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Abstract 
This thesis explores the use of bioimpedance measurements within the field of 
electrosurgery. A standard monopolar electrosurgery setup has been utilized in order to 
discriminate between the characteristic impedance of the proper hepatic artery (PHA) and 
common bile duct (CBD) in domestic pigs. The end goal is to aid a surgeon performing a 
cholecystectomy, primarily laparoscopic, in order to avoid dividing or damaging the wrong 
part of the arteries or ducts in the area surrounding Calot’s triangle. It could also be a 
potential building block for further research into for example smart electrosurgery knives or 
other tissue discrimination for use within electrosurgery. 
 The Valleylab E1551X, E1450G and E1475X electrosurgery electrodes has been 
evaluated. The E1551X blank stainless steel electrosurgery electrode was chosen as the 
most optimal electrode to use during the experiments. Basic characteristics of this electrode 
and its sensitivity field have been measured through a series of experiments using a 
cucumber model. 

A total of 9 in vivo pig experiments were performed between March and June 2013 at 
the Institute for Surgical Research at Oslo University Hospital. Impedance measurement data 
has been collected from the pig experiments using the Solartron 1260/1294. The 
measurement locations consists of the common bile duct, proper hepatic artery, gall bladder, 
right lateral lobe of the liver, hepatic lymph node, splenic artery and spleen. The 
measurement results for the CBD and PHA has been statistically analyzed. 
 The proper hepatic artery was found to have overall lower impedance than the 
common bile duct over almost all frequencies. The results show a statistical significant 
difference between the CBD and PHA in 6 out of 9 pigs (66%) according to the Mann-
Whitney U test. Among these, 5 out of 9 pigs (55%) supported the hypothesis that the phase 
for the PHA was higher than the phase for the CBD at 630 kHz. 1 out of 9 pigs (11%) were a 
false positive. The result is based upon what part of the phase data had the most amount of 
statistically reliable results. The hypothesis is tested with an arithmetic mean test for all of the 
measurements series combined. 
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1 Introduction 
In cholecystectomy, both open and laparoscopic, the cystic duct and artery are divided in 
order to remove the gallbladder from the abdominal cavity. To achieve this, the surgeon must 
first visually distinguish between the arteries, bile ducts and other tissue surrounding the 
gallbladder. If the surgeon somehow misreads the anatomic landmarks, the common or 
hepatic bile duct may be wrongfully identified as the cystic duct and thereafter partially or 
fully divided. Although uncommon, misreadings like this may lead to serious complications 
for the patient. If the surgeon had an extra tool to aid in the identification of the various 
structures around Calot’s triangle, the risk for serious complications will likely decrease as a 
result. 
 Electrosurgery is a widely used tool during surgeries, and can be used for both cutting 
and coagulating. Since it uses electricity as a tool to perform its tasks it has a natural 
electrode setup that can be used to perform bioimpedance measurements. It can be very 
useful to know the characteristics of this setup for various reasons. This could for example 
potentially be used to automatically prevent a surgeon from cutting into the wrong tissue. 
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1.1 Hypothesis 
The electrical characteristics of the common bile duct (CBD) and proper hepatic artery (PHA) 
can be discriminated between using common electrosurgery electrodes in a monopolar 
electrosurgery setup. 

1.2 Goals 
The main goal of this thesis is to figure out if a standard electrosurgery electrode and setup 
can be used to reliably measure electrical characteristics of tissue. It should be able to 
discriminate between at least two structures in close proximity with each other. The end goal 
from this is to aid a surgeon performing a cholecystectomy so that he or she has an 
additional point of reference while identifying the anatomic structures adjoining and 
surrounding Calot’s triangle. 

1.2.1 Part goals 
• Document theory relevant for the most important aspects of this thesis. (section 2) 
• Create and get approval for a protocol in order to perform pig trials. (Appendix A, B 

and C) 
• Identify common electrosurgery equipment and figure out what is the best suited for 

reaching the main goal of this thesis. (section 3.2 and 3.3) 
• Perform pig experiments to gather data for the electrosurgery electrode(s) and 

equipment. (section 3.4) 
• Analyze the data from the pig trials and figure out whether or not it supports your 

hypothesis. (section 4 and 5) 

2 Theory 
Most of the theory discussed in this chapter is not very in-depth, but it’s meant such that the 
reader can get a basic understanding of the underlying laws and principles of the physics 
behind the various aspects of bioimpedance. Some subjects might be more in-depth than 
others; either because they might be harder to comprehend, or because they are more 
relevant to the theme of this paper. For further information regarding the different subjects, I 
would suggest looking up the literature in the references. 

2.1 The electrical principles of bioimpedance 
To measure bioimpedance is to measure the electrical response of living tissue while an 
external current is being applied. This is essentially a combination of several fields within 
physics, the main ones being biology and electronics - hence the name bioimpedance 
(bioelectrical impedance). In order to measure bioimpedance some electronic circuitry is 
required. The Solartron 1260/1294 has been utilized throughout this thesis, but in general 
any properly calibrated impedance analyzer can be used for this. Since the charge carriers in 
living tissue are almost exclusively ions, electrodes are needed to convert between the 
electrons of the electronics and the ions of the tissue. The impedance analyzer is attached to 
the electrodes through wiring, and the electrodes are in turn galvanically attached to the 
tissue. This theory section will not focus on circuitry problems as this is not a big part of this 
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thesis. Circuitry and wiring is however a very important factor in getting good results from 
bioimpedance measurements, so it is not to be taking lightly. 

Bioimpedance is not to be confused with the related field bioelectricity, which deals 
with the tissues own ability to generate electricity (e.g. ECG), and also how to control tissue 
using electric current. Though keep in mind that these fields are so closely related that they 
may overlap in certain aspects. (Grimnes & Martinsen, 2008) 

2.1.1 Resistance and conductance 
The flow of electric charge through an electrical conductor is known as an electric current. 
Electrical resistance describes the opposition to the passage of this current. Electrical 
conductance is the inverse of this quantity, and thus describes the electrical conductors 
ability to conduct (and not resist) electric current. They can both be defined using Ohm’s law, 
 
 R =

V
I

, G =
1
R

=
I
V

 (1) 

 
where the resistance (R) are defined as the ratio between the voltage (V) and the current (I). 
The conductance (G) is simply the inverse ratio. (Britannica, 2013c) 

2.1.2 Impedance and admittance 
The concept of electrical resistance only describes direct current (DC) circuits. When 
describing alternating current (AC) circuits, there is more than just the resistance to hinder 
the flow of current. Impedance introduces a reactance in addition to the normal resistance, 
making it a complex number, 
 
 Z = R + jX (2) 
 
where the real part is the resistance (R) and the imaginary part is the reactance (X). Thus 
impedance also introduces a phase describing the phase shift by which the current is ahead 
of the voltage. Admittance is, like conductance is to resistance, the inverse of impedance. It 
is shown in a similar fashion through Y = G + jB, where the real part is the conductance (G) 
and the imaginary part is the susceptance (B). Bode invented the expression immittance in 
order to describe a system of both impedance and admittance. Though immittance does not 
have a unit in itself, it may be better suited to describe an overall system. The reactance of 
impedance can be divided into two sub-parts: Inductance and capacitance. 

2.1.2.1 Inductance 
Faraday's Law of induction states that a time-varying magnetic field will create, or induce, a 
voltage in a nearby electrical conductor. This is essentially setting up an electric field, which 
is discussed later in this chapter. At the same time will an electrical current in a conductor 
create a magnetic field around that conductor (Oersted's law). These observations 
considered, one can see that by sending an alternating current through a conductor, you also 
create an alternating magnetic field around that conductor. This time-varying magnetic field 
will in turn induce a voltage proportional to the current back into the conductor, essentially 
opposing it’s own change in current (Lenz's law). A conductor's ability to oppose it’s own 
change in current is defined as the inductance of a conductor. 
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2.1.2.2 Capacitance 
Capacitance is a body’s ability to store electrical charge. Any matter that has the ability to be 
electrically charged has a capacitance. The capacitance is an important factor within 
dielectrics, which is discussed later in this chapter. (Grimnes & Martinsen, 2008) 

2.1.3 Electrolytes 
In electronic DC conductors such as metal or semi-conductors, electric current flows through 
the material as electrons. In electrolytic conductors however, current instead flows through 
the substance as free moving ions. Electrolytes are essential within bioimpedance as almost 
all living tissue consists of it. Both intracellular and extracellular fluids can be considered 
electrolytic conductors. The expression ‘electrolyte’ is generally referring to a material that 
ionizes when dissolved in a proper solvent. It can however also refer to the complete 
electrolyte solution, depending on the context. For example, the human body contains a lot of 
water which is a very common solvent for electrolytes. Two of the main electrolytes of the 
body are the ions sodium (Na+) and chloride (Cl−). The combination of these ions is known 
as sodium chloride (NaCl), or common table salt. When the solid material NaCl is dissolved 
in water, it is split into the ions that make up the salt, thereby making an electrolyte solution: 
 
 NaCl(s) → Na(aq)

+ + Cl(aq)
−  (3) 

 
This is one of the most important electrolyte solutions in the human body. Due to its 
significance, characteristics and availability it’s very common to perform experiments with 
this electrolyte. The electric conductive characteristics for 0.9% NaCl in water ( 9g

1000g
= 9g

L
) is 

very well documented, making it an excellent substance for finding the electric characteristics 
for electrodes. It is also often just referred to as saline instead of its chemical compounds. 
 

2.1.3.1 Weak and non-electrolytes 
Where saline is considered a strong electrolyte because of its high electric conductance, 
other electrolytic solutions that are still able to conduct current but with a greater resistance is 
referred to as weak electrolytes. These are solutions where the electrolytic substance does 
not dissociate all the way, hence there aren’t as many free moving ions left to conduct the 
current. 

Non-electrolytes are distinct from electrolyte solutions in that they have no free-
moving ions to conduct electric current. Deionized (distilled) water is a solution that has had 
all free ions removed, which essentially make it act as an electric insulator. Though this is 
true with perfect circumstances, deionized water used for experimentation is often not 
completely free of ions. This is often due to impurities derived from the distillation process, 
immediate environment or other various causes. Therefore, instead of having a resistance 
𝑅 → ∞ it simply has a very large resistance comparable to that of a weak electrolyte. 
(Zumdahl & DeCoste, 2011) 

2.1.4 Static electric fields 
In order to understand what an electric field is, you must first understand the concept behind 
the force that drives it. Two particles that have an electric charge exert a force on each other 
based on the property of their electric charge. This force is known as the electrostatic force. 
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Particles can either be negatively(-) or positively(+) charged. Two particles with opposite 
signs will attract each other, while two particles with the same sign will repulse each other. 
This electrostatic force F can be calculated using Coulomb’s law (SI system): 
 
 F =

q1q2
4πr2εs

 (4) 

 
q1 and q2 are two charges at a distance r from each other, and εs is the static permittivity of 
the material surrounding the charges. In the case of two particles in a vacuum, εs would be 
equal to ε0, also known as the electric constant. 
 If a point charge q is influenced by an electric force F that is proportional to the charge, 
there is by definition an electric field present: 
 
 

E(x, y, z) =
F(x, y, z)

q
 (5) 

 
The magnitude of the electric field E can be measured in Newton’s/Coulombs (N/C) or 
Volts/meter (V/m). (Kovacs, 2001) 

2.1.5 Dielectrics 
A dielectric has traditionally been described as an electric polarizable and insulating material. 
This is however not always the case, particularly in the case of living tissue. An electrolyte 
may have the ability to store energy capacitively, and thus it also acts as a dielectric. For 
materials in general this definition is frequency dependent; a material may act as an 
electrolytic conductor at lower frequencies, yet have dielectric properties at higher 
frequencies. 

Within dielectrics, electric charge does not flow through the material like it does in an 
electrical conductor, but rather displace the positive and negative charges to cause dielectric 
polarization. This displacement of charges is done in the presence of an electric field. The 
positive charges are displaced in the same direction as the electric field while the negative 
charges are displaced towards it, causing a reduction of the electric field within the dielectric. 
Because of the purely local movement within a dielectric, there is no DC conductance; 
current can only pass through a dielectric as an AC using capacitive displacement. 
(Britannica, 2013a) 

2.1.5.1 Permittivity and susceptibility 
In order to describe how an electric field affects and is affected by a dielectric, you want to 
know a dielectrics permittivity. In other words, the permittivity of a material describes how 
well that material “permits” an electric field. A dielectrics polarization and permittivity are 
closely linked together; if a dielectric is highly polarized it also has a high permittivity. 

Permittivity is directly related to electric susceptibility, which says how easily a 
material polarizes. Relative permittivity εr, that is the permittivity of a material relative to that 
of vacuum, is related to a materials susceptibility χ through 
 
 χ = εr − 1 (6) 
 
which means that in the case of vacuum εr = 1 and thus χ = 0 (no susceptibility). Note that 
both relative permittivity and susceptibility are dimensionless numbers. The absolute 
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permittivity ε of a material can thus be found by multiplying the permittivity of vacuum (ε0, the 
electric constant) with the relative permittivity: 
 
 ε = εrε0 = (1 + χ)ε0 (7) 
 

2.1.5.2 Relaxation 
Whenever an electric field is exerted onto a dielectric material, there will be a change in the 
polarization of that material according to the charge of the electric field. The change however 
will not be instantaneous. The charges in the material need some time to change their actual 
positions in order to make up the new polarization charge in the material. This can be 
described as the relaxation time of the material. The concept of relaxation describes how a 
step function can be used to find the relaxation time. 

An important thing to keep in mind here is that the relaxation time of a material is 
strictly tied up to the dipole moment (section 2.2.4) of the charge that is to be polarized. The 
electronic dipole has a very small dipole moment, hence the time it take for it to displace is 
also very small. The polarization of a larger molecule or cell however can take quite some 
time longer. 

2.1.5.3 Dispersion 
In order to analyze relaxation properly from bioimpedance measurements you want to bring it 
into the frequency domain. Dispersion is simply a measure of a materials permittivity as a 
function of frequency. If a dipole is not given enough time to polarize fully, the materials 
permittivity will naturally decrease as a consequence. This means that for lower frequencies 
the polarization will be to the dielectrics maximum potential, while on the higher frequencies it 
will decrease. In other words, at lower frequencies the dielectric will have one permittivity 
level, while at the higher frequencies it will have another lower level. There will also be a field 
in between these levels describing the characteristic relaxation time for the target material. 
(Grimnes & Martinsen, 2008) 

2.2 Electrodes 
The electrode is a crucial part of any bioimpedance system. Every single property of an 
electrode matters for the measurement results, including their size, shape and material. 
There is generally no electrode that is fit for all purposes, but rather the right electrode for the 
right job. An electrode is never used alone, but rather in a specific electrode configuration. 
Like the electrodes themselves there is no “perfect” electrode configuration, but rather the 
right setup for the right job. The task at hand often limits the choices of electrodes or what 
electrode setup one can use. Knowledge about electrodes and electrode configurations 
weakness, sources of error and strong points are therefore very important for success. 

2.2.1 Electrodes in a tissue volume 
An electrode placed in an electrolyte acts as a converter between electrons and ions; the 
ionic current of the electrolyte are transformed at the electrode to an electronic current of the 
electronic conductor and vice versa. An electrode can thereby act as either a source or a 
sink for ions and electrons. In a tissue volume, if the electrode is smaller than the dimensions 
of the volume, the ionic current will spread out into the volume relative to the distance from 
the electrode. The current density will therefore be the highest adjacent to the electrode 
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surface, and lower as the distance increases. Since the path that the ionic current takes 
through the medium defines what the measured impedance will be, the measurement results 
will usually be dominated by the location where the current density is the highest (see section 
2.2.5). 

2.2.2 CC and PU electrodes 
In any electrode system it is important to distinguish between current carrying (CC) and pick-
up (PU) electrodes. The CC electrodes provide current to the system, and they are polarized 
for that reason. A CC electrode can be classified as neutral or dispersive, meaning that the 
current density of the electrode is so low that the result of the current flow is insignificant. An 
example for such an electrode would be the dispersive electrode for monopolar 
electrosurgery (see section 2.4). 

The PU electrodes are measuring, or “picking up”, electric potential difference in the 
system. These electrodes are not polarized because they are not providing any current. A 
PU electrode can also be classified as neutral, again depending on the current density 
(mainly the electrode area), but also it’s positioning relative to the current source. 

2.2.3 Electrode polarization impedance (EPI) 
If an electrode is solid (e.g. metal) and the electrolytic solvent is a polar fluid such as water, 
the surface charges of the solid medium will tend to attract the counterions of the water. This 
will result in the formation of an electric double layer at the interface between the electrode 
and the electrolyte. Due to the irregular distribution of charges across the interface, the 
electric double layer will have an electric potential across it. This is known as the polarization 
impedance of an electrode. The EPI is in series with the impedance of the electrolyte solution 
and the electrode. This means that, in electrode systems where the PU electrodes are the 
same as the CC electrodes (e.g. two-electrode systems), the EPI will be added onto the 
measured impedance of the target medium. This makes it a common problem for this kind of 
electrode setups in low frequency measurements, and it’s particularly distinct while 
measuring on materials with low resistance. 

2.2.4 The bioelectric dipole 

2.2.4.1 Ideal CC dipole 
An electric dipole consists of two adjacent electric point charges with opposite polarity. The 
point charges can either be located on top of each or closely together. A dipole is defined by 
its dipole moment p: 
 
 𝒑 = 𝑞𝒅 (8) 
 
where d is a displacement vector pointing from the position of the negative point charge to 
the positive. This can be mathematically considered an ideal current carrying dipole in an 
infinite homogenous medium where 𝑞 → ∞ and 𝒅 → 0. A bioelectric dipole is however better 
defined within engineering mathematics, where spheres can be used instead of point 
charges. The current carrying dipole moment m of a dipole with two current carrying spheres 
of radius a, is defined by the equation: 
 
 𝒎 = 𝐼𝑳𝑐𝑐 (9) 
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where Lcc is a displacement vector pointing from the negative charged sphere to the positive 
(center to center). Within physics and engineering mathematics, the current carrying dipole is 
still ideal in a finite homogeneous medium with dimensions much larger than 𝑳cc where 𝑎 > 0, 
if 𝑳cc ≫ a and 𝐼 → ∞. 
 If the superposition theorem is valid the electric field potential Φ at any position can 
be calculated based on the distance from the dipole: 
 
 Φ =

𝐼𝜌
4𝜋

�
1
𝑟1
−

1
𝑟2
� (10) 

 
where r1 and r2 are the distance from the center of the positive and negative dipole spheres. 
If you include the dipole moment you can describe the directional sensitivity of the field as a 
dot product: 
 
 

Φ =
𝜌

4𝜋
𝒎 ∙

𝑟
𝑟2

 (11) 

 

 

Figure 1 – Two ideal dipoles far apart (large r) in 
an infinite homogeneous medium. 𝑳𝑐𝑐 and 𝑳𝑝𝑢 
represent the current carrying dipole and the 
pick-up dipole respectively. (Grimnes & 
Martinsen, 2008) 

 

2.2.4.2 Ideal PU dipole 
A PU dipole can record the potential difference between two points in an electric field. An 
ideal PU dipole is not current carrying, and the radius of the spheres 𝑎 → 0. Also, unlike the 
ideal CC dipole, the distance between the positive and negative points of the ideal PU dipole 
should not approach 0. If this distance 𝑳pu = 0 the position of the dipole points and their 
potential would be equal, and naturally there would be no potential difference. Instead an 
ideal PU dipole has a finite 𝑳pu. If the distance r between a PU dipole and a CC dipole is 
large and 𝑳pu is small, the potential difference ∆Φ can be calculated with: 
 
 ∆Φ =

𝜌
4𝜋𝑟3

𝒎 ∙ 𝑳𝑝𝑢 (12) 
 
Note the similarities between the single PU position used in equation (10) and (11) vs. (12). 
The potential difference for a dipolar setup falls more quickly with distance than with the 
monopolar case. (Grimnes & Martinsen, 2008) 

2.2.5 The lead vector and reciprocal excitation 
The lead vector is a transfer factor which determines how much of the signal from the current 
source that can be picked up at a location. It is defined by the part of the previous equation 
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that has to do with the PU dipole. Hence, if we remove the dipole moment 𝒎 from equation 
(12) we get the lead vector 𝑯: 
 
 𝑯 =

𝜌
4𝜋𝑟3

𝑳𝑝𝑢 (13) 
 
The equation for potential difference can therefore be rewritten as: 
 
 ∆Φ = 𝑢 = 𝑯 ∙ 𝒎 (14) 
 
where 𝑢 is the recorded voltage at the PU dipole (Figure 1). By using Ohm’s law you can find 
the transfer impedance 𝑍𝑡 at the same dipole: 
 
 𝑍𝑡 =

𝜌
4𝜋𝑟3

𝑳𝑝𝑢 ∙ 𝑳𝑐𝑐 (15) 
 
 

 

Figure 2 – The reciprocal lead field in a 
finite and inhomogeneous medium where m 
is the current source dipole moment. 
(Grimnes & Martinsen, 2008) 

 
These equations demonstrate the principle of the lead vector very well, but it’s not 
necessarily as good for non-ideal substances. In order to find the lead vector in a finite and 
inhomogeneous medium, the concept of reciprocal excitation can be used. This assumes 
that the PU electrodes are current carrying with a current of 1 A, which creates a current 
density field 𝑱𝑟𝑒𝑐𝑖′  (Figure 2). This is known as the reciprocal lead field. The voltage 𝑢 
measured is equal to: 
 
 𝑢 = �𝜌𝑱𝑐𝑐 ∙ 𝑱𝑟𝑒𝑐𝑖′ 𝑑𝑣 (16) 

 
which means that the transfer impedance is: 
 
 𝑍𝑡 = �𝜌𝑱′𝑐𝑐 ∙ 𝑱𝑟𝑒𝑐𝑖′ 𝑑𝑣 (17) 
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2.2.6 Sensitivity field 
In order to help describe the local resistivity of a medium that is measured in various 
electrode setups, the sensitivity parameter 𝑆 is introduced. The transfer impedance 𝑍𝑡 for a 
4-electrode setup with two CC and two PU electrodes is defined in equation (17). From this 
equation we can describe the sensitivity parameter 𝑆 as: 
 
 𝑆 = 𝑱′𝑐𝑐 ∙ 𝑱𝑟𝑒𝑐𝑖′  (18) 
 
The sensitivity for the PU electrodes is directly related to the current density of the current 
source in the medium. The angle of the current source density field 𝑱𝑐𝑐′  with respect to the 
reciprocal density field 𝑱′𝑟𝑒𝑐𝑖 is critical as the dot product between these defines the 
sensitivity. If the fields are perpendicular on each other the dot product will be 0, and thus 
there will be no measured impedance at the PU electrodes. In other words, the location of 
the PU electrodes relative to the CC electrodes in a 4-electrode system is very significant. In 
general the location should be so that the sensitivity field is the highest at the location in the 
tissue you wish to measure. This rule of thumb accounts for all electrode setups. 

2.2.7 Two-electrode system 
In order to have a flow of electric current, you need at least one source and one sink for 
electric charges. The two-electrode system is therefore the least amount of electrodes 
practically usable in a bioimpedance system. As there are only two electrodes in this 
configuration, the PU electrodes must be the same as the CC electrodes, which means that 
the electrode polarization impedance becomes a part of the measured impedance. This is a 
very important source of error for two-electrode systems. The EPI will change with respect to 
both current density and frequency. It’s shown to be dependent on almost all physical 
properties of an electrode including its material, radius and shape. It’s also shown to be 
affected by the properties of the target material. All of these factors make it very hard to 
remove the EPI from the impedance of the target tissue. 

2.2.7.1 Sensitivity field 
The sensitivity field for a two-electrode setup is based on the same principles as the 4-
electrode setup. Since the CC and PU electrodes are the same, the fields 𝑱𝑐𝑐′  and 𝑱𝑟𝑒𝑐𝑖′  are 
parallel to each other. Based on equation (18) the sensitivity field can therefore be described 
as: 
 
 𝑆 = |𝐽′|2 (19) 
 
A two-electrode system can thus be described simply by using the current density; there is 
no angle between the CC and PU electrodes. 

2.2.7.2 Monopolar configuration 
A two-electrode system can be set up in a couple of different configurations: Monopolar and 
dipolar (Greek definition). A dipolar setup makes use of two electrodes of the same size in a 
symmetrical setup. A monopolar configuration makes use of two electrodes of different sizes. 
The size difference should be enough to make the current density for one of the electrodes 
significantly higher than the other electrode. In other words you will have one “active” 
electrode that will dominate the results, and one “neutral” electrode that will be indifferent. 
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Consider an ideal sphere shaped electrode with no resistance half-submerged in a 
homogenous medium, with a concentric neutral electrode located in the same medium 
infinitely far away. The resistance R of the hemisphere this electrode makes in the medium is 
defined by: 
 
 R =

ρ
2 πa

 (20) 
 
where a is the radius of the electrode, and ρ is electrical resistivity of the medium. From this 
you can see that the resistance is inversely proportional to the radius of the electrode. The 
EPI is however based upon the surface area of the electrode, and is therefore inversely 
proportional to a2. Hence by making an electrode larger you also make the EPI exponentially 
less significant relative to the actual resistance of the medium. The precision for the 
measurement results can also be calculated based on where the current density is the 
highest. The contribution to resistance in a half-infinite medium is: 
 
 R =

ρ
2π

�
1
a
−

1
r
� , r ≥ a (21) 

 
where r is the radius for the contributing hemisphere in the medium. The resistance 
contribution from within a sphere of radius 10 times the radius of the electrode will then be: 
 

�
1
a
−

1
10a

� = �
1
1
−

1
10
� = 0.9 = 90% 

 
Likewise, a sphere with 100 times the radius will account for: 
 

�
1
a
−

1
100a

� = �
1
1
−

1
100

� = 0.99 = 99% 

 
This kind of electrode may therefore be fairly precise in terms of what part of the volume you 
wish to measure. 

An electrode shaped like a disc might however be a more common shape for an 
electrode. A disc can be considered a flat sphere, and may therefore be approached much in 
the same manner as a spherical electrode. The resistance of a disc electrode with radius a is: 
 
 R =

ρ
4a

 (22) 
 
If you compare this to the equivalent formula for the spherical electrode, you find that this is 
simply 2

π
 times the resistance. Despite this being so similar, the current density for a disc is 

vastly different to that of a sphere. The current density J for a spherical electrode is uniform 
across its surface, and is defined by the formula: 
 
 J =

I
2πr2

 (23) 

 
where r is the radius for the current hemisphere. The current density for a disc electrode with 
radius a and hemisphere r is: 
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 J =

I
2πa√a2 − r2

 (24) 

 
By comparing these two types of electrodes of the same radius, with the latter as a function 
of r, we find that the current density of a spherical electrode equals the current density of a 
disc electrode only at the center (see Figure 3). The current density then rises exponentially 
towards the edge of the disc electrode, peaking at the very edge. 

 

Figure 3 – Equation (23) (blue) vs. (24) 
(red, function of r), where 𝐼 = 10𝐴 and the 
electrode radius is 1m. Please note that 
eqation (23) is constant (not a function). 
(Grimnes & Martinsen, 2008) 

 
These facts are important to remember when choosing the right electrode for an application. 
A smaller electrode will result in a higher precision, but at a cost of more EPI. If the medium 
is small you naturally also require smaller electrodes, but in general you’d want the electrode 
to be as large as possible without sacrificing spatial precision. (Grimnes & Martinsen, 2008) 

2.2.8 Three-electrode system 
In section 0 it’s described how a 4-electrode system can be set up using separate CC and 
PU electrodes. The three-electrode system can be looked at like a hybrid between a pure 
separation of these electrodes and a combination like in the two-electrode system. The 
three-electrode setup is in principle a 4-electrode system with only one CC and PU electrode 
merged together. This electrode is known as the M electrode (the measuring electrode). The 
separate PU and CC electrodes are known as the R (reference) and C (common) electrodes 
respectively. 

2.2.8.1 Sensitivity field 
The sensitivity field for such an electrode setup is a bit peculiar compared to the two 
counterpart configurations. The M electrode is current carrying and will therefore have a 
polarization impedance in series with the recorded impedance of the tissue. The M electrode 
otherwise acts as an almost regular recording electrode (e.g. sphere or disc), and the 
characteristics of the tissue volume around it will affect the results accordingly. In addition to 
this there is a negative sensitivity zone in the tissue volume between the R and C electrodes. 

Figure 4 shows that the spatial selectivity of a three-electrode setup is mainly 
narrowed down to the area between the R and M electrodes, and in particular adjacent to the 
M electrode. The negative sensitivity field between the R and C electrodes is not visible, so 
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the C electrode can be described as a neutral or dispersive electrode. This figure also shows 
how a typical three-electrode system can be set up using an operation amplifier (op amp). 
(Grimnes & Martinsen, 2008) 

 

 

Figure 4 – Sensitivity plot for a 
three-electrode system using 
spherical electrodes in an infinite 
homogeneous medium. The 
sensitivity is the highest in the red 
area, and slowly decreases down 
the color scale as shown. (Kalvøy, 
2010) 

 

2.3 Physiological principles 
Although the boundaries between the electrical and physiological principles of bioimpedance 
may be a bit vague in certain aspects, bioimpedance is still very much based upon 
electronics. The physiological part of this thesis describes the theory behind the parts not 
necessarily directly related to all aspects of bioimpedance, yet still connected through this 
thesis. 

2.3.1 Cells and tissue 
While performing bioimpedance measurements on tissue it is important to know the theory 
behind the principles of how exactly tissue in general reacts while exposed to an alternating 
electric current. Different tissue may respond in different ways, and it can be helpful to try 
and generalize the basic concepts. 

First and foremost, tissue consists of a lot of different cells doing various jobs. For this 
reason it must be considered a heterogeneous material. This means that current may not 
flow through tissue in perfectly predictable ways, which again can affect any predicted 
measurement results. A very important factor to consider here is the electrical response of 
the cells themselves. Cell membranes consist of phospholipids that make up a so called 
bilayer lipid membrane (BLM). These membranes do not in general let any ions pass freely 
through them, and is therefore considered to have a very low conductivity. They are however 
very thin (around 7 nm), and the dielectric breakdown potential isn’t very high. Because of 
the dielectric property of the cells, lower frequency current often choose to pass around the 
cells in the interstitial fluid instead of through them, essentially changing the current path and 
in turn the resulting impedance. Higher frequency current on the other hand may pass 
straight through the cells, spreading it out more homogeneously in the tissue. The cell 
membrane will also break down at voltage differences exceeding 150 mV. (Grimnes & 
Martinsen, 2008) 
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2.3.2 Bile and the biliary system 
Bile, or gall, is a greenish yellow fluid that aids the body in the digestion of fats (Figure 5 – A). 
It contains a lot of water with different organic and inorganic substances. This includes 
electrolytes like sodium (Na+), potassium (K+), calcium (Ca2+) and bicarbonate (HCO3

−).1 Bile 
also contains bile acids, cholesterol, phospholipids and bilirubin, all of which makes it slightly 
acidic with a ph of about 5 to 6. 

Bile exist in the body as a part of the biliary system, which consist of organs and 
ducts that produce, store, transport and release the bile into the digestive system. Bile is 
secreted by hepatocyte cells in the liver, and it’s collected by a series of ducts called bile 
canaliculus. These ducts merge into bile ductules which eventually forms the left and right 
hepatic ducts. Note that the bile ducts that are inside the liver are called intrahepatic and the 
ducts which are outside of the liver are called extrahepatic. The hepatic ducts merge into the 
common hepatic duct, which again merges with the cystic duct to form the common bile duct 
(Figure 5 – C, far right). The cystic duct is what connects the gallbladder to the biliary tree. 
The common bile duct is connected to the duodenum, thus making up the final part of the 
biliary tree. 

 
Figure 5 – The abdomen of a domestic pig showing leaked bile fluid (A) and the severed common bile 
duct (B). The CBD continues through the right side of circle C and splits off into the cystic and hepatic 
duct (not visible). The neck of the gall bladder is shown to the very left inside circle C. 
 
The common bile duct primarily consists of connective tissue with a high collagen count. 
Unlike artery walls it only contains a very small amount of smooth muscle cells which makes 
it quite passive and unable to control the flow of bile by itself. The flow of bile is instead 
controlled by the contractions of the smooth muscle cells in gallbladder and the sphincter of 
Oddi in the duodenum.2 

                                                 
1 (Esteller, 2008) 
2 (Duch, Andersen, & Gregersen, 2004) 
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About half of the bile that is produced by the liver is stored in the gallbladder before 
it’s sent through to the duodenum.3 The bile is concentrated within the gallbladder from about 
5 times to as high as 18 times its original density. This is largely due to the reabsorption of 
water, chloride and bicarbonate. The common bile duct therefore contains a much more 
concentrated bile fluid than the bile ducts from the liver. The amount of bile produced by an 
average adult human each day may range from 400 to 800 ml. (Bowen, 2001) The total bile 
acid pool at any one time may however only be about 3 grams, with most of that being stored 
in the gallbladder. (William Sircus, 2013) 

 
Figure 6 – Anatomy of the extrahepatic biliary tree. This figure is used with permission from Ewen 
Harrison at DataSurg.net. (DataSurg.net, 2013) 
 
Figure 6 shows the locations of various arteries, bile ducts and veins surrounding the 
extrahepatic biliary tree. The bile ducts include the common hepatic duct (CHD) and the 
common bile duct (CBD), with the cystic duct and gallbladder being shown in-between plane 
A and B. The arteries include the left and right hepatic arteries (LHA, RHA), the cystic artery 
(Cystic A), proper hepatic artery (PHA), gastroduodenal artery (GDA) and the common 
hepatic artery (CHA). An accessory right hepatic artery (aRHA) is present in 15% of patients. 
The portal vein (PV) splits off into the superior mesenteric and splenic vein (SMV/SV). 
(DataSurg.net, 2013) 
                                                 
3 ("Liver, Biliary, and Pancreatic Disorders," 2014) 
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2.3.2.1 The cystic duct 
The part of the biliary tree that connects the gallbladder to the common bile duct and 
common hepatic duct is called the cystic duct. The cystic duct is distinct from the other bile 
ducts in that it contains spiral shaped concentric folds within the duct. This is known as the 
spiral valves of Heister. Despite being called valves they are really mucosal folds from the 
mucosa of the cystic duct.4 The dimensions of the cystic duct may range from 2 to 5 mm in 
diameter, and 1 to 6 cm in length. The number of folds of the spiral valves may range from 2 
to 14. (Ooi, Luo, Chin, Johnson, & Bird, 2004) 

2.3.3 Blood components 
Whole blood has two main components: blood plasma and formed elements. Blood plasma 
is a clear watery liquid that takes up 55% of normal blood content. It contains about 91.5% 
water and 8.5% solutes. The solutes mainly consist of proteins (7%), but also electrolytes, 
nutrients, gases, regulatory substances (vitamins, enzymes and hormones) and waste 
products. Formed elements take up the remaining 45% of the whole blood content, and 
consist primarily of red blood cells (RBCs). The other components of the formed elements, 
white blood cells (WBCs) and platelets, take up less than 1% of the contents. (Tortora & 
Derrickson, 2011) 

2.3.4 Arteries 
Arteries are vessels in which blood is transported from the heart to the rest of the body. They 
connect the ventricles of the heart to capillaries inside all organs and all tissue. Because of 
high pressure inside the arteries the artery walls can be quite thick, the thickest being the 
aorta with a wall thickness of around 2-3 mm. The internal diameter of the aorta is usually 
around 1-3 cm. The smallest of arteries are called arterioles and might be as small as 25-100 
µm, with a wall thickness of around 20-30 µm. (Bronzino, 2000) 

Properties like thickness, diameter and biochemical properties strongly depend on the 
location of the artery in the body. In general, the further away the artery is from the heart, the 
smaller the artery is, though the wall thickness vs. artery diameter is larger. 

2.3.4.1 Artery wall components 
An artery wall consists of four main components. 

Smooth muscle cells (SMCs) is what makes arteries able to expand and contract. The 
amount of SMCs in the artery walls depends on their distance from the heart; smaller arteries 
are less able to change its geometry and elastic modulus. 

The scleroproteins elastin and collagen are both synthesized by the SMCs. The 
molecules bond to form respective networks of thin fibers in the artery walls. In general it 
could be said that elastin is what makes the arteries more elastic, while collagen is what 
gives them their strength. Note also that collagen fibers are much thinner than elastin fibers. 
The ratio of collagen vs. elastin also change with respect to the distance from the heart, 
making arteries closer to the heart more elastic than the more remote ones. 

Both the proteins and muscle cells are embedded in a sort of connective tissue called 
ground substance. This amorphous gel-like substance is made up by the non-fibrous 
components of the extracellular matrix. 
  

                                                 
4  (Stocksley, 2001) 
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2.3.4.2 Tunicae 
The artery wall can be divided into three layers of so called tunicae: Intima, Media and 
Adventitia. 

Tunica intima is the innermost and thinnest layer of the artery wall. It consists of a 
single layer of endothelial cells (ECs) resting on a thin membrane called basal lamina, which 
in turn is secreted by the ECs. The tunica intima also consists of a subendothelial layer of 
ground substance containing SMCs and protein fibers. 

Tunica media is the intermediate and thickest layer in the artery wall. In smaller 
muscular arteries this consist a thick homogeneous layer of SMCs, while in more elastic 
arteries this is instead a layer of lamellar units. Lamellar units are concentric rings of elastin 
surrounded by SMCs. Tunica media is sandwiched in between two thin layers of elastin, 
which separates the three layers of the artery wall from each other. These separating layers 
are called the internal and external elastic lamina, and count as the most inner and outer 
lamellar units respectively. 

Tunica adventitia is the outmost layer and mainly consists of ground substance. The 
nerves that control the SMCs of the inner layers are embedded in this layer, together with 
some elastin, collagen fibres and fibroblasts. These however do not make up a lot of this 
layer. (Tortora & Derrickson, 2011) 

2.4 Electrosurgery 
Electrosurgery, also sometimes referred to as diathermy, is a surgical technique which uses 
a high-frequency electric current to cut or coagulate tissue. An electrosurgery unit (ESU) 
provides the current via electrodes which interacts with the target tissue. When an electric 
current is sent through the tissue between the electrodes, the resistance of the tissue 
converts the electric energy into thermal energy (heat). This is known as Joule heating. 
(Britannica, 2013b) Electrosurgery is based on this very principle. 

Electrosurgery is distinct from electrocautery which is another way of cutting or 
coagulating tissue. Electrocautery uses a probe which itself is heated using electric current, 
much like a soldering iron. The heat is then transferred from the probe to the tissue (while 
adjacent) using heat conduction. 

2.4.1 Monopolar versus bipolar 
There are two main electrode configurations used for electrosurgery: Monopolar and bipolar.  

Monopolar surgery uses one large and one relatively small electrode. By using a 
setup like this, only the small electrode will have sufficient current density to heat up the 
surrounding tissue. This electrode is known as the active electrode, and it is the working tool 
for the surgeon. At the other larger electrode, located at a relative distance from where the 
active electrode is working, the current will be spread out so much across the electrode that it 
hardly produces any heat at all in the tissue. In other words, the large electrode has a very 
low current density relative to the small electrode. This is known as a dispersive electrode 
pad, or simply the return electrode. 

Bipolar surgery does not use a large dispersive electrode pad, but instead uses two 
small electrodes both attached to the surgical instrument. The instrument can for instance be 
a pair of scissors or graspers with each blade being an electrode. In this case the current 
density will be equally high for each electrode, and thus both electrodes can essentially be 
seen as an active electrode. There is also no current going through the patient’s body other 
than in the immediate proximity of the electrodes. 
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2.4.2 Cut and coagulation 
By altering the output current waveform of the ESU, you achieve different reactions in the 
target tissue. The two main output modes on a typical ESU is cut and coagulate. 
 When the device is set to cut, the output current will be a low-voltage, high-energy 
current set to a continuous fixed frequency. This causes a very rapid heating of both the 
intracellular and extracellular fluids in close proximity of the active electrode, making them 
boil almost instantaneously. As the intracellular fluid boils, the pressure within the cells rises 
causing them to explode. This process is known as vaporization.5 When the active electrode 
is moved through the target tissue, this process will in turn cause an incision directly in front 
of the electrode, essentially cutting the tissue. The electrode should (in theory) never be in 
direct contact with the tissue, making the instrument have very little mechanical resistance 
and thus feel very sharp. 
 When the ESU is set to coagulation, the output current will be a high-voltage, 
modulated frequency current. The high voltage makes it reach deeper into the tissue, 
resulting in an overall lower current density compared to that of cutting. The modulation 
technique have some resemblance to pulse-width modulation (PWM), in that the current is 
on and then off for a variable time period. The configuration can for instance be so that the 
current is on only 6% of the time.6 The long pauses in between the pulses allows the 
intracellular fluids to slightly cool, resulting in a dehydration rather than a vaporization. This 
dehydration process is ideal for sealing blood vessels, but it doesn’t feel as sharp while 
cutting tissue. 

If the surgeon feels that a pure cut mode is too sharp and without adequate control, it 
is possible to mix variable amounts of coagulation together with the cutting current. This 
mode is called “blend”. Keep in mind that there is always a degree of coagulation, even if the 
ESU is set to a pure cut mode. The coagulation that occurs might however not always be 
strong enough to completely seal the blood vessels. (Grimnes & Martinsen, 2010) 

2.4.3 Ligasure 
Ligasure (LigaSure™) is a bipolar electrosurgery technique used for sealing blood vessels. 
This makes use of a custom plier-like tool, with two electrodes located on the working end. 
This is a particularly interesting tool within the field of bioimpedance as it makes use of 
continuous impedance measurements in order to seal the blood vessels. While the blood 
vessel is held under constant pressure from the pliers, a high-current and low-voltage signal 
is applied by the ESU through the electrodes. As the protein in the tissue heats up, the 
electrolyte fluids are driven out of the tissue resulting in increased impedance. After a short 
while (typically 2-4 seconds) the collagen and elastin of the vessel walls will deform in such a 
way that they fuse together the walls on the opposite side. This is however no normal 
process of desiccation; It essentially creates a new and whole structure without completely 
destroying the tissue. This new seal is proven to withstand up to three times normal systolic 
pressure, and it’s efficient for blood vessels as large as 4-7 mm. (Grimnes & Martinsen, 2010)  

                                                 
5 (Wu, Ou, Chen, Yen, & Rowbotham, 2000) 
6 (Jon Ivar Einarsson & Jon Gould, 2013) 
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2.5 Laparoscopic surgery 
Laparoscopic surgery, also known as minimally invasive surgery or keyhole surgery, is a 
method of performing surgery in the abdomen with small incisions. This is distinct from 
laparotomy, or open surgery, which instead requires large incisions. 

The minimally invasive approach has some distinct advantages compared to those of 
laparotomy. Since no large incisions are required, there is less hemorrhage, and also less 
pain for the patient. The patient is at the same time less likely to have an infection. Recovery 
time is shortened post-operation which again leads to a shorter stay at the hospital. The 
small initial incisions also mean less visible scarring. 

All these advantages however come at a price. In traditional open surgery the surgeon 
can usually rely on direct visual feedback from the operating field. The surgeon can also use 
his hands and fingers to directly manipulate organs and tissue. This is not possible during a 
minimally invasive procedure. In laparoscopic surgery the surgeon is relying on video from a 
laparoscope (camera) projected onto a monitor for visual feedback. This gives bad depth 
perception and a limited view of the anatomy. The surgeon is also using tools that pivot at 
the location of the incision, making for an extra challenge. Regular tools also have less tactile 
feedback than your actual hands and fingers. 

2.6 Laparoscopic cholecystectomy 
Laparoscopic cholecystectomy (LC) is the minimally invasive surgical procedure for removing 
the gallbladder. Cholecystectomy is a very common surgical procedure with approximately 
750,000 patients undergoing the procedure during 2008 in the United States, 90% of which 
were done laparoscopically. It is known as a very safe procedure with an extremely low 
mortality rate (0.22-0.4%)7 8, and a 5% rate for major morbidity.9 Cholecystectomy has been 
one of the major reasons for early laparoscopic development, and the procedure itself has 
benefited immensely from it. 

2.6.1 Procedure 
After initial preparations of the patient, a small incision is made at the umbilicus for the initial 
entry into the abdominal cavity. An 11 mm blunt Hasson trocar is inserted in order to provide 
CO2 insufflation of the abdomen and an entrance for the laparoscope itself. After vision has 
been established, an incision is made below the xiphoid process and a 11 mm trocar is 
advanced through the abdominal wall into the abdominal cavity. The entry should be just to 
the right of the falciform ligament. The operating table is then placed at an angle so that the 
small bowel and colon fall away from the operative field. Following this a 5 mm grasper is 
inserted through the subxiphoid port. The gallbladder can now be manipulated in order to get 
a better overview of the bladder itself and the surrounding tissue. Based on this information, 
two more skin incisions are made for two 2.5 mm lateral trocars which go into the peritoneal 
cavity. Two 5 mm graspers with locking mechanisms are inserted into each of these ports. 
The graspers will aid in manipulating the gallbladder so that the cystic duct is straightened 
and put at a 90° angle relative to the common bile duct (CBD). It is very important that the 
cystic duct is not in line with the CBD, as this can cause inadvertent injury.10 Any adhesions 

                                                 
7 (Steiner, Bass, Talamini, Pitt, & Steinberg, 1994)  
8 (Csikesz, Ricciardi, Tseng, & Shah, 2008) 
9 (Giger et al., 2006) 
10 (Samira Y Khera, David A Kostyal, & Narayan Deshmukh, 1999) 
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that might be encountered are to be dissected using careful hook cautery or similar 
techniques. 
 Misidentification of the biliary structures is the most common cause of serious biliary 
injury. For this reason, visually identifying the cystic duct and the cystic artery are pivotal for 
success. In order to achieve this, the entire subhepatic area is to be carefully dissected and 
exposed so that only two structures are seen entering the gallbladder. This is known as the 
“critical view of safety”.11 The critical view must be obtained before dividing the cystic artery 
or duct.12 Once the critical view has been established, an endoscopic clip applier is used to 
apply clips to both the artery and duct. This is to prevent bile leakage and hemorrhage. The 
artery and duct are then transected in between the clips using endoshears. 
 The gallbladder can now be dissected from the liver bed. This can be done using 
regular hook electrocautery. Once the gallbladder is completely separated from its bed it can 
be removed from the abdominal cavity using an endocatch bag through the umbilical trocar. 
The laparoscope is then sent through the subxiphoid port. Lastly, a final inspection and 
washout are performed, and the trocars are removed. (Danny A Sherwinter et al., 2013) 

2.6.2 Bile duct injuries 
Complications of laparoscopic cholecystectomy are rare in general. Serious complications 
occurred in as many as 2.6% in a study involving 8856 patients.13 Bile duct injuries are one 
of the more common complications of LC (0.26% - 0.6%).14 15 The reason for bile duct injury 
is more often than not the result of the surgeon performing an incorrect action in good faith, 
e.g. wrongfully identifying the common bile duct as the cystic duct and thereafter dividing it. 
As such the operation may be completed without the surgeon knowing he or she made a 
mistake. This is known as an active type of injury. The surgeon can also make a passive 
injury, e.g. inadvertently damaging part of a bile duct by working on a nearby structure. 

2.6.2.1 Stewart-Way classification 
Bile duct injuries during LC can be classified using Stewart-Way classification of bile duct 
injury (Figure 7). This method divides the various injuries into 4 different classes. Class I 
injuries are an active type injury where the surgeon mistakes the common bile duct for the 
cystic duct, but notices his mistake before completely dividing the duct. Class II is a passive 
type injury where the common hepatic duct is damaged either by clips or by working too 
close to it using electrocautery. In Class III injuries the surgeon makes the same active 
mistake as in Class I injuries, but does not notice the mistake before completely dividing the 
CBD. This is the most common type of injury. Class IV can involve both active and passive 
injuries. The surgeon either mistakes the right hepatic duct for the cystic duct and divides it 
(active), or passively damages it during dissection. (Lygia Stewart, Lawrence W. Way, & 
Cynthia O. Dominguez, 2007) 
 

                                                 
11 (Steven M Strasberg & L Michael Brunt, 2010) 
12 (Strasberg, 2005) 
13 (Nezam H Afdhal & Charles M Vollmer, 2014) 
14 (Hobbs, Mai, Knuiman, Fletcher, & Ridout, 2006) 
15 (Thurley & Dhingsa, 2008) 
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Figure 7 – Stewart-Way classification of laparoscopic bile duct injuries. (Lygia Stewart et al., 2007) 
 
There are several reasons for why Class III type injuries occur so often relative to the other 
classes of injuries. First of all you have the general limitations of laparoscopic surgery 
(section 0). Other than that you have inexperience, faulty dissection techniques and failure of 
clips on the cystic duct as prominent sources of error. (Palanivelu, 2008) 

3 Method 
This section describes what experiments, tests and trials that took place in order to reach the 
goals of this thesis. 

3.1 Bioimpedance measurement experiment standard 
All experiments described in this section followed a set of standard routines for the 
bioimpedance measurements. The standard routines include some equipment, measurement 
settings for the impedance analyzer and some initiating procedures. Any deviations from the 
standard are noted in the experiment description. 

3.1.1 Standard equipment 
• Solartron 1260/1294 impedance analyzer 
• Computer with ZView/ZPlot software for Solartron 
• Black test box for impedance analyzer check 
• Banana cables with both insulated and non-insulated crocodile clips 

3.1.2 Standard initiating procedure and settings 
First the Solartron 1260/1294 is turned on, and the ZView/ZPlot software started on the 
connected computer. The impedance analyzer settings in ZPlot are now validated. For 
regular experiments it should be set to a logarithmic declining sweep from 1 MHz to 10 Hz, 
using the average of 10 sine-waves at each frequency with a fixed voltage. The voltage 
levels may vary depending on the experiment. Lastly the functionality of the Solartron and 
the connected cables is validated using the black impedance test box. 
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3.2 Preliminary testing 
Before the main pig experiments took place, a series of preliminary tests were performed in 
order to evaluate what electrodes and equipment would be the best suited for the trials. A set 
of blade electrodes were evaluated (section 3.2.1) and whether or not to use more of the 
standard electrosurgery equipment (section 3.2.2). 

3.2.1 Coated vs. non-coated electrodes 
Within electrosurgery, so called “non-stick” blade electrodes are often used instead of the 
plain stainless steel electrode. A layer of PTFE (polytetrafluoroethylene/Teflon) or silicon is 
added onto the steel covering almost the entire blade of the electrode except a small gap 
along the edge of the blade. This should in theory account for a lot of unwanted EPI due to 
the small surface area of the coated electrodes, but could also potentially provide better 
spatial precision. Since all electrodes were frequently used at Oslo University Hospital, a 
small test was setup in order to determine what effect the coating would have on the 
impedance measurement results. 

3.2.1.1 Procedure 
Two coated and one non-coated stainless steel blade electrode were tested and compared in 
a 0.9% saline solution. Insulating black plastic tape was wrapped around the blade of the 
electrodes, exposing only 0.6 cm of the lower part of the blade to the electrolyte solution. The 
electrodes were connected to the impedance analyzer in a monopolar configuration with the 
blade electrode acting as the active electrode, and a 9x9 cm aluminium, copper and brass 
plate as the neutral/dispersive electrodes. The plates were fastened using a crocodile clip 
exposing 8x9 cm of the plates to the saline solution. The blade electrodes were held in place 
using insulated crocodile clips at a set distance from the plate. (Figure 8) 

The standard initiating procedure (section 3.1.2) was performed at the beginning of 
the experiment. Two different voltage levels were tested for each of the blade electrodes: 50 
mV and 200 mV. 
 

 

Figure 8 – A blade electrode covered with 
insulating black tape around the edge of the 
blade is held down into a 0.9% saline electrolyte 
solution. The neutral electrode is held in place 
and at the same time connected to the 
impedance analyzer using crocodile clips. 
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3.2.1.2 Equipment 
Stainless steel electrosurgery blade electrodes: 
 

• Valleylab E1450G – Silicon Coated 
• Valleylab E1475X – Silicon Coated 
• Valleylab E1551X – Non-coated 

 
Other equipment: 
 

• Standard equipment (section 3.1.1) 
• Black plastic insulating tape, “electrical tape” 
• Container with a 0.9% saline solution 
• 9x9 cm aluminium, brass and copper plate electrodes 

3.2.2 Electrosurgery pen and wire 
Since the electrosurgery unit (ESU) is not necessarily within the immediate vicinity of the 
operating field, the electrosurgery pens are usually equipped with a fairly long wire 
connecting the electrode to the ESU. A standard Valleylab electrosurgery pen with an 
approximated 5 meter wire was connected to an E1551X blade electrode and tested with the 
same procedure as described in section 3.2.1.1. 

3.3 Blade electrode sensitivity field 
It is very useful to know the sensitivity field for any electrode used for bioimpedance 
measurements. It can however be very difficult to figure out exact numbers for this 
depending on the physical aspects and attributes of the electrode and the specific problem at 
hand. The most important fact for the sensitivity field in this particular monopolar 
configuration is to figure out how deep into the tissue the electrode is actually measuring. If 
the sensitivity field is too large it can result in an insufficient spatial precision. 

3.3.1 The cucumber model 
In order to get an estimation of the sensitivity field, a model using a cucumber in deionized 
water were proposed. The cucumber contains a lot of water (~95%) and electrolytes like 
potassium and sodium,16 making it highly conductive. Previous testing had also shown a 
tendency for a single clear dispersion within the target frequency range of the pig trials (100 
Hz – 1 MHz). 

Experiment A was first setup to find the characteristic impedance for the cucumber in 
a monopolar electrode setup. This should be getting the data on the cucumber in an isolated 
environment. After getting data on any dispersion, experiment B was setup using the 
cucumber model in deionized water in order to test the sensitivity field. The choice of the 
neutral and active electrode for both experiments was derived from the preliminary testing of 
the electrosurgery blade electrodes (section 3.2.1 and 4.1.1). 
  

                                                 
16 ("Full Report (All Nutrients):  11205, Cucumber, with peel, raw," 2014) 
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3.3.2 Experiment A – Initial cucumber measurements 
A stainless steel electrosurgery blade electrode was setup in a monopolar electrode 
configuration using an aluminium plate as the dispersive electrode. Figure 9 shows the main 
part of the initial cucumber experiment setup. The cucumber was laterally sliced half way 
through the center using the aluminium plate. This was done to get as large surface area as 
possible in contact with the electrode, and also for it to properly stay in place during the 
measurements. The active electrode was sliced vertically about 1 mm into the front of the 
cucumber, and held in place using insulated crocodile clamps. 6 mm of the lower exposed 
part of the blade electrode edge was in direct contact with the cucumber. 

3.3.2.1 Procedure 
Three bioimpedance measurements were performed consecutively on three different voltage 
levels: 50 mV, 200 mV and 500 mV. Measurements otherwise followed this thesis standard 
routines for bioimpedance measurements (section 3.1.2). 

3.3.3 Experiment B – Cucumber in deionized water 
Figure 10 shows the basic setup of this experiment. A cylindrical waterproof steel container 
with an electric insulating acrylic glass bottom were thoroughly cleaned and dried. The steel 
container was connected in a monopolar electrode setup as the dispersive electrode. A 6 cm 
piece of a cucumber divided at the center was fastened to the bottom using black plastic tape. 
The container was then filled with deionized water. The active electrode was fastened using 
crocodile clamps, which in turn were held in place by clamps and an aluminium rod for 
overhead support. 

3.3.3.1 Procedure 
A short ruler was held down into the water next to the active electrode blade, supporting itself 
on the cucumber. The vertical position of the active electrode was then adjusted so that the 
measuring distance was correct. Measurements were performed at the distances 1.5 cm, 1.0 
cm, 0.5 cm, 0.2 cm, 0.1 cm, 0.0 cm (blade edge adjacent to the cucumber) and -0.6 cm 
(blade edge inside the cucumber). Distances were measured as approximations from the flat 
edge of the cucumber to the very lower edge of the electrode blade. The ruler was removed 
from the deionized water bath while any measurements took place. All measurements were 
performed at 100 mV amplitude. The experiment followed the standard initiating procedures 
and setup for this thesis (section 3.1.2). 
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Figure 9 – Experiment A. Initial testing of the 
cucumber model using a non-coated 
electrosurgery electrode (E1551X) and an 
aluminium plate as the neutral electrode. 

Figure 10 – Experiment B. The cucumber in 
deionized water model. The same electrode and 
setup as in the initial testing. 

3.3.4 Equipment for cucumber experiments 
The following items were used for both experiments A and B: 
 

• Standard equipment (section 3.1.1) 
• Plastic insulating tape 
• Valleylab E1551X blade electrode – Non-coated 
• Fresh cucumber (Cucumis sativus) bought at a local grocery store 
• Clamps, fasteners, various supporting equipment 

 
Additional items used in experiment A: 
 

• 9x9 cm aluminium plate 
 
Additional items used in experiment B: 
 

• Cylindrical steel container fastened to a square piece of acrylic glass 
• 30 cm metallic ruler 
• Aluminium rod and clamps, div. equipment for structural support 

3.4 Pig experiments 
A total of 9 surgeries/experiments were conducted on male and female Norwegian domestic 
pigs (sus scrofa domesticus) between the 7th of March and the 6th of June 2013. The 
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experiments consisted of 5 male and 4 female pigs between 24.5 kg and 30 kg (Table 1). 
The surgeries were performed at the Institute for Surgical Research at Oslo University 
Hospital. Bioimpedance measurements were performed at predefined anatomic locations 
during the operations. A minimum of 5 unique measurements were recorded on each 
individual location for each surgery. The 9th surgery was cut somewhat short due to time 
restrictions, but the main measurements were recorded nonetheless. 
 

OP # Date Sex Weight (kg) 
1 07.03.2013 male 26.5 
2 14.03.2013 female 27.5 
3 04.04.2013 female 28 
4 11.04.2013 male 24.5 
5 18.04.2013 male 29 
6 02.05.2013 male 29 
7 02.05.2013 female 30 
8 06.06.2013 male 26.5 
9 06.06.2013 female 27.5 

 

Table 1 – Sex and weight for each individual 
pig across all surgeries. 

3.4.1 Equipment 
The following equipment was used as a main part of the bioimpedance measurements. 
Please keep in mind that this list of equipment does not include the general operating theater 
equipment otherwise used during the operation. 
 

• Standard equipment (section 3.1.1) 
• Valleylab E1551X – Non-coated stainless steel electrosurgery blade electrode 
• 3M™ 9130 Universal Electrosurgical Pad 
• Custom made dispersive electrode pad to banana connector adapter 
• Custom made USB foot pedal with electronics 
• Plastic insulating tape 

3.4.2 Measurement locations 
A set of anatomic locations were decided upon prior to the experiment launch. The locations 
can be divided into primary and reference measurement locations: 
 

• Primary - Proper hepatic artery (PHA, Figure 6 – Plane B) 
• Primary - Common bile duct  (CBD, Figure 6 – Plane B) 
• Reference - Body of Gallbladder 
• Reference - Anterior portion of the right lateral lobe of the liver 
• Reference - Hepatic lymph node* 

 
*Not recorded on the 9th surgery 
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During operations 4-8 two additional reference points were recorded in addition to the ones 
mentioned above: 
 

• Reference - Medial anterior portion of the spleen 
• Reference - Splenic artery 

3.4.3 Procedure 
First the pig is sedated and initially prepared. During preparation the monopolar dispersive 
electrosurgery electrode is placed by the surgical nurse in a standard location according to 
hospital guidelines. The location is usually at the femoral, and generally towards the posterior 
dorsal portion of the pig. In order to get the best grip and surface area for the electrode the 
location is shaven using an electric razor before the electrode is placed. The standard 
initiating procedure is performed as described in section 3.1.2 during the preparation of the 
surgery. 

3.4.3.1 Initiating surgery 
A large incision is made to the medial, superior part of the abdomen using regular 
electrosurgery. Due to the experiments running in parallel this incision was large enough to 
expose most of the small intestine, but this would not be necessary for this experiment alone. 
The liver and gallbladder can now be clearly identified, and the extrahepatic bile ducts and 
arteries exposed. See Figure 6 (section 0), mainly the structures in between transverse plane 
A and B. Any connective tissue surrounding the common bile duct and proper hepatic artery 
are carefully dissected in order to expose the vessel walls directly for the blade electrode. All 
identified locations were confirmed by the surgeon at the beginning of the experiment before 
any of the measurements were initiated. 

3.4.3.2 Measurement cycle 
Measurements were performed with reference to the surgery protocol (Appendix C). Another 
experiment running in parallel required a series of measurements on the small intestine 
every 15 minutes. As such, measurements for this thesis were to be performed for 
approximately 5-7 minutes every 15 minutes. A measurement cycle consists of the following 
steps: 
 

1. Connect the blade electrode cable and the dispersive electrosurgery pad to the 
impedance analyzer. 

2. Open the abdomen and locate the current anatomic measurement location. 
3. Perform measurements. 
4. Close the abdominal cavity if there is any time to spare in-between measurements. 
5. Disconnect blade electrode cable and dispersive electrosurgery pad from the 

impedance analyzer. 
 
The measurement itself was performed by holding the flat edge of the blade electrode onto 
the target tissue, covering at least 60% of the 0.6 cm stripped edge of the electrode. 
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3.4.3.3 End of experiment 
After the pig has been euthanized the Solartron is shut down and all equipment disconnected. 
The blade electrode, cables, crocodile clips and any other item that has been in contact with 
the pig is carefully washed using alcohol and soap, and then dried. 

3.4.4 Statistics and data analysis 
Basic statistics and data analysis has been applied to the various data generated by the pig 
surgeries. The data sets for the common bile duct and proper hepatic artery have been 
analyzed using the following methods: 
 

• Arithmetic mean test 
• Normality test by frequency distribution 
• Student’s t-Test (unpaired) 
• Wilcoxon Signed-Rank Test (aka. Mann-Whitney U test) for normal distribution and 

any distribution 
 
All statistical analysis has been performed using Microsoft Excel 2010 v14.0.7106.5003 (32-
bit), included as a part of Microsoft Office Professional Plus 2010. Some simple VBA scripts 
have been utilized to simplify some of the visual statistics generation. 

4 Results 
This section shows the measurement results from the experiments and trials performed in 
order to reach the goals of this thesis. The results are shown in the same order as the 
experiments are presented in section 3. 

4.1 Preliminary testing 

4.1.1 Coated vs. non-coated 
The three different neutral electrodes with brass, copper and aluminium did not show any 
significant differences between them while using the E1551X electrode, so only the 
aluminium plate was used to test the remaining electrodes E1450G and E1475X. Figure 11 
shows the impedance measurement results of all three blade electrodes at 200 mV 
amplitude. Since all electrodes showed the same basic trends at both 50 mV and 200 mV, 
only the 200 mV results are included. 

The E1450G electrode starts off at around 100 Ω on the highest frequency (1 MHz) 
and moves upwards linearly towards the lower frequencies, ending at around 40 kΩ (10 Hz). 
In other words, the EPI is so large it completely takes over the resulting impedance, and is 
therefore not very suitable in this monopolar electrode configuration. The E1551X stays at 
around 40 Ω for almost the entire frequency spectrum until the EPI takes over at around 200 
Hz. The EPI for E1475X is not as obvious, but is still somewhat present along parts of the 
frequency spectrum. The E1475X also have a larger overall resistance than the plain 
E1551X. From these results the E1551X non-coated blade electrode were chosen as the 
most optimal choice in terms of low EPI and other influences. 
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Figure 11 - Impedance vs. 
frequency at 200 mV 
amplitude for two coated 
(red, blue) and one non-
coated (black) blade 
electrode. 

 

 

 
Figure 12 – Phase vs. 
frequency at 200 mV 
amplitude for two coated 
(red, blue) and one non-
coated (black) blade 
electrode. See Figure 11 
for details. 

4.1.2 Electrosurgery pen and wire 
The phase plot at Figure 14 tells us that there is significant noise from around 100 kHz and 
upwards as a result of the inductive coupling in between the wires. The impedance at Figure 
13 clearly reflects the changes shown in the phase plot. From these results it was concluded 
that the electrode pen and wire should not be used as a part of the further trials. 

 

 
Figure 13 – Impedance 
vs. frequency for 
electrode with pen (red) 
and without (black). 
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Figure 14 – Phase vs. 
frequency for electrode 
with pen (red) and 
without (black). 

4.2 Blade electrode sensitivity field 

4.2.1 Experiment A – Initial cucumber model measurements 
Figure 15 and Figure 16 represent the measurement of the first cucumber model at 50 mV. A 
clear dispersion can be seen with a peak in the phase at around 50 kHz. Repeated 
measurements on different voltage levels, 200 mV and 600 mV, showed no significant 
change in the measurement results. 

 

 
Figure 15 – Impedance 
vs. frequency for 
E1551X non-coated 
blade electrode on a 
cucumber. 

 

 

 
Figure 16 – Phase vs. 
frequency for E1551X 
non-coated blade 
electrode on a 
cucumber. 

4.2.2 Experiment B – Cucumber model in deionized water 
Figure 17 and Figure 18 represent the measurement results from the cucumber model in 
experiment B. At the distances 1.5 cm through 0.2 cm no significant cucumber dispersion 
can be seen at 50 kHz. At a distance of 0.1 cm a small dispersion can be seen. At 0.0 cm 
(adjacent) and -0.6 cm (inside the cucumber) a large dispersion can clearly be identified at 
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50 kHz corresponding with the result from Experiment A. In other words, the blade electrode 
shows no significant contribution from the characteristic impedance of the cucumber at 
distances 0.2 cm and greater. It does however show tendencies for the 50 kHz dispersion of 
the cucumber at 0.1 cm and closer. 

 
Figure 17 – Impedance vs. frequency for a blade electrode in a bath of deionized water using the 
cucumber model at various distances. 

 
Figure 18 – Phase vs. frequency for a blade electrode in a bath of deionized water using the cucumber 
model at various distances. 

4.3 Pig experiments 
Appendix D contains impedance vs. frequency and phase vs. frequency graphs for all 
common bile duct (CBD) and proper hepatic artery (PHA) measurements across all pig 
surgeries. These graphs also plot the mean impedance and mean phase based on the same 
measurements. 

4.3.1 Arithmetic mean analysis 
Table 2 and Table 3 are True/False tables generated based on the mean data of all CBD and 
PHA measurements. Each column in the table represents an operation (OP1-OP9), and 
each row represents a specific frequency. The TRUE/FALSE statements are based upon 
whether or not the hypothesis for the table is true or false for that particular operation on that 
particular frequency. 
 Combined, the tables show the most true hypotheses (14) between the frequencies 
316 kHz and 631 kHz, and the least amount (9) on the very lowest frequency (100 Hz). 
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Hypothesis for Table 2: �̅�𝐶𝐵𝐷 > �̅�𝑃𝐻𝐴 

Frequency OP1 OP2 OP3 OP4 OP5 OP6 OP7 OP8 OP9 
1.00E+06 TRUE TRUE TRUE FALSE TRUE TRUE TRUE FALSE FALSE 
7.94E+05 TRUE TRUE FALSE TRUE TRUE TRUE TRUE FALSE FALSE 
6.31E+05 TRUE TRUE TRUE FALSE TRUE TRUE TRUE FALSE FALSE 
5.01E+05 TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE FALSE 
3.98E+05 TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE FALSE 
3.16E+05 TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE FALSE 
2.51E+05 TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE FALSE 
2.00E+05 TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE FALSE 
1.58E+05 TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE FALSE 
1.26E+05 TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE FALSE 
1.00E+05 TRUE TRUE TRUE FALSE TRUE TRUE TRUE FALSE FALSE 
7.94E+04 TRUE TRUE TRUE FALSE TRUE TRUE TRUE FALSE FALSE 
6.31E+04 TRUE TRUE TRUE FALSE TRUE TRUE TRUE FALSE FALSE 
5.01E+04 TRUE TRUE TRUE FALSE TRUE TRUE TRUE FALSE FALSE 
3.98E+04 TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE FALSE 
3.16E+04 TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE FALSE 
2.51E+04 TRUE TRUE TRUE FALSE TRUE TRUE TRUE FALSE FALSE 
2.00E+04 TRUE TRUE TRUE FALSE TRUE TRUE TRUE FALSE FALSE 
1.58E+04 TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE FALSE 
1.26E+04 TRUE TRUE TRUE FALSE TRUE TRUE TRUE FALSE FALSE 
1.00E+04 TRUE TRUE TRUE FALSE TRUE TRUE TRUE FALSE FALSE 
7.94E+03 TRUE TRUE TRUE FALSE TRUE TRUE TRUE FALSE FALSE 
6.31E+03 TRUE TRUE TRUE FALSE TRUE TRUE TRUE FALSE FALSE 
5.01E+03 TRUE TRUE TRUE FALSE TRUE TRUE TRUE FALSE FALSE 
3.98E+03 TRUE TRUE TRUE FALSE TRUE TRUE TRUE FALSE FALSE 
3.16E+03 TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE 
2.51E+03 TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE 
2.00E+03 TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE 
1.58E+03 TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE 
1.26E+03 TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE 
1.00E+03 TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE 
7.94E+02 TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE 
6.31E+02 TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE 
5.01E+02 TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE 
3.98E+02 TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE 
3.16E+02 TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE 
2.51E+02 TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE 
2.00E+02 TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE 
1.58E+02 TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE 
1.26E+02 TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE 
1.00E+02 TRUE TRUE TRUE TRUE FALSE FALSE TRUE TRUE FALSE 

 
Table 2 – True/False table f or arithmetic impedance mean across all CBD and PHA measurements 
for all operations. 
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Hypothesis for Table 3: �̅�𝐶𝐵𝐷 < �̅�𝑃𝐻𝐴 

Frequency OP1 OP2 OP3 OP4 OP5 OP6 OP7 OP8 OP9 
1.00E+06 TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE FALSE 
7.94E+05 TRUE TRUE FALSE TRUE TRUE TRUE TRUE FALSE FALSE 
6.31E+05 TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE FALSE 
5.01E+05 TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE FALSE 
3.98E+05 TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE FALSE 
3.16E+05 TRUE TRUE TRUE TRUE TRUE TRUE TRUE FALSE FALSE 
2.51E+05 TRUE FALSE TRUE TRUE TRUE TRUE FALSE FALSE FALSE 
2.00E+05 TRUE FALSE TRUE TRUE TRUE TRUE FALSE FALSE FALSE 
1.58E+05 TRUE FALSE TRUE TRUE TRUE FALSE FALSE TRUE FALSE 
1.26E+05 TRUE FALSE TRUE TRUE TRUE FALSE FALSE TRUE FALSE 
1.00E+05 TRUE FALSE TRUE TRUE TRUE FALSE FALSE TRUE FALSE 
7.94E+04 TRUE FALSE TRUE FALSE TRUE FALSE FALSE TRUE FALSE 
6.31E+04 TRUE FALSE TRUE TRUE TRUE FALSE FALSE TRUE FALSE 
5.01E+04 TRUE FALSE TRUE TRUE FALSE FALSE FALSE TRUE FALSE 
3.98E+04 TRUE FALSE TRUE TRUE FALSE FALSE FALSE TRUE FALSE 
3.16E+04 TRUE FALSE TRUE TRUE FALSE FALSE FALSE TRUE FALSE 
2.51E+04 TRUE FALSE TRUE TRUE TRUE FALSE FALSE TRUE FALSE 
2.00E+04 TRUE FALSE TRUE TRUE FALSE FALSE FALSE TRUE FALSE 
1.58E+04 TRUE FALSE TRUE TRUE FALSE FALSE FALSE TRUE FALSE 
1.26E+04 TRUE FALSE TRUE TRUE FALSE FALSE FALSE TRUE FALSE 
1.00E+04 TRUE FALSE TRUE TRUE FALSE FALSE FALSE TRUE FALSE 
7.94E+03 TRUE FALSE TRUE TRUE FALSE FALSE FALSE TRUE FALSE 
6.31E+03 TRUE FALSE TRUE TRUE FALSE FALSE FALSE TRUE FALSE 
5.01E+03 TRUE FALSE TRUE TRUE FALSE FALSE FALSE TRUE FALSE 
3.98E+03 TRUE FALSE TRUE TRUE FALSE FALSE FALSE TRUE FALSE 
3.16E+03 TRUE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE 
2.51E+03 TRUE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE 
2.00E+03 TRUE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE 
1.58E+03 TRUE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE 
1.26E+03 TRUE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE 
1.00E+03 TRUE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE 
7.94E+02 TRUE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE 
6.31E+02 TRUE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE 
5.01E+02 TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE 
3.98E+02 TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE 
3.16E+02 TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE 
2.51E+02 TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE 
2.00E+02 TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE 
1.58E+02 TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE 
1.26E+02 TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE 
1.00E+02 TRUE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE 

 
Table 3 – True/False table f or arithmetic phase mean across all CBD and PHA measurements for all 
operations. 
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4.3.2 Frequency distribution 

 

 

 
 
 
Figure 19 – Frequency distribution of standard 
deviations for all CBD and PHA impedance 
measurement results combined. 
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Figure 19 shows the frequency distribution of standard deviations for the combined value of 
all impedance measurements on the CBD and PHA. Appendix E contains the graphs for the 
frequency distribution of the impedance standard deviation values separately for CBD and 
PHA measurements. 

4.3.2.1 Normal distribution 
The graph that most closely represents a bell shaped normal distribution is OP2. The other 
frequency distributions do not seem to be normally distributed across all frequencies. 

Keep in mind that this is indeed a representation across all frequencies. There were 
not enough data to check for any normal distribution across each individual frequency for 
each of the measurement series (CBD and PHA). Distributions for different frequency 
windows were also plotted and checked for normality. The windows 100 Hz – 1 kHz, 1 kHz – 
10 kHz, 10 kHz – 100 kHz and 100 kHz – 1 MHz all showed the same tendency as the 
combined result for all frequencies. 

4.3.3 Statistics assuming normal distribution 
Too few measurements were recorded in order to determine whether or not the 
measurement results for each individual frequency are normally distributed. An unpaired t-
test and a Wilcoxon signed-rank test were still performed on the CBD vs. PHA measurement 
data in the case this data are shown to be normally distributed at a later time. 

4.3.3.1 Student’s t-Test (unpaired) 
Assuming a normal distribution across each individual frequency, an unpaired t-test was 
applied to each series of CBD vs. PHA measurements. Table 4 and Table 5 shows the 
probabilities from the results of this test for impedance and phase measurement data 
respectively. The t-test used a two-tailed model with unequal variance for each data series.  

Both tables use a gradient color scheme between red and green to color the result 
based on the probability score. As such one can easily identify visually where the scores are 
the lowest and highest. The frequency with the lowest overall probability score is at 1.26 kHz 
for the impedance data and 794 kHz for the phase data. 
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Frequency OP1 OP2 OP3 OP4 OP5 OP6 OP7 OP8 OP9 
1.00E+06 15.14 % 0.24 % 3.33 % 45.74 % 6.69 % 79.05 % 0.48 % 8.00 % 29.93 % 
7.94E+05 44.15 % 0.19 % 5.61 % 46.88 % 8.73 % 70.70 % 0.20 % 10.60 % 29.14 % 
6.31E+05 9.45 % 0.01 % 48.97 % 84.39 % 2.59 % 66.24 % 0.18 % 8.67 % 34.17 % 
5.01E+05 6.14 % 0.10 % 25.23 % 86.50 % 11.45 % 57.51 % 0.08 % 9.86 % 31.77 % 
3.98E+05 7.54 % 0.05 % 48.63 % 16.12 % 2.72 % 38.11 % 0.05 % 9.08 % 28.18 % 
3.16E+05 8.14 % 1.61 % 18.33 % 46.51 % 1.54 % 44.01 % 0.04 % 8.77 % 28.26 % 
2.51E+05 12.58 % 0.21 % 15.71 % 28.26 % 1.25 % 45.31 % 0.07 % 8.96 % 27.67 % 
2.00E+05 14.21 % 0.11 % 14.45 % 76.09 % 1.30 % 45.08 % 0.04 % 7.03 % 36.50 % 
1.58E+05 14.41 % 0.17 % 18.99 % 63.68 % 8.32 % 50.08 % 0.02 % 6.78 % 39.00 % 
1.26E+05 21.98 % 0.05 % 20.76 % 90.09 % 1.40 % 38.03 % 0.01 % 10.54 % 40.43 % 
1.00E+05 25.34 % 4.19 % 15.21 % 77.01 % 1.63 % 37.69 % 0.01 % 8.80 % 35.77 % 
7.94E+04 16.71 % 0.10 % 14.42 % 81.18 % 10.76 % 38.08 % 0.01 % 8.71 % 24.71 % 
6.31E+04 19.53 % 0.03 % 10.88 % 44.26 % 7.52 % 19.32 % 0.02 % 17.93 % 35.54 % 
5.01E+04 43.11 % 0.48 % 15.98 % 61.21 % 1.84 % 13.84 % 0.03 % 21.82 % 34.81 % 
3.98E+04 51.15 % 1.14 % 10.19 % 93.90 % 1.66 % 17.17 % 0.00 % 26.63 % 32.60 % 
3.16E+04 66.99 % 0.58 % 11.29 % 94.88 % 1.78 % 21.95 % 0.00 % 29.97 % 25.16 % 
2.51E+04 41.69 % 0.18 % 13.50 % 66.96 % 11.76 % 24.17 % 0.00 % 38.10 % 23.55 % 
2.00E+04 56.50 % 0.11 % 14.66 % 59.96 % 2.55 % 25.75 % 0.00 % 35.67 % 29.24 % 
1.58E+04 40.12 % 0.31 % 7.42 % 79.80 % 2.64 % 35.26 % 0.00 % 30.85 % 26.78 % 
1.26E+04 21.34 % 0.09 % 5.61 % 54.20 % 3.48 % 29.88 % 0.00 % 32.52 % 24.51 % 
1.00E+04 29.76 % 1.04 % 6.00 % 85.49 % 6.50 % 31.65 % 0.00 % 44.73 % 22.82 % 
7.94E+03 26.69 % 0.30 % 2.86 % 95.24 % 11.26 % 32.27 % 0.01 % 46.28 % 24.29 % 
6.31E+03 11.77 % 0.22 % 2.19 % 91.86 % 4.59 % 30.64 % 0.01 % 42.64 % 22.28 % 
5.01E+03 3.33 % 0.31 % 7.31 % 75.81 % 6.02 % 30.85 % 0.01 % 67.16 % 21.46 % 
3.98E+03 2.40 % 0.89 % 3.77 % 63.79 % 9.45 % 30.89 % 0.03 % 84.76 % 22.37 % 
3.16E+03 2.37 % 1.43 % 1.03 % 95.49 % 25.16 % 25.45 % 0.06 % 90.79 % 21.50 % 
2.51E+03 0.46 % 1.79 % 1.54 % 50.03 % 18.34 % 22.56 % 0.08 % 50.95 % 20.93 % 
2.00E+03 0.24 % 0.07 % 1.93 % 45.71 % 13.40 % 20.76 % 0.06 % 43.41 % 20.64 % 
1.58E+03 0.42 % 0.23 % 1.81 % 30.30 % 13.50 % 18.33 % 0.09 % 46.40 % 21.01 % 
1.26E+03 0.07 % 0.06 % 3.81 % 31.51 % 13.79 % 15.86 % 0.13 % 31.67 % 21.81 % 
1.00E+03 0.04 % 1.62 % 5.12 % 9.17 % 16.59 % 12.89 % 0.25 % 17.43 % 22.09 % 
7.94E+02 0.03 % 0.80 % 15.24 % 24.45 % 3.29 % 11.02 % 0.42 % 36.46 % 21.93 % 
6.31E+02 0.04 % 2.47 % 21.75 % 5.65 % 5.54 % 11.95 % 0.53 % 45.88 % 21.92 % 
5.01E+02 0.04 % 3.63 % 24.19 % 11.11 % 5.67 % 11.36 % 0.78 % 31.88 % 22.40 % 
3.98E+02 0.04 % 17.47 % 31.24 % 9.13 % 13.42 % 12.71 % 1.66 % 42.69 % 23.01 % 
3.16E+02 0.05 % 15.82 % 38.80 % 22.70 % 6.85 % 16.12 % 3.36 % 59.30 % 24.12 % 
2.51E+02 0.05 % 28.39 % 45.55 % 40.56 % 36.96 % 25.95 % 4.60 % 69.32 % 25.45 % 
2.00E+02 0.07 % 27.07 % 43.35 % 9.72 % 24.79 % 7.21 % 7.73 % 57.50 % 27.12 % 
1.58E+02 0.06 % 39.46 % 50.47 % 29.64 % 49.99 % 52.46 % 9.84 % 62.87 % 28.93 % 
1.26E+02 0.06 % 47.70 % 53.38 % 42.45 % 38.39 % 61.58 % 13.02 % 86.61 % 30.73 % 
1.00E+02 0.06 % 45.56 % 49.23 % 14.69 % 73.42 % 31.65 % 14.93 % 85.01 % 31.72 % 

 
Table 4 – Unpaired t-test on all CBD vs. PHA impedance measurements for each frequency. 
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Frequency OP1 OP2 OP3 OP4 OP5 OP6 OP7 OP8 OP9 
1.00E+06 2.43 % 0.00 % 23.94 % 0.06 % 3.95 % 25.64 % 0.19 % 5.34 % 12.98 % 
7.94E+05 0.17 % 0.00 % 0.01 % 0.02 % 3.84 % 19.34 % 0.03 % 4.58 % 13.91 % 
6.31E+05 0.26 % 0.01 % 0.00 % 0.46 % 3.09 % 21.92 % 0.05 % 4.39 % 11.57 % 
5.01E+05 0.55 % 0.04 % 0.46 % 0.63 % 5.98 % 20.86 % 1.24 % 3.65 % 9.96 % 
3.98E+05 0.84 % 1.86 % 2.60 % 0.55 % 8.85 % 21.92 % 15.36 % 5.09 % 9.53 % 
3.16E+05 0.66 % 44.10 % 3.28 % 1.86 % 16.67 % 26.76 % 46.53 % 5.93 % 8.80 % 
2.51E+05 0.70 % 12.81 % 5.36 % 5.70 % 26.26 % 33.35 % 32.70 % 9.27 % 13.28 % 
2.00E+05 0.81 % 3.66 % 7.94 % 14.12 % 39.08 % 36.59 % 18.93 % 20.83 % 13.35 % 
1.58E+05 0.99 % 0.90 % 7.03 % 34.40 % 31.96 % 43.29 % 11.21 % 10.22 % 14.79 % 
1.26E+05 0.80 % 0.29 % 6.48 % 38.80 % 33.40 % 48.47 % 12.20 % 4.14 % 14.57 % 
1.00E+05 0.12 % 0.83 % 10.50 % 37.23 % 23.07 % 49.66 % 11.90 % 1.36 % 17.50 % 
7.94E+04 0.14 % 0.31 % 14.45 % 48.06 % 16.38 % 33.54 % 7.71 % 0.66 % 16.75 % 
6.31E+04 0.20 % 0.22 % 12.15 % 38.83 % 23.45 % 12.47 % 5.83 % 0.72 % 15.28 % 
5.01E+04 0.07 % 0.17 % 7.71 % 44.49 % 45.19 % 25.84 % 6.02 % 0.56 % 13.52 % 
3.98E+04 0.06 % 0.14 % 9.87 % 26.57 % 43.82 % 17.43 % 3.35 % 0.48 % 12.95 % 
3.16E+04 0.07 % 0.29 % 9.86 % 30.10 % 38.36 % 25.40 % 1.60 % 0.54 % 13.36 % 
2.51E+04 0.16 % 0.12 % 11.45 % 18.54 % 35.21 % 8.99 % 0.56 % 0.43 % 14.17 % 
2.00E+04 0.10 % 0.10 % 13.25 % 11.35 % 28.75 % 10.63 % 0.44 % 0.28 % 14.04 % 
1.58E+04 0.13 % 0.07 % 21.48 % 30.13 % 11.07 % 22.59 % 0.36 % 0.23 % 13.19 % 
1.26E+04 0.28 % 0.09 % 22.94 % 5.23 % 8.42 % 23.58 % 0.35 % 0.40 % 13.84 % 
1.00E+04 0.35 % 0.52 % 25.32 % 10.09 % 20.33 % 27.56 % 0.57 % 0.20 % 14.31 % 
7.94E+03 0.19 % 0.58 % 30.34 % 14.43 % 30.64 % 29.38 % 0.52 % 0.20 % 13.18 % 
6.31E+03 0.24 % 0.36 % 35.03 % 16.06 % 4.83 % 31.33 % 0.49 % 0.17 % 14.13 % 
5.01E+03 0.45 % 1.74 % 36.76 % 8.60 % 8.20 % 32.83 % 0.27 % 0.17 % 14.88 % 
3.98E+03 0.63 % 2.80 % 42.63 % 6.48 % 10.14 % 33.43 % 0.17 % 0.29 % 14.68 % 
3.16E+03 0.80 % 2.75 % 48.48 % 10.22 % 36.02 % 28.64 % 0.16 % 0.50 % 14.27 % 
2.51E+03 0.91 % 2.44 % 42.51 % 32.84 % 23.71 % 25.14 % 0.20 % 1.72 % 14.32 % 
2.00E+03 1.33 % 4.85 % 39.98 % 22.04 % 16.86 % 22.98 % 0.05 % 3.92 % 14.64 % 
1.58E+03 1.34 % 4.84 % 33.55 % 29.00 % 20.88 % 18.57 % 0.03 % 6.30 % 15.59 % 
1.26E+03 1.87 % 1.22 % 28.48 % 26.50 % 23.96 % 16.11 % 0.05 % 18.90 % 16.20 % 
1.00E+03 6.19 % 2.35 % 23.80 % 42.69 % 23.99 % 12.23 % 0.04 % 39.08 % 19.15 % 
7.94E+02 8.55 % 3.46 % 24.02 % 30.93 % 7.19 % 8.65 % 0.02 % 46.70 % 27.68 % 
6.31E+02 7.15 % 2.72 % 22.03 % 45.59 % 6.47 % 7.55 % 0.01 % 41.96 % 48.91 % 
5.01E+02 7.11 % 0.82 % 17.83 % 48.35 % 9.89 % 7.56 % 0.06 % 29.98 % 24.00 % 
3.98E+02 10.37 % 1.54 % 15.70 % 43.99 % 11.51 % 7.30 % 0.06 % 27.30 % 5.01 % 
3.16E+02 16.73 % 0.66 % 16.12 % 48.88 % 5.07 % 7.63 % 0.01 % 25.17 % 0.69 % 
2.51E+02 22.07 % 0.58 % 16.44 % 48.82 % 10.17 % 6.32 % 0.03 % 26.65 % 0.35 % 
2.00E+02 18.27 % 0.13 % 14.30 % 33.33 % 11.54 % 31.63 % 0.01 % 23.39 % 0.51 % 
1.58E+02 20.66 % 0.03 % 16.11 % 37.28 % 10.62 % 12.59 % 0.02 % 28.41 % 0.21 % 
1.26E+02 26.01 % 0.02 % 17.56 % 40.32 % 7.15 % 10.04 % 0.02 % 33.93 % 0.12 % 
1.00E+02 40.77 % 0.46 % 21.22 % 35.08 % 22.06 % 9.83 % 0.02 % 29.05 % 0.25 % 

 
Table 5 – Unpaired t-test on all CBD vs. PHA phase measurements for each frequency. 
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4.3.3.2 Wilcoxon signed-rank test 
Appendix F shows the True/False tables for the result of the Wilcoxon signed-rank test. This 
test was performed on the impedance and phase of the CBD vs. PHA measurement data. It 
was tested with a two-tailed test and an 𝛼 = 0.05,𝑍 = 1.96. A result of TRUE means that the 
𝐻0 hypothesis has been rejected, or in other words that there is a difference between the two 
data sets. Note that this is a paired test, and as such some of the datasets has been ruled 
out of the test. 
 The frequency with the largest amount of 𝐻0 rejects is again at the higher frequencies 
(794 kHz), corresponding with the results from the unpaired t-test. 

4.3.4 Mann-Whitney U test (any distribution) 
Table 6 and Table 7 shows the True/False tables for the result of the Mann-Whitney U test 
for any distribution. This test was performed on the CBD vs. PHA impedance and phase 
measurement data. The test used a critical value 𝛼 = 0.05. A value of TRUE represents a 
rejected 𝐻0 hypothesis, which means that there is a statistical difference between the two 
measurement groups. Note that this test simply checks if there a significant difference 
between the data series. It does not evaluate any additional hypothesis regarding the goals 
of this thesis. 
 The frequency with the most amount of rejected 𝐻0 across both phase and 
impedance is at 631 kHz. The impedance data shows an overall higher amount of rejects at 
the lower frequencies (1.58 kHz – 5 kHz), while the phase seem to work better at the higher 
frequencies.  This again corresponds on average to the overall results from the previous 
unpaired t-test. 
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Frequency OP1 OP2 OP3 OP4 OP5 OP6 OP7 OP8 OP9 
1.00E+06 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
7.94E+05 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
6.31E+05 FALSE TRUE FALSE FALSE TRUE FALSE TRUE FALSE TRUE 
5.01E+05 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
3.98E+05 TRUE TRUE FALSE FALSE TRUE FALSE TRUE FALSE TRUE 
3.16E+05 FALSE TRUE FALSE FALSE TRUE FALSE TRUE FALSE TRUE 
2.51E+05 FALSE TRUE FALSE FALSE TRUE FALSE TRUE FALSE TRUE 
2.00E+05 FALSE TRUE FALSE FALSE TRUE FALSE TRUE FALSE TRUE 
1.58E+05 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
1.26E+05 FALSE TRUE FALSE FALSE TRUE FALSE TRUE FALSE TRUE 
1.00E+05 FALSE TRUE FALSE FALSE TRUE FALSE TRUE FALSE TRUE 
7.94E+04 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
6.31E+04 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
5.01E+04 FALSE TRUE FALSE FALSE TRUE FALSE TRUE FALSE TRUE 
3.98E+04 FALSE TRUE FALSE FALSE TRUE FALSE TRUE FALSE TRUE 
3.16E+04 FALSE TRUE FALSE FALSE TRUE FALSE TRUE FALSE TRUE 
2.51E+04 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
2.00E+04 FALSE TRUE FALSE FALSE TRUE FALSE TRUE FALSE TRUE 
1.58E+04 FALSE TRUE FALSE FALSE TRUE FALSE TRUE FALSE TRUE 
1.26E+04 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
1.00E+04 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
7.94E+03 FALSE TRUE TRUE FALSE FALSE FALSE TRUE FALSE TRUE 
6.31E+03 FALSE TRUE TRUE FALSE FALSE FALSE TRUE FALSE TRUE 
5.01E+03 TRUE TRUE TRUE FALSE FALSE FALSE TRUE FALSE TRUE 
3.98E+03 TRUE TRUE TRUE FALSE FALSE FALSE TRUE FALSE TRUE 
3.16E+03 FALSE TRUE TRUE FALSE FALSE FALSE TRUE FALSE TRUE 
2.51E+03 TRUE TRUE TRUE FALSE FALSE FALSE TRUE FALSE TRUE 
2.00E+03 TRUE TRUE TRUE FALSE FALSE FALSE TRUE FALSE TRUE 
1.58E+03 TRUE TRUE TRUE FALSE FALSE FALSE TRUE FALSE TRUE 
1.26E+03 TRUE TRUE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
1.00E+03 TRUE TRUE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
7.94E+02 TRUE TRUE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
6.31E+02 TRUE TRUE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
5.01E+02 TRUE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
3.98E+02 TRUE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
3.16E+02 TRUE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
2.51E+02 TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE 
2.00E+02 TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE 
1.58E+02 TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE 
1.26E+02 TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE 
1.00E+02 TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE 

 
Table 6 – Mann-Whitney U test for all CBD vs. PHA impedance measurements for each frequency, 
with a 5% critical value. 
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Frequency OP1 OP2 OP3 OP4 OP5 OP6 OP7 OP8 OP9 
1.00E+06 FALSE TRUE FALSE TRUE TRUE FALSE TRUE FALSE TRUE 
7.94E+05 TRUE TRUE TRUE TRUE FALSE FALSE TRUE FALSE TRUE 
6.31E+05 TRUE TRUE TRUE TRUE FALSE FALSE TRUE FALSE TRUE 
5.01E+05 TRUE TRUE TRUE TRUE FALSE FALSE FALSE FALSE TRUE 
3.98E+05 TRUE FALSE FALSE TRUE FALSE FALSE FALSE FALSE TRUE 
3.16E+05 TRUE FALSE FALSE TRUE FALSE FALSE FALSE FALSE TRUE 
2.51E+05 TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE 
2.00E+05 TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE 
1.58E+05 TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE TRUE 
1.26E+05 TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE TRUE 
1.00E+05 TRUE TRUE FALSE FALSE FALSE FALSE FALSE TRUE TRUE 
7.94E+04 TRUE TRUE FALSE FALSE FALSE FALSE FALSE TRUE TRUE 
6.31E+04 TRUE TRUE FALSE FALSE FALSE FALSE FALSE TRUE TRUE 
5.01E+04 TRUE TRUE FALSE FALSE FALSE FALSE FALSE TRUE TRUE 
3.98E+04 TRUE TRUE FALSE FALSE FALSE FALSE FALSE TRUE TRUE 
3.16E+04 TRUE TRUE FALSE FALSE FALSE FALSE TRUE TRUE TRUE 
2.51E+04 TRUE TRUE FALSE FALSE FALSE FALSE TRUE TRUE TRUE 
2.00E+04 TRUE TRUE FALSE FALSE FALSE FALSE TRUE TRUE TRUE 
1.58E+04 TRUE TRUE FALSE FALSE FALSE FALSE TRUE TRUE TRUE 
1.26E+04 TRUE TRUE FALSE FALSE FALSE FALSE TRUE TRUE TRUE 
1.00E+04 TRUE TRUE FALSE FALSE FALSE FALSE TRUE TRUE TRUE 
7.94E+03 TRUE TRUE FALSE FALSE FALSE FALSE TRUE TRUE TRUE 
6.31E+03 TRUE TRUE FALSE FALSE FALSE FALSE TRUE TRUE TRUE 
5.01E+03 TRUE TRUE FALSE FALSE FALSE FALSE TRUE TRUE TRUE 
3.98E+03 TRUE TRUE FALSE FALSE FALSE FALSE TRUE TRUE TRUE 
3.16E+03 TRUE TRUE FALSE FALSE FALSE FALSE TRUE TRUE TRUE 
2.51E+03 TRUE FALSE FALSE FALSE FALSE FALSE TRUE TRUE TRUE 
2.00E+03 TRUE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
1.58E+03 TRUE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
1.26E+03 TRUE TRUE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
1.00E+03 TRUE TRUE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
7.94E+02 FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
6.31E+02 FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
5.01E+02 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
3.98E+02 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
3.16E+02 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
2.51E+02 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
2.00E+02 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
1.58E+02 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
1.26E+02 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 
1.00E+02 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE TRUE 

 
Table 7 – Mann-Whitney U test for all CBD vs. PHA phase measurements for each frequency, with a 5% 
critical value. 
 



48 
 

4.3.5 Mean vs. Mann-Whitney U vs. unpaired t-test 
Table 8 shows the frequency with the statistically best test results for the impedance 
measurement data when combining the mean test, unpaired t-test and Mann-Whitney U test 
(for any distribution). Likewise, Table 9 shows the same overview for the phase 
measurement data. 
 

 
Table 8 – Mean, unpaired t-test and Mann-Whitney U test overview for 2 kHz impedance 
measurements. 
 
A frequency of 2 kHz was selected as the best overall statistical result for the impedance 
measurement data. Looking at Table 8 for the mean test one can see a single false positive 
across the span of all operations. The Mann-Whitney U test shows there is a significant 
difference between the CBD and PHA measurements in 5 out of 9 operations. 4 out of 9 
operations are undefined. The t-test agrees with the Mann-Whitney U test for all except on 
operation 9 with a critical p-value of 5%.  
 

 
Table 9 – Mean, unpaired t-test and Mann-Whitney U test overview for 630 kHz phase measurements. 
 
A frequency of 630 kHz was selected for the best overall statistical results in phase data. 
Looking at Table 9 for the mean test one can see two false positives across all operations, 
one of which is not statistically significant as a result. The Mann-Whitney U test shows a 
significant difference of the phase measurements in 6 out of 9 operations, with 3 left 
undefined. With a critical p-value of 5% the t-test disagrees with the Mann-Whitney U test in 
3 operations. 
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4.3.5.1 Mean vs. Mann-Whitney U summary 
Table 10 represents the summary of the data from Table 8 and Table 9 using only the data 
from the arithmetic mean and Mann-Whitney U tests. If the Mann-Whitney U test did not 
reject 𝐻0, the operation result is assumed undefined. 
 

𝜶 = 𝟎.𝟎𝟓 Impedance Phase 
True positive 4 (44%) 5 (55%) 

False positive 1 (11%) 1 (11%) 

Undefined 4 (44%) 3 (33%) 
 

Table 10 – Summary of arithmetic mean vs. Mann-Whitney U test. 

4.3.5.2 Mean vs. unpaired t-test summary 
Table 11 represents the summary of the data from Table 8 and Table 9 using only the data 
from the arithmetic mean and unpaired t-test. Note that this assumes all measurements are 
normally distributed across these frequencies. If the t-test test did not reject 𝐻0, the operation 
result is assumed undefined. 
 Note that the false positive in this setting is on the phase in operation 8. By lowering 
the critical value 𝜶 = 𝟎.𝟎𝟏 the false positive disappears, but there is less true positives in 
total. 
 

𝜶 = 𝟎.𝟎𝟓 Impedance Phase 
True positive 4 (44%) 6 (66%) 

False positive 0 (0%) 1 (11%) 

Undefined 5 (55%) 2 (22%) 
 

Table 11 – Summary of arithmetic mean vs. unpaired t-test. 

4.3.6 Spleen and splenic artery reference measurements 
The impedance and phase measurement data from the spleen and splenic artery can be 
found in Appendix G. All of the data displayed in the graphs shows a clear discrimination 
between the spleen and the splenic artery for all operations. 
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5 Discussion 
This section discusses the results derived from section 4. The experiments are discussed 
individually in the same order as they are presented in section 3 and 4. 

5.1 Preliminary tests 
The preliminary tests are fairly straight forward experiments of bioimpedance measurement. 
The general thought process was to remove as many variables as possible while not 
compromising accuracy or precision of the measurement results. It was done early on in the 
thesis, and it was necessary in order to avoid gathering too much data during the pig 
experiments. There might not has been a huge difference between one of the silicon coated 
blade electrode and the plain stainless steel one, but the choice fell on the latter simply 
because it provided the most pure results. 

5.2 Blade electrode sensitivity field 
Similar to the preliminary tests, this test was a standard bioimpedance measurement test 
with only a few human variables to take into account in the measurement results. The basic 
point was to try and estimate the electrode sensitivity field as accurately as possible. This 
can be extremely helpful to know, but the experiments are often hard to setup and run 
properly. 

5.2.1 Data reliability and sources of error 
There are some important sources of errors to grasp in order to understand the accuracy of 
this test. First of all you have the human aspect. Preferably you would like no human 
interaction whenever possible, but there was simply no time to construct more advanced 
automatic tests to estimate the sensitivity field. The human aspect revolves around how 
accurate the placement of the blade electrode was relative to the cucumber. This estimation 
was done manually by visually looking down on a ruler through the refraction of deionized 
water. 

An important part of the results of this test was a noticeable drift in the impedance 
during larger distances. This might be due to impurities landing in the deionized water in-
between or during the measurements, making it gradually more conductive. Even though this 
should not affect the dispersion itself, it might still color the sensitivity field for the blade 
electrode. Because of these uncertainties the result of this test should only be regarded as 
an approximation. 

5.3 Pig experiments 

5.3.1 Sources of error 
There are many sources of error that can obscure or disfigure the measurement results. This 
is an attempt at breaking down every source of error that might have had an impact on the 
results in any way. 
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5.3.1.1 The human factor 
First and foremost, a large source of error in all measurements is the human factor. The 
electrosurgery blade electrode had to be pinpointed on a specific anatomic location of a 
particular organ or tissue. Due to the large frequency range of the trial, a single 
measurement can take upwards to one minute to complete. The person measuring on the 
tissue must keep the blade electrode in the same anatomic location during the whole 
duration of the measurement. The pig might move around for various reasons during this 
time. One of the most common and significant physical movement is due to its normal 
respiratory rate. This especially affects measurement locations close to the diaphragm and 
lungs, like the liver and the extrahepatic bile ducts and arteries. If the pig is stressed the 
heart and respiratory rate might increase even further, making this an even greater challenge. 
The one thing that can be done decrease this factor as much as possible is to make sure the 
pig is properly sedated under the anesthetics at all times. The temperature in the operating 
theater must be kept at a constant high to keep the internal temperature of the pig warm 
enough to prevent shivering. 
 The second problem when it comes to the human factor is accessibility. This problem 
can be seen as a mix between the human factor and the anatomy of the pig. The small 
intestine is usually located so that it covers up the area around the hepatobiliary triangle 
(Calot’s Triangle). As such, the location of the common bile duct and proper hepatic artery 
might be very difficult to reach. Another person might not always be nearby to assist in 
keeping the small intestine away from the measurement area, and even with another person 
to help this might still be a challenge. In order to improve upon this an electronic foot pedal 
was created and connected to the PC and impedance analyzer software through USB. This 
made it so that a measurement could be started using the foot instead of the hand, 
essentially freeing up one hand to aid in reaching the location of the measurements. 
 A third related human factor is inexperience within medicine/anatomy and lack of 
visibility or visual confusion. The common bile duct and proper hepatic artery might be 
difficult to locate visually, even after the surgeon has confirmed the location. Since the 
surgeon cannot always be present for confirmation of the various locations, the choice of 
measurement locations might not always be optimal. As previously mentioned it is also in a 
hard to reach spot, which might act as an additional visual obstruction. 

5.3.1.2 Variations in anatomy between pigs 
The anatomy of each individual pig might vary a lot depending on its age, size, weight and 
gender. The size of the proper hepatic artery and common bile duct usually reflects these 
factors. Based on the sensitivity field of the blade electrode and general electrode theory, 
any changes in in the size of the target tissue will have an impact on the measurement 
results. For example, if the electrode is larger than the organ or part of tissue that is to be 
measured, a significant part of the measurement result could be from adjacent tissue instead. 
A very large artery will cover up the blade electrode edge completely, whereas a small artery 
might not contribute as much to the total measurement result. To get some sort of grasp on 
the extent of this problem the splenic artery were added to the list of measurement locations 
starting from operation 4. 
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5.3.1.3 Extracellular fluid 
A very big factor during the surgeries was the constant presence of extracellular fluids. 
These fluids contain a lot of electrolytes, and as such acts as a good electrolytic conductor.17 
When measuring, you usually have to put some amount of tactile pressure on the electrode 
in order for it to better stay in place and also have proper contact with the target tissue. This 
naturally creates a tiny dent in the tissue, which often quickly fills up with extracellular fluids. 
This may have a significant impact on the electrode sensitivity field. In addition, since the 
dent is at the very place where you are measuring, you also measure the extracellular fluid. 
The general anatomy of the pig is also often such that extracellular fluids pools up around the 
measurement location, sometimes drowning the blade electrode completely. 
 In order to minimize the effect of the extracellular fluids, regular white towels/sheets 
and occasionally suction machines were used to dry off the measurement location before 
measuring. If there was a particular large amount of fluids, an assistant would dry the 
location off during measurements whenever possible. 

5.3.1.4 Electrical noise 
Electrical noise is one factor that should never be ruled out during any kind of experiment of 
involving electronics. The electrode used for measurement is an electric conductor of 
stainless steel. The wires connected directly to the Solartron 1260/1294 are very well 
shielded. However, the wires which in turn are connected to these wires are not. Both the 
electrode and the wires are very susceptible for local electromagnetic interference (EMI). The 
operating theater and nearby labs contains a lot of various electronics and tools used for a lot 
of different purposes, all of which could have a potential of interfering with the measurement 
data. 

5.3.1.5 Change in resistance of the dispersive electrode pad over time 
The resistance of a dispersive electrode pad relative to the body of the pig might change or 
drift over the course of the operation. The electrode pad is fastened to the pig at the 
beginning of the operation, but it didn’t always stick perfectly to the pig. For various reasons 
the area below the dispersive electrode might be wet or dirty, which in theory should increase 
the total resistance in the system. Unlike humans however pigs do not have sweat glands, 
but blood or other substances might still be a problem.18 The best thing to try and prevent 
any problems with this is to make sure the electrode is properly fastened at the beginning of 
the operation, and if a lot of trouble is had potentially choose a different location on the pig to 
place the electrode. There is less risk for measurement errors as long as the electrode stays 
in the same location for the whole experiment. 

5.3.1.6 Pulsation of blood through arteries 
The heart rate creates a natural change in the mechanical flow of blood through the arteries. 
Since the proper hepatic artery is a relatively large artery close to the heart, the mechanical 
change in blood flow cannot be ruled out as a possible source of error. 

5.3.1.7 Accuracy of sensitivity field 
Even though the sensitivity field for the blade electrode used has been estimated using a 
simple experiment in section 3.3 and 4.2, the actual sensitivity field for the electrode might 

                                                 
17 section 2.1.3 of this thesis and (Tortora & Derrickson, 2011) 
18 ("Pigs," 2002) 
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not be entirely accurate. If the sensitivity field is larger than expected it might end up 
measuring a lot of unwanted tissue. 

5.3.2 Time restrictions 
The measurements were preferably performed in order according to the protocol whenever 
there was time to measure. However, the CBD and PHA measurements were difficult to 
execute as described in section 0, and could sometimes only be done when there was 
assistant present. Because of the experiments running in parallel requiring the use of the 
impedance analyzer every 15 minutes, there were very specific time restrictions set in place 
for all of the measurements in this thesis. In addition to this, due to the general difficulty of 
the measurements, a lot of time was often lost trying to either locate or confirm an anatomic 
location, or trying to make it through a measurement without it failing (e.g. the electrode 
slipping off the target). In other words, because of the constant pressure of time restrictions, 
a lot of additional time would often go lost. Any bad or unreliable measurements that were 
recorded as a result of this had to be thrown away, which in turn meant fewer overall data 
points for the end result and analysis. 
 A large problem with all of this was the fact that the protocol times were not adhered 
to. If the time was about to run out and there was confusion about any anatomic location, the 
well known locations like the liver, gallbladder or other reference points would get measured 
instead. 

5.3.3 Choice of locations 
A possible practical use of the experiments in this thesis was to aid a surgeon performing a 
cholecystectomy (primarily laparoscopic) in correctly identifying the “Critical view of safety” 
(section 2.6.1). To best achieve this one would preferably want to identify the cystic duct vs. 
the cystic artery. However, the cystic duct is incredibly small and fragile (section 2.3.2.1). It 
would be a huge challenge to both identify it correctly, dissect nearby tissue and to measure 
its exact position during a surgery. For this reason the choice of measurement location 
instead fell on that which most closely resemble the cystic duct but to not have 
disadvantages with the size and positioning, namely the common bile duct. Likewise the 
cystic artery was also dangerously small and fragile, and was therefore voted down vs. an 
adjoining and larger artery, the proper hepatic artery. The choice of measurement location for 
the artery also made up a similar parallel structure relationship corresponding to the 
relationship between cystic duct and artery. The choice of locations was meant so that both 
the electrode and electrode setup could be tested properly. 

5.3.3.1 Reference locations 
The choice of reference locations was largely based upon easy accessibility, i.e. what would 
have the most robust measurement data, and also what would make the most sense for the 
measurements in general. 

The location at the liver was a natural choice for a general reference point. This 
location was very easy to access on every surgery without any kind of extra assistance. It is 
also fairly homogeneous in the blade electrode sensitivity field, and has a distinct different 
characteristic than the main locations (CBD and PHA). 

The body of the gallbladder was also a natural choice for reference. It was rarely 
difficult to access without any extra assistance, and it was a large and well recognizable 
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structure, even for the inexperienced. The gallbladder is also usually full of bile, which to 
some extent match up with the characteristic impedance of the CBD measurements. 

The lymph node was chosen as a reference point since it is a structure that is usually 
in close proximity with the CBD and PHA. The point of this location was to see if there was 
any distinct difference between the very nearby tissue, especially in case the CBD and PHA 
measurement data were unreliable. 

The remaining two reference points are the splenic artery and the spleen. These were 
added during the 4th operation as the CBD vs. PHA measurement results thus far were of 
varying quality. They were meant as a more solid reference to the characteristics of an artery 
vs. some solid nearby tissue. The splenic artery is physically large relative to the blade 
electrode. It was usually easier to gain access to than Calot’s triangle, and there was little to 
no problems with extracellular fluid distorting the data. All of these qualities made it a more 
secure, reliable and useful reference point. 

5.3.4 Discussion of data 
Statistics alone is not always enough to land a conclusion on a set of data. The 
circumstances surrounding each experiment matters a lot in terms of both precision and 
accuracy of the measurement data. Please refer to Appendix D for the main data commented 
on in this section. 

5.3.4.1 Impact of electrical noise 
During operation 1 and 3 a significant amount of noise can be seen between around 500 kHz 
and 1 MHz. It can therefore be a bit surprising that the best result from the trials was overall 
placed in this frequency range for the phase data. The noise however seem to affect all 
measurements in the same manner. The noise can therefore be regarded as a common 
external source of EMI. These kinds of sources will still make the ratio between the phase 
measurements the same, and as such should not necessarily have a very negative impact 
on the end hypothesis. 

5.3.4.2 Impact of anatomy and size 
As mentioned in section 5.3.1.2, the size of the PHA and CBD matters a lot for the 
measurement results. In general, the smaller the pig is, the smaller the size of the PHA and 
CBD. Operation 4 is a good example of this problem. This was by far the smallest pig out of 
all the operations (24.5 kg), and the resulting impedance graphs for the CBD and PHA is 
very hard to distinguish between visually. Neither the unpaired t-test nor the Mann-Whitney U 
test finds any significant difference between the two data sets regardless of frequency. The 
opposite of this is operations 7, where there is a clear difference between the PHA and CBD 
both visually and statistically. This was the largest pig out of all the surgeries with a weight of 
30 kg. An observation that was made here is that the difference in reliability of the data 
based on size is likely because of the human factor. It was very hard to both locate and 
measure the PHA due to the small size of it. However the largest pig was very easy to both 
locate anatomically and measure. 

5.3.4.3 False positives and operation 9 
Out of all the experiments, operation 9 was the only one to return a statistically significant 
false positive on the measurement results based on the arithmetic means hypothesis. This 
was based on significance from the Mann-Whitney U test. 
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Operation 9 was the very last experiment of all, and there were some special 
circumstances around this operation. First of all, operation 9 was done simultaneously as 
operation 8, i.e. there were two pigs in the operation theater at the same time. Due to time 
restrictions towards the end of the operation, the experiment had to be cut short. There was 
only time to record 3 CBD and 3 PHA measurements. From this reason alone the data from 
this test is less reliable than the other operations. Two of the measurement showed 
significant higher impedance overall for the PHA vs. the CBD. The third measurement was 
vastly lower, though still overall larger than the impedance of the CBD. In addition there were 
taken no reference measurements on the lymph node, splenic artery or spleen. 

Because of all the uncertainties around this operation it is my recommendation that 
the result should not be taken a statistically significant false positive. 

5.3.4.4 Number of data points and normality 
A big part of the reliability of all the data gathered during the pig surgeries are the few total 
amount of data points for each location. With fewer data points on each frequency there is 
naturally less reliability. There is too few data points to conclude whether or not each 
frequency is normally distributed, so the unpaired t-test can in general not be trusted. 
However the Mann-Whitney U test do not depend on normally distributed data as long as the 
data has the same distribution. This is safer to assume, and as such the Mann-Whitney U 
test should be more trustworthy than the t-test. 

Generally speaking only the Mann-Whitney U and the arithmetic means test should be 
used as a fair conclusion for the hypothesis of this thesis. There are not enough data points 
to assume normality and the normal distribution testing across all frequencies do not show 
any reliable signs of a proper bell curve (see section 4.3.2 and Appendix E). 

5.3.5 Future improvements 
From the beginning of the pig experiments the plan was to stick to the measurement protocol. 
However, due to the time restriction problems described in section 5.3.2 the protocol times 
were often not fully adhered to. In order to remove as many variables as possible from the 
experiment there should be a very strict time schedule that is to be fully adhered to at all 
times. For example one could use a strict order with "𝑎𝑟𝑡𝑒𝑟𝑦 → 𝑏𝑖𝑙𝑒 𝑑𝑢𝑐𝑡 → 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝑠)". 

Secondly, scanning the whole frequency spectrum takes a lot of time. Due to the human 
factor discussed extensively in section 0, one should try to minimize the time required for 
measuring on any one location. A single or multiple frequencies simultaneously is highly 
recommended, as this might give a much clearer picture of the impedance or phase at any 
one moment. 
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6 Conclusion 
Using a regular electrosurgery monopolar electrode setup, there is a statistical significant 
difference in the phase data of the CBD and PHA in 6 out of 9 (66%) of the pigs 
experimented on as a part of this thesis. 3 out of 9 (33%) of the results were thus not 
statistically significant. Using the arithmetic mean test, 5 out of 9 (55%) of the pigs supported 
our hypothesis that the phase of the PHA are higher than the phase of the CBD at 630 kHz. 
1 out of 9 (11%) was a false positive. 

6.1.1 Continuation 
This thesis is meant as a building block for developing more bioimpedance measurement 
tools within the field of electrosurgery. The very end goal would be an electrosurgery unit that 
can read and analyze the characteristic impedance for the current tissue being cut, as its 
cutting or coagulating the tissue. Further testing of mainly laparoscopic electrodes, for 
example bipolar setups, would be a very important next step within this field. Further analysis 
of specific frequencies that looks promising would also be a good continuation of this subject. 
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Appendix A – Application for animal models 
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Appendix B – Response from "Forsøksdyrutvalget" 
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Appendix C – Protocol for bioimpedance 
measurements on pigs – Spring 2013 

This is a copy of the pig surgery protocol used as a reference for all 9 surgeries involved in 
this thesis. It also documents the other experiments going on simultaneously. The copy held 
by the Institute for Surgical Research at Oslo University Hospital is written in Norwegian; this 
is a translated version. 

1 Experiment overview 
1.1 Discrimination of ischemic small intenstine 
The impedance measurements is performed by Runar Strand-Amundsen. 

1.1.1 Measurement details 

1.1.1.1 Measurement series A1-6 
Solartron setup: 100mV, 1MHz-1k, logarithmic, interval = 10, mean through 10 periods. 
All measurements are performed with a custom electrode setup. 
Choice of 2 or 3 electrode setup during measurement series A. The chosen electrode setup 
is thereafter used in all following experiments. 
Measurements are performed on various areas around the jejunum, carefully watch the 
impedance variations and improve the electrode setup accordingly. 

1.1.1.2 Measurement series B1-20 
Solartron setup: 100mV, 1MHz-1k, logarithmic, interval = 10, mean through 10 periods. 
All measurements are performed with a custom electrode setup. 
Measurements of the ischemic model and the healthy reference jejunum. 

1.2 Discrimination of tissue 
The impedance measurements C1 – E5 is performed by Lars Andreas Pedersen and F1-8 
by Håvard Kalvøy. 

1.2.1 Measurement details 

1.2.1.1 Measurement series C1-4 
Solartron setup: 100mV, 1MHz-1k, logarithmic, interval = 10, mean through 10 periods. 
All measurements are performed using a stainless steel electrosurgery electrode and a 
neutral dispersive plate in a 2-electrode setup.  
Measurements on the gallbladder and liver as reference. 

1.2.1.2 Measurement series D1-4 
Solartron setup: 100mV, 1MHz-1k, logarithmic, interval = 10, mean through 10 periods. 
All measurements are performed using a stainless steel electrosurgery electrode and a 
neutral dispersive plate in a 2-electrode setup.  
Measurements are performed on the bile ducts in order to document any electrical properties. 
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1.2.1.3 Measurement series E1-5 
Solartron setup: 100mV, 1MHz-1k, logarithmic, interval = 10, mean through 10 periods. 
All measurements are performed using a stainless steel electrosurgery electrode and a 
neutral dispersive plate in a 2-electrode setup. 
Measurements on the artery and vein of the gallbladder in order to document any electrical 
properties. 

1.2.1.4 Measurement series F1-8 
Solartron setup: 30mV, 1MHz-1k, logarithmic, interval = 10, mean through 10 periods. 
Measurements are performed using Braun Stimuplex A needles and standard ECG-
electrodes in a 3-electrode setup. The needle is inserted in proximity of the popliteal sciatic 
nerve using ultrasound guidance. The position in the nerve can also be confirmed using a 
nerve stimulator  (Braun HNS12). 
 
 

t m # Protokoll 

  -30 
 

The pig is sedated and placed on location in the operating 
theater 0700 

  -25 
 

  
  -20 

 
  

  -15 
 

  
  -10 

 
  

  -5     

-1 0 
 

The surgeon creates open access to the abdominal cavity 
0800 

  -55 
    -50 
    -45 
 

Surgeon makes access to the proximity of the gallbladder. 
  -40 

 
Referance measurements of Solartron1260/1294. 

  -35 
 

  
  -30 A1 "Baseline" -measurements on healthy jejunum. 0845 
  -25 A2 ”Baseline” - measurements on healthy jejunum. 
  -20 A3 ”Baseline” - measurements on healthy jejunum.  
  -15 A4 ”Baseline” - measurements on healthy jejunum.  
  -10 A5 ”Baseline” - measurements on healthy jejunum.  
  -5 A6 ”Baseline” - measurements on healthy jejunum.  

0 0   Surgeon initiates ischemic model  
  5 

 
  

  10 
 

  
  15 B1 1 measurement on ischemic model and reference. 
  20 

 
  

  25 C1 1 Reference measurement of the gallbladder and liver. 
  30 B2 1 measurement on ischemic model and reference. 
  35 

 
  

  40 C2 1 Reference measurement of the gallbladder and liver. 
  45 B3 1 measurement on ischemic model and reference. 
  50 

 
  

  55 C3 1 Reference measurement of the gallbladder and liver. 
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1 0 B4 1 measurement on ischemic model and reference. 
  5 

 
  

  10 C4 1 Reference measurement of the gallbladder and liver. 
  15 B5 1 measurement on ischemic model and reference. 
  20 

 
  

  25 D1 2 measurements on the bile duct. 
  30 B6 1 measurement on ischemic model and reference. 
  35 

 
  

  40 D2 2 measurements on the bile duct. 
  45 B7 1 measurement on ischemic model and reference. 
  50 

 
  

  55 D3 2 measurements on the bile duct. 
2 0 B8 1 measurement on ischemic model and reference. 

  5 
 

  
  10 D4 2 measurements on the bile duct. 
  15 B9 1 measurement on ischemic model and reference. 
  20 

 
  

  25 E1 1 measurement on the artery, vein and the gallbladder. 
  30 B10 1 measurement on ischemic model and reference. 
  35 

 
  

  40 E2 1 measurement on the artery, vein and the gallbladder. 
  45 B11 1 measurement on ischemic model and reference. 
  50 

 
  

  55 E3 1 measurement on the artery, vein and the gallbladder. 
3 0 B12 1 measurement on ischemic model and reference. 

  5 
 

  
  10  F1  Measurements on muscle tissue with 2 needle positions. 
  15 B13 1 measurement on ischemic model and reference. 
  20 

 
  

  25  F2  Measurements on muscle tissue with 2 needle positions. 
  30 B14 1 measurement on ischemic model and reference. 
  35 

 
  

  40  F3  Measurements on muscle tissue with 2 needle positions. 
  45 B15 1 measurement on ischemic model and reference. 
  50 

 
  

  55  F4  Measurements on connective tissue/other, 2 pos. 
4 0 B16 1 measurement on ischemic model and reference. 

  5 
 

  
  10 F5 Measurements on the epineurium, 2 positions. 
  15 B17 1 measurement on ischemic model and reference. 
  20 

 
  

  25  F6 Measurements on the epineurium, 2 positions. 
  30 B18 1 measurement on ischemic model and reference. 
  35 

 
  

  40  F7 Measurements on the perineurium, 2 positions. 
  45 B19 1 measurement on ischemic model and reference. 
  50 

 
  

  55  F8 Measurements on the perineurium, 2 positions. 
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5 0 B20 1 measurement on ischemic model and reference. 
  5 

 
The pig is euthanized. 

  10 
 

  
  15 

 
  

  20 
 

  
  25 

 
  

  30 
 

  
  35 

 
  

  40 
 

  
  45 

 
  

  50 
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Appendix D – Graphs for impedance vs. frequency 
and phase vs. frequency for pig experiments 
This appendix contains impedance vs. frequency and phase vs. frequency plots for all 9 
surgeries performed as a part of this thesis. The graphs shows the impedance and phase for 
the common bile duct (CBD) and proper hepatic artery (PHA), including the arithmetic mean 
for all n-measurement series of each type. The number of measurement series n is written 
above each graph for both the CBD and the PHA. 
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Operation 1 
𝐶𝐵𝐷 𝑛 = 9 
𝑃𝐻𝐴 𝑛 = 7 
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Operation 2 
𝐶𝐵𝐷 𝑛 = 6 
𝑃𝐻𝐴 𝑛 = 6 
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Operation 3 
𝐶𝐵𝐷 𝑛 = 6 
𝑃𝐻𝐴 𝑛 = 11 
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Operation 4 
𝐶𝐵𝐷 𝑛 = 4 
𝑃𝐻𝐴 𝑛 = 8 
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Operation 5 
𝐶𝐵𝐷 𝑛 = 5 
𝑃𝐻𝐴 𝑛 = 5 
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Operation 6 
𝐶𝐵𝐷 𝑛 = 5 
𝑃𝐻𝐴 𝑛 = 5 
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Operation 7 
𝐶𝐵𝐷 𝑛 = 5 
𝑃𝐻𝐴 𝑛 = 5 
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Operation 8 
𝐶𝐵𝐷 𝑛 = 5 
𝑃𝐻𝐴 𝑛 = 5 
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Operation 9 
𝐶𝐵𝐷 𝑛 = 3 
𝑃𝐻𝐴 𝑛 = 3 
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Appendix E – Distribution graph for common bile 
duct and proper hepatic artery measurements 
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Appendix F – True/False table for the Wilcoxon 
signed-rank test on CBD vs. PHA data 

CBD vs. PHA impedance, 𝜶 = 𝟎.𝟎𝟓, assuming normal distribution. 
Frequency OP1 OP2 OP3 OP4 OP5 OP6 OP7 OP8 OP9 

1.00E+06 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
7.94E+05 FALSE TRUE TRUE FALSE TRUE FALSE TRUE FALSE FALSE 
6.31E+05 FALSE TRUE FALSE FALSE TRUE FALSE TRUE FALSE FALSE 
5.01E+05 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
3.98E+05 FALSE TRUE FALSE FALSE TRUE FALSE TRUE FALSE FALSE 
3.16E+05 FALSE TRUE FALSE FALSE TRUE FALSE TRUE FALSE FALSE 
2.51E+05 FALSE TRUE FALSE FALSE TRUE FALSE TRUE FALSE FALSE 
2.00E+05 FALSE TRUE FALSE FALSE TRUE FALSE TRUE FALSE FALSE 
1.58E+05 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
1.26E+05 FALSE TRUE FALSE FALSE TRUE FALSE TRUE FALSE FALSE 
1.00E+05 FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE 
7.94E+04 FALSE TRUE FALSE FALSE TRUE FALSE TRUE FALSE FALSE 
6.31E+04 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
5.01E+04 FALSE TRUE FALSE FALSE TRUE TRUE TRUE FALSE FALSE 
3.98E+04 FALSE TRUE FALSE FALSE TRUE TRUE TRUE FALSE FALSE 
3.16E+04 FALSE FALSE FALSE FALSE TRUE TRUE TRUE FALSE FALSE 
2.51E+04 FALSE TRUE FALSE FALSE TRUE FALSE TRUE FALSE FALSE 
2.00E+04 FALSE TRUE FALSE FALSE TRUE FALSE TRUE FALSE FALSE 
1.58E+04 FALSE TRUE FALSE FALSE TRUE FALSE TRUE FALSE FALSE 
1.26E+04 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
1.00E+04 FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
7.94E+03 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
6.31E+03 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
5.01E+03 FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
3.98E+03 FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
3.16E+03 FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
2.51E+03 TRUE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
2.00E+03 TRUE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
1.58E+03 TRUE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
1.26E+03 TRUE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
1.00E+03 TRUE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
7.94E+02 TRUE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
6.31E+02 TRUE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE 
5.01E+02 TRUE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
3.98E+02 TRUE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE 
3.16E+02 TRUE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE 
2.51E+02 TRUE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
2.00E+02 TRUE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
1.58E+02 TRUE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
1.26E+02 TRUE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
1.00E+02 TRUE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
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CBD vs. PHA phase, 𝜶 = 𝟎.𝟎𝟓, assuming normal distribution. 
Frequency OP1 OP2 OP3 OP4 OP5 OP6 OP7 OP8 OP9 

1.00E+06 TRUE TRUE FALSE FALSE TRUE FALSE TRUE FALSE FALSE 
7.94E+05 TRUE TRUE TRUE FALSE TRUE FALSE TRUE FALSE FALSE 
6.31E+05 TRUE TRUE TRUE FALSE FALSE FALSE TRUE FALSE FALSE 
5.01E+05 TRUE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE 
3.98E+05 TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE 
3.16E+05 TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE 
2.51E+05 TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE 
2.00E+05 TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE 
1.58E+05 TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE 
1.26E+05 TRUE TRUE FALSE FALSE FALSE FALSE FALSE TRUE FALSE 
1.00E+05 TRUE TRUE FALSE FALSE FALSE FALSE FALSE TRUE FALSE 
7.94E+04 TRUE TRUE FALSE FALSE FALSE FALSE TRUE TRUE FALSE 
6.31E+04 TRUE TRUE FALSE FALSE FALSE FALSE FALSE TRUE FALSE 
5.01E+04 TRUE TRUE FALSE FALSE FALSE FALSE TRUE TRUE FALSE 
3.98E+04 TRUE TRUE FALSE FALSE FALSE FALSE TRUE TRUE FALSE 
3.16E+04 TRUE TRUE FALSE FALSE FALSE FALSE TRUE TRUE FALSE 
2.51E+04 FALSE TRUE FALSE FALSE FALSE FALSE TRUE TRUE FALSE 
2.00E+04 FALSE TRUE FALSE FALSE FALSE FALSE TRUE TRUE FALSE 
1.58E+04 FALSE TRUE FALSE FALSE FALSE FALSE TRUE TRUE FALSE 
1.26E+04 FALSE TRUE FALSE FALSE FALSE FALSE TRUE TRUE FALSE 
1.00E+04 FALSE TRUE FALSE FALSE FALSE FALSE TRUE TRUE FALSE 
7.94E+03 FALSE TRUE FALSE FALSE FALSE FALSE TRUE TRUE FALSE 
6.31E+03 FALSE TRUE FALSE FALSE FALSE FALSE TRUE TRUE FALSE 
5.01E+03 FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE 
3.98E+03 FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE 
3.16E+03 FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE 
2.51E+03 FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE 
2.00E+03 FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
1.58E+03 FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
1.26E+03 FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
1.00E+03 FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
7.94E+02 FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
6.31E+02 FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
5.01E+02 TRUE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE 
3.98E+02 TRUE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
3.16E+02 FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
2.51E+02 FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
2.00E+02 FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
1.58E+02 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
1.26E+02 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 
1.00E+02 FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE FALSE 

 
Please see section 4.3.3.2 of this thesis for a full explanation of what these tables means. 
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Appendix G – Impedance and phase graphs for 
spleen and splenic artery measurements 

This appendix contains all measurements on the spleen and splenic artery reference 
locations for the pig trials. These were only recorded at operations 4 through 8. The spleen 
are always represented as black lines, while the splenic artery is represented by red lines. 

Operation 4 
𝑆𝑝𝑙𝑒𝑒𝑛 𝑛 = 2 
𝐴𝑟𝑡𝑒𝑟𝑦 𝑛 = 6 
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Operation 5 
𝑆𝑝𝑙𝑒𝑒𝑛 𝑛 = 5 
𝐴𝑟𝑡𝑒𝑟𝑦 𝑛 = 5 
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Operation 6 
𝑆𝑝𝑙𝑒𝑒𝑛 𝑛 = 5 
𝐴𝑟𝑡𝑒𝑟𝑦 𝑛 = 5 
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Operation 7 
𝑆𝑝𝑙𝑒𝑒𝑛 𝑛 = 3 
𝐴𝑟𝑡𝑒𝑟𝑦 𝑛 = 5 
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Operation 8 
𝑆𝑝𝑙𝑒𝑒𝑛 𝑛 = 5 
𝐴𝑟𝑡𝑒𝑟𝑦 𝑛 = 5 
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