signal at 0.02Hz to the root mean square of the noise for all the windows in 

the whole sample during electric field application was obtained and this ratio represents the 

signal-to-noise ratio (SNR). We examined the signal-to-noise ratio characteristics in a variety of 

tissues (porcine heart muscle, porcine fat) and gelatin phantoms to monitor the mechanical 

changes due to physiological level electric field application. The formula used to find the SNR is 

shown in equation (3.3) and the algorithm was developed in Matlab. 

Signal-to-noise ratio (SNR) =  
𝑀𝑒𝑎𝑛 𝑠𝑖𝑔𝑛𝑎𝑙

𝑅𝑀𝑆 𝑛𝑜𝑖𝑠𝑒
     =  

𝐴𝑚𝑒𝑎𝑛

𝐴𝑟𝑚𝑠
                                                          (3.3)  

 

The mean signal and the RMS noise can be determined by using the algorithms developed in the 

Matlab on the basis of equation (3.1) and (3.2). In this study, the signal-to-noise ratio (SNR) in 

longer time experiment (samples separated by the thin plastic and without separated) as well as 

for shorter time experiment (samples not separated by the thin plastic) for the whole sample was 

compared in order to characterize the tissues and phantoms based on electro-kinetic phenomena. 
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Chapter 4 

 

Results 

Organization of the chapter 

The results obtained by processing the data from various experiments are analyzed and discussed 

in this chapter. To begin, the results are arranged in four different steps. In the first step, the 

ultrasound RF signal versus fast time with the front, middle and rear boundaries were presented. 

In the second step, the mean of the signal spectrum at the modulation frequency and the RMS 

noise results during electric field application were presented for all the tissues and samples. In 

the third step, the plots of signal-to-noise ratio were presented with fast time in order to 

characterize the tissues and samples and finally, amplitude change of the windows in the tissues 

and samples with slow time before, during and after the electric field application along with their 

frequency spectrums of the signals during electric field application were presented. 

4.1 Shorter time experiment using porcine heart and gelatin sample 

Experiment parameters:                                                                                                           

Electric field            :   8Vp-p, 0.02Hz, 1.33V/cm                                                                   

Sample                     :   Porcine heart (6cm × 4cm × 0.74cm) and gelatin (6cm ×   4cm × 0.43cm) 

both separated by thin plastic.                                                                                                     

Start of application: 191s                                                                                                              

End of application   : 572s 
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4.1.1 Presentation of the results (Ultrasound RF signal, mean of the signal, RMS noise and 

signal-to-noise ratio) 

 The electric field was applied on the porcine heart sample using the electrodes and the gelatin 

sample was separated by thin plastic during the acquisition of the data. The porcine heart sample 

was placed on the top of the gelatin sample during the application of the electric field. Fig. 4.1(a) 

shows the RF signal versus fast time which is related to the thickness of the sample in the Z-axis 

in terms of the travel time of the ultrasound echo from the sample. In this experiment, the two 

samples were separated by the thin plastic so that the current would not flow from porcine heart 

tissue to the gelatin sample. In the RF echo signal, the fast time 17.37µs, 27.2µs and 32.9µs 

correspond to the front boundary of the porcine heart tissue, the boundary between porcine heart 

and the gelatin and the rear boundary of the gelatin sample. Mean signal, RMS of the noise and 

signal-to-noise ratios (SNR) with fast time are shown in the Fig. 4.1 (b) and (c) and (d). The dark 

lines at the fast time 27.2 µs in the Fig (b), (c) and (d) indicate the boundary of porcine heart and 

the gelatin sample. 
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Figure 4.1: (a) Ultrasound RF signal versus fast time. (b) Mean of the signal. (c) Root mean square (RMS) of the 

noise. (d) Signal-to-noise ratio with fast time. 

 

4.1.2 Amplitude versus slow time and their spectra during the application of electric field 

During the application of the electric field the amplitude of the porcine heart windows changes 

continuously at the same frequency as the applied voltage as shown in the Fig. 4.2 (a), (c) and 

(e). Amplitude change is not same for all the windows of the porcine heart sample and they have 

different characteristics to electric field application as shown in the Fig 4.2 (g) and (h). 

Amplitude change increases in some windows and decreases in others. Amplitude changes of 

some windows in the gelatin sample are shown in the Fig. 4.2 (i), and (k). The gelatin sample has 

no electric field application and it was separated from the porcine heart sample by using a thin 

plastic. The small oscillation at some time is due to the experimental conditions. The frequency 

spectrums of the gelatin windows are shown in Fig. 4.2 (j) and (l). 
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Figure 4.2: (a), (c) and (e) are amplitude changes of porcine heart windows 46, 47 and 50. (b), (d) and (f) are 

frequency spectrums during electric current of porcine heart windows 46, 47 and 50 respectively. (g) and (h) are 

comparison of the amplitude changes of porcine heart windows 47 and 50 respectively. (i), (k) and (j), (l) are the 

amplitude changes and frequency spectrums of the gelatin windows 97 and 102 respectively 

 

 

4.2 Longer time experiment using porcine heart muscle and gelatin sample 
 

Experiment parameters:                                                                                                          

Electric field            :   8Vp-p, 0.02Hz, 1.33V/cm                                                                   

Sample                     :   porcine heart (6cm × 4cm × 0.75cm) and Gelatin sample (6cm × 4cm × 

0.55cm) both separated by thin plastic.                                                                                       

Start of application  : 209s                                                                                                            

End of application   : 1223s 
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4.2.1 Presentation of the results (Ultrasound RF signal, mean of the signal, RMS noise and 

signal-to-noise ratio) 

The electric field was applied on the porcine heart sample for 1014s by using the electrodes and 

the gelatin sample was separated by thin plastic during the experiment. The porcine heart sample 

was placed on the top of the gelatin sample during the application of the electric field. In this 

experiment, thin plastic was placed in between porcine heart and gelatin sample to stop the flow 

of current from porcine heart tissue to the gelatin sample during electric field application. In the 

RF echo signal, the fast time 20.29µs, 30.29µs and 37.73µs correspond to the front boundary of 

the porcine heart tissue, the boundary between porcine heart and gelatin and the rear boundary of 

the gelatin sample. Mean signal, RMS of the noise and signal-to-noise ratio (SNR) are shown in 

the Fig. 4.3 (b) and (c) and (d). The dark lines at the fast time 30.29 µs in the Fig (b), (c) and (d) 

indicate the boundary of porcine heart and the gelatin sample. 
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Figure 4.3: (a) Ultrasound RF signal versus fast time. (b) Mean of the signal. (c) Root mean square (RMS) of the 

noise. (d) Signal-to-noise ratio (SNR) with fast time. 

 

4.2.2 Amplitude versus slow time and their spectra during the application of electric field 

During the application of the electric field the amplitude of the porcine heart windows changes 

continuously at the same frequency (0.02Hz) as the applied voltage as shown in the Fig. 4.4 (a), 

(c) and (e). Amplitude change is not same for all the windows of the porcine heart sample and 

they have different characteristics to electric field application. Amplitude changes of some 

windows in the gelatin sample are shown in the Fig. 4.4 (g), and (i). The gelatin sample has no 

electric field application and it was separated from the porcine heart sample by using a thin 

plastic. The frequency spectrums of the gelatin windows are shown in Fig. 4.4 (h) and (j). 
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Figure 4.4: (a), (c) and (e) are amplitude changes of porcine heart windows 42, 50 and 51. (b), (d) and (f) are 

frequency spectrums during electric current of porcine heart windows 42, 50 and 51 respectively. (g) and (i) are 

amplitude changes of gelatin windows 112 and 115 respectively. (h) and (j) are the frequency spectrums of the 

gelatin windows 112 and 115 respectively. 

 

4.3 Longer time experiment using porcine heart muscle and gelatin sample 

placed in contact 

Experiment parameters:                                                                                                          

Electric field            :   8Vp-p, 0.02Hz, 1.33V/cm                                                                  

Sample                     :   porcine heart (6cm × 4cm × 0.531cm) and Gelatin sample (6cm × 4cm × 

0.47cm). No plastic between porcine heart and gelatin sample.                                                      

Start of application  : 184s                                                                                                            

End of application   : 1243s 
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4.3.1 Presentation of the results (Ultrasound RF signal, mean of the signal, RMS noise and 

signal-to-noise ratio) 

In this experiment, the electric field was applied on the porcine heart tissue for 1059s by using 

the electrodes. The porcine heart sample was placed on the top of the gelatin sample during the 

application of the electric field. Both samples were kept in a good contact (no plastic was placed 

between the samples) so that the current might flow from porcine heart tissue to the gelatin 

sample during electric field application.  In the RF echo signal, the fast time 19.45µs, 26.54µs 

and 32.79µs correspond to the front boundary of the porcine heart tissue, the boundary between 

porcine heart and gelatin and the rear boundary of the gelatin sample. Mean signal, RMS of the 

noise and signal-to-noise ratio (SNR) are shown in the Fig. 4.5 (b) and (c) and (d). The dark lines 

at the fast time 26.54 µs in the Fig (b), (c) and (d) indicate the boundary of porcine heart and the 

gelatin sample. 
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Figure 4.5: (a) Ultrasound RF signal versus fast time. (b) Mean of the signal. (c) Root mean square (RMS) of the 

noise. (d) Signal-to-noise ratio (SNR) with fast time. 

 

4.3.2 Amplitude versus slow time and their spectra during the application of electric field 

The gelatin sample was in good contact with the porcine heart sample during the experiment. 

The current flows from porcine heart sample to the gelatin during the electric field application 

and it induces some mechanical changes in the whole sample (porcine heart and gelatin). The 

amplitude of some gelatin windows changes continuously at the same frequency as the applied 

voltage however, the change in amplitude of the gelatin windows was found smaller than the 

porcine heart windows. 

 The amplitude change signal of some porcine heart windows before, during and after the electric 

field was stopped and gelatin windows are shown in the Fig (4.6). During the application of the 

electric field the amplitude of the porcine heart windows changes continuously at the same 

frequency (0.02Hz) as the applied voltage as shown in the Fig. 4.6 (a), (c) and (e). Amplitude 

changes of some windows in the gelatin sample with slow time are shown in the Fig. 4.6 (e), and 

(g) and their frequency spectrums are shown in the Fig. 4.6 (f) and (h). 
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Figure 4.6: (a), (c) and (b), (d) are amplitude changes and frequency spectrum of porcine heart windows 41 and 40 

respectively. (e), (g) and (f), (h) are the amplitude changes and frequency spectrums of gelatin windows 83 and 86 

respectively. 
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4.4 Longer time experiment using layered tissues and phantoms (porcine 

heart, fat and gelatin sample) 

 

Experiment parameters: 

Electric field            :   8Vp-p, 0.02Hz, 1.33V/cm                                                                  

Sample                     :   porcine heart at the top, porcine fat at the middle and gelatin at the bottom 

(no plastic between the samples).                                                                                                                         

Sample size              :   porcine heart (6cm × 4cm × 0.65cm), porcine fat (6cm × 4cm × 0.31cm) 

and gelatin (6cm ×4cm × 0.43cm)                                                                                                                                                       

Start of application  : 217s                                                                                                            

End of application   : 1382s 

4.4.1 Presentation of the results (Ultrasound RF signal, mean of the signal, RMS noise and 

signal-to-noise ratio) 

This experiment was performed by using the porcine heart tissue, porcine fat and the gelatin 

sample. Electric field was applied on the porcine heart tissue for 1165s by using the electrodes. 

The porcine heart sample was placed on the top of the porcine fat and gelatin was placed at the 

bottom during the experiment. All the samples were kept in a good contact (no plastic was 

placed between the samples) with each other so that the current might flow from porcine heart 

tissue to the porcine fat and finally to the gelatin sample during electric field application.   

       In the RF echo signal, the fast time 18.51µs, 27.29µs, 31.38 µs and 37.31µs correspond to 

the front boundary of the porcine heart tissue, the boundary between porcine heart and fat, 

boundary between porcine fat and gelatin and the rear boundary of the gelatin sample. Mean 

signal, RMS of the noise and signal-to-noise ratio (SNR) are shown in the Fig. 4.7 (b) and (c) 



 

50 

 

and (d). The dark lines at the fast time 27.29µs and 31.38 µs in the Fig (b), (c) and (d) indicate 

the porcine-fat and the fat-gelatin boundary. The SNR in fat near the porcine heart muscle was 

found higher than the other parts of the fat as shown in the Fig. 4.7 (d). 

 

  

  

Figure 4.7: (a) Ultrasound RF signal versus fast time. (b) Mean of the signal. (c) Root mean square (RMS) of the 

noise. (d) Signal-to-noise ratio (SNR) with fast time. 
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4.4.2 Amplitude versus slow time and their spectra during the application of electric field  

The current flows from porcine heart sample to the porcine fat and gelatin sample during electric 

field application. It induced some mechanical changes in the whole sample (porcine heart fat and 

gelatin). The amplitude of some fat and gelatin windows changes continuously at the same 

frequency as the applied voltage however, the change in amplitude of the fat and gelatin 

windows was not same during current. 

 The amplitude change signals of some porcine heart windows before, during the electric field 

and after the electric field was stopped are shown in the Fig (4.8). During the application of the 

electric field the amplitude of the porcine heart windows changes continuously at the same 

frequency (0.02Hz) as the applied voltage as shown in the Fig. 4.8 (a) and (c). Amplitude 

changes of some windows in fat and gelatin sample with slow time are shown in the Fig. 4.8 (e), 

(g) and (i), (k) respectively.  
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Figure 4.8: (a), (c) and (b), (d) are amplitude changes and frequency spectrums of porcine heart windows 35 and 36 

respectively.  (e), (g) and (f), (h) are the amplitude changes and frequency spectrums of fat windows 106 and 108 

respectively. (i), (k) and (j), (l) are the amplitude changes and frequency spectrums of gelatin windows 127 and 133 

respectively. 
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4.5 Longer time experiment using layered tissues and phantoms (porcine 

heart, fat and gelatin sample) 

Experiment parameters: 

Electric field            :   8Vp-p, 0.02Hz, 1.33V/cm                                                                   

Sample                     :   porcine heart at the top, porcine fat at the middle and gelatin at the bottom 

(no plastic between the samples).                                                                                                   

Sample size              :  porcine heart (6cm × 4cm × 0.48cm), porcine fat (6cm × 4cm × 0.46 cm) 

and gelatin (6cm ×4cm × 0.43cm)                                                                                                                                                       

Start of application  : 182s                                                                                                            

End of application   : 1198s 

4.5.1 Presentation of the results (Ultrasound RF signal, mean of the signal, RMS noise and 

signal-to-noise ratio) 

Electric field was applied on the porcine heart tissue for 1016s by using the electrodes. Samples 

were kept in a good contact (no plastic was placed between the samples) with each other so that 

the current might flow from porcine heart tissue to the porcine fat and gelatin sample during 

electric field application.   

       In the RF echo signal, the fast time 19.41µs, 25.91µs, 32.11µs and 37.88µs correspond to the 

front boundary of the porcine heart tissue, porcine-fat boundary, fat- gelatin boundary and the 

rear boundary of the gelatin sample. Mean signal, RMS of the noise and signal-to-noise ratio 

(SNR) are shown in the Fig. 4.9 (b) and (c) and (d). The dark lines at the fast time 25.91µs and 

32.11µs in the Fig (b), (c) and (d) indicate the porcine-fat and the fat-gelatin boundary. 
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Figure 4.9: (a) Ultrasound RF signal versus fast time. (b) Mean of the signal. (c) Root mean square (RMS) of the 

noise. (d) Signal-to-noise ratio (SNR) with fast time. 

 

4.5.2 Amplitude versus slow time and their spectra during the application of electric field 

During the application of the electric field the amplitude of the porcine heart windows changes 

continuously at the same frequency (0.02Hz) as the applied voltage as shown in the Fig. 4.10 (a), 

and (c). Amplitude changes of some windows in fat and gelatin sample with slow time are shown 

in the Fig. 4.10 (e), (g) and (i), (k) respectively.  
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The current flows from porcine heart muscle to fat and gelatin sample during electric field 

application. It induced mechanical changes in the whole sample (porcine heart fat and gelatin). 

The amplitude of some fat and gelatin windows changes continuously at the same frequency as 

the applied voltage however, the change in amplitude of the fat and gelatin windows was not 

same during current. 
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Figure 4.10: (a), (c) and (b), (d) are the amplitude changes and frequency spectrums of porcine heart windows 75 

and 76 respectively. (e), (g) and (f), (h) are the amplitude changes and frequency spectrums of fat windows 87 and 

99 respectively. (i), (k) and (j), (l) are the amplitude changes and frequency spectrums of gelatin windows 142 and 

149 respectively. 
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4.6 Single gelatin experiment 

Experiment parameters: 

Electric field            :   8Vp-p, 0.02Hz, 1.33V/cm                                                                                                                                                                   

Sample size              :   gelatin (6cm ×4cm × 0.65cm)                                                                                                                                                       

Start of application  : 191s                                                                                                            

End of application   : 1251s 

4.6.1 Presentation of the results (Ultrasound RF signal, mean of the signal, RMS noise and 

signal-to-noise ratio) 

In the previous experiments, we found that the EIMC SNR was not uniform for tissue samples 

that appeared uniform. To investigate if the source of this spatial heterogeneity of SNR, 

experiment was performed only using a uniform gelatin sample.  Electric field was applied on 

the gelatin sample for 1060s by using the electrodes.  In the RF echo signal, the fast time 

20.41µs, and 29.02µs correspond to the front boundary and the rear boundary of the gelatin 

sample. Mean signal, RMS of the noise and signal-to-noise ratio (SNR) are shown in the Fig. 

4.11 (b), (c) and (d). The dark lines at the fast time 20.41µs and 29.02µs in the Fig (b) and (c) 

indicates the front and rear boundary of the gelatin sample. 
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Figure 4.11: (a) Ultrasound RF signal versus fast time. (b) Mean of the signal. (c) Root mean square (RMS) of the 

noise. (d) Signal-to-noise ratio (SNR) with fast time. 

 

4.6.2 Amplitude versus slow time and their spectra during the application of electric field 

During the application of the electric field the amplitude of the gelatin windows changes 

continuously at the same frequency (0.02Hz) as the applied voltage as shown in the Fig. 4.12 (a), 

(c) and (e). The frequency spectrums are shown in the Fig 4.12 (b), (d) and (f) respectively.  

Electric field induced mechanical changes in the gelatin sample.  The change in amplitude of the 

gelatin windows was not same during current. 
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Figure 4.12: (a), (c) and (e) are the amplitude change signals of the gelatin windows and (b), (d), (f) are their 

spectrums respectively. 
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4.7 Longer time experiment using gelatin sample and porcine heart muscle 

Experiment parameters: 

Electric field            :   8Vp-p, 0.02Hz, 1.33V/cm                                                                   

Sample                     :   gelatin at the top and porcine heart muscle at the bottom (no plastic 

between the samples).                                                                                                    

Sample size              :  gelatin  (6cm × 4cm × 0.44cm) and  porcine heart muscle  (6cm × 4cm × 

0.67 cm)                                                                                                                                                        

Start of application  : 191.17s                                                                                                            

End of application   : 1258s 

4.7.1 Presentation of the results (Ultrasound RF signal, mean of the signal, RMS noise and 

signal-to-noise ratio) 

In this experiment, the gelatin sample was placed on the top of the porcine heart muscle. Electric 

field was applied on the gelatin sample for 1066s by using the electrodes.  Plastic was not placed 

between the samples during the experiment so that the current might flow from gelatin sample to 

the porcine heart muscle during electric field application.   

       In the RF echo signal, the fast time 23.3µs, 29.23µs, and 38.27µs correspond to the front 

boundary of the gelatin sample, gelatin-muscle boundary and the rear boundary of the porcine 

heart muscle sample. Mean signal, RMS of the noise and signal-to-noise ratio (SNR) are shown 

in the Fig. 4.13 (b) and (c) and (d). The dark lines at the fast time 23.3µs, 29.23 µs and 38.27µs 

in the Fig (b), (c) and (d) indicate the front boundary of the gelatin, gelatin-muscle boundary and 

the rear boundary of the porcine heart muscle. 
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Figure 4.13: (a) Ultrasound RF signal versus fast time. (b) Mean of the signal. (c) Root mean square (RMS) of the 

noise. (d) Signal-to-noise ratio (SNR) with fast time. 
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Amplitude changes of some windows in the gelatin and muscle sample with slow time and their 

spectrums are shown in the Fig. 4.14. 
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Figure 4.14: (a), (c) and (b), (d) are the amplitude change signals of the gelatin windows and their spectrums 

respectively. (e), (g) and (f), (h) are the amplitude change signals of the muscle windows and their spectrums 

respectively. 
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Chapter 5 

Discussion and Conclusions 

5.1 Discussion 

Electro-kinetic effects have been used to explain the mechanical changes on layered tissues and 

gelatin phantoms when these are subject to an electric field. During the application of the electric 

field, the amplitude increases in some windows and decreases others. The amplitude changes 

continuously at the same frequency as the applied voltage (0.02Hz). 

       In order to study the characterization of tissues and phantom based on the amplitude change 

of ultrasound echo signal under the application of electric field, experiments were performed in 

two different ways by using porcine heart muscle, fat and the gelatin sample. Two experiments 

were performed only using the porcine heart muscle and the gelatin sample separated by the thin 

plastic (insulator). Electric field was applied on the porcine heart muscle for 381s and the 1014s 

represented by shorter time and the longer time experiments respectively, where gelatin was 

electrically isolated. The mean amplitude of the signal at frequency 0.02Hz for both longer and 

shorter time experiment indicate that the porcine heart muscle has more amplitude change than 

the gelatin sample. This is because there is no current in gelatin as there is an insulator between 

the tissue and the gelatin, where the current was applied. The RMS noise of the signals during 

current was almost the same for porcine heart and gelatin as shown in the Fig. 4.1 (c) and 4.3 (c).  

The spectra in Fig. 4.3 have less noise than those in Fig. 4.1 because the electric current was 

applied for a longer duration. The Fourier transform of a periodic signal with longer duration will 
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give better SNR in the spectra. It was found that almost 5 frequencies in the spectrums of the 

longer time experiment were under the same range of the 3 frequencies of the shorter time 

experiment. 

In the section 4.1.1 and 4.2.1, experimental results were presented in which electric field was 

applied on the porcine heart muscle and the gelatin sample was separated by the plastic. The 

signal to noise ratio of the spectrum in the porcine sample was significantly larger than the 

gelatin sample. The larger SNR of the signals in the porcine heart sample agrees with the fact 

that electric current, and the induced mechanical changes in the porcine heart only exists in 

porcine tissue during electric field application .On the other hand, the SNR ≈1 in the gelatin 

sample because it has no electric field application which indicates that the signal change at 0.02 

Hz in the gelatin sample is due to the random variation of the ultrasound signal amplitude. The 

random variation of the ultrasound signal amplitude has a broad spectrum. 

       However, in the porcine heart sample the SNR of the spectrum varies throughout the sample 

even though the sample looks homogeneous. Experiment was performed using a uniform gelatin 

sample and it was found that the SNR was not the same at all the locations and varies throughout 

the gelatin sample as shown in the Fig 4.11 (d). So we conclude that the spatial variation of 

EIMC SNR is not caused by the macroscopic heterogeneity of the samples. It might be due to the 

inherent heterogeneity of EKP.   

       Also, the SNR was not same in gelatin and porcine heart sample even when they were 

placed in contact. Electric field was applied on the gelatin sample which was fixed on the top of 

the porcine heart sample during experiment. The SNR was found higher at some locations in the 

porcine heart sample which were close to the gelatin sample as shown in the Fig 4.13 (d). 
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However, after comparing Fig. 4.5(d) and Fig. 4.13 (d), we conclude that the EIMC SNR is 

directly related to the sample’s electro-kinetic properties because there is no significant 

difference between the EIMC SNR in the heart tissue and the gelatin in both experiment 

configurations.     

In order to further study the effect of electric current through tissues and their characterization, 

layered tissues were used which consists of three different layers: porcine heart muscle, fat and 

gelatin sample. In the experiment having only two samples (porcine heart and the gelatin, section 

4.3.1), the higher SNR in the gelatin (greater than 1) near the pork boundary and other parts of 

the gelatin might be due to the flow of current from porcine heart tissue to the gelatin sample and 

induced mechanical changes on the gelatin sample. It seems no significant difference in SNR 

between the tissue part and the gelatin part.  

       Then two experiments were performed by using the porcine heart muscle, fat and the gelatin 

sample. The experimental results were presented in the section 4.4.1 and 4.5.1. The amplitude of 

some fat and gelatin windows changes continuously at the same frequency as the applied voltage 

as shown in the section 4.4.2 and 4.5.2. However, amplitude change is not same for all the 

windows of the sample during application of electric field, the mean amplitude of the signal at 

frequency 0.02Hz in porcine heart muscle was found higher (except at some locations  in the 

porcine heart muscle) than in fat and gelatin sample as shown in the Fig 4.7 (b). The SNR in the 

porcine heart muscle, fat and some parts of the gelatin sample was found greater than one during 

electric field application as shown in the Fig 4.7 (d) and 4.9 (d). 

       Electro-kinetic response of biological tissues with optical coherence tomography (OCT) was 

performed in the previous study in which a 1 mm diameter dielectric optical fiber was inserted 
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into the middle of the sample [46]. The changes of backscattered OCT signal from porcine heart 

tissues were investigated with a low frequency AC electric field. The signal-to-noise ratio in the 

OCT based EIOC image (normalized by the EIOC background image) during electric field 

application was found small in the fiber and no EIOC of signal in the fiber glass region were 

detected even though there are significant EIOC in the tissue surrounded it. This is in agreement 

with this study where thin plastic was used as an insulator to separate the pork heart muscle and 

the gelatin sample.  

In summary, the experiment results show that the concept of SNR can reduce the weight of 

ultrasound signal amplitude in quantifying the electro-kinetic phenomena in the samples. The 

SNR is sensitive to the existence of electric current in the samples. The SNR seems not 

discriminative enough to classify different types of samples.     

5.2 Conclusions and Future-work 

The effect of electric field in layered tissues and ultrasound phantoms was analyzed by finding 

the frequency spectra, mean amplitude of the signals, root mean square of the noise and Signal-

to-noise ratio. SNR was found to be the best measure to demonstrate the current distribution in 

tissues and phantoms. The SNR was compared in both cases when the samples were separated 

and not separated by the insulator (thin plastic). There was significant difference in SNR 

between the different parts of the sample when there was insulator. However, the difference is 

much smaller without plastic between samples. For in vitro porcine sample, the SNR in the 

porcine heart muscle was found larger than in the fat.  

  

 



 

69 

 

Future-work 

 In this study, the signal-to- noise ratio was calculated for a single A-line. However, in 

future the two dimensional method, B-mode ultrasound can be investigated for the better 

understanding of the SNR in tissue and samples during electric field application. 

 Our results show that that the EIMC SNR can indicate the existence of AC electric 

current in samples, rather than be directly related to the sample’s electro-kinetic 

properties of the samples. In the future study, it would be interesting to investigate 

quantitatively the dependence of EIMC SNR on the current distribution in the samples. If 

the current distribution in a sample can be measured, it is possible to reconstruct the 

electric impedance of the sample, which can provide useful diagnostic information. 
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