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Abstract
BACKGROUND AND OBJECTIVES:
In gastrointestinal surgery related to intestinal ischemia, the surgeon has to assess the viability
of intestines that have been exposed to ischemic injury. There are at present limited means by
which tissue viability can be assessed. The standard clinical method is still visual inspection and
palpation. This method is non-specific and unreliable, and requires a high level of clinical
experience. Bioimpedance has been utilized to measure changes in electrical parameters during
ischemia in tissues like the liver, skeletal muscle, and the heart. The physical changes on the
cellular and structural levels after the onset of ischemia, results in time-variant changes in the
electrical properties of the tissue. The aim of this thesis is to investigate the possibility of
utilizing bioimpedance measurements to aid in intraoperative assessment of the viability of
ischemic small intestinal tissue.
MATERIALS AND METHODS:
We have accomplished 5 initial pilot studies in a porcine model of small intestinal ischemia, and
7 further studies on porcine models based on the initial findings. After induction of anesthesia, a
warm ischemic model with full mesenteric occlusion in a small part of the jejunum was
implemented. Measurements were conducted by placing electrodes on the serosa of the jejunum,
applying a constant voltage, and measuring the resulting admittance. Several electrode setups
were tested. We used the recognized and commonly used Solartron 1260/1294 impedance
analyzer setup. As a control we used measurements on parts of the jejunum with full perfusion
in the same porcine model.
RESULTS:
The 2 electrode Silver-Silver chloride setup appeared the best of the tested setups for measuring
small intestinal ischemia interoperably. The collected data from the porcine models show
significant changes in electrical parameters of modulus, phase, and tan d as a function of
ischemic time, compared to the control. A Matlab program with pilot algorithms has been
developed that show 78,2% sensitivity, 94,2% specificity, 92,7% positive predictive value, and
82,0% negative predictive value in assessing if the porcine small intestine is ischemic or not,
based upon analysis of the collected data. The program also show promising results in
discerning the time duration of ischemic small intestine within the tested 6 hour time frame.
Histological samples show ischemic changes to the small intestinal tissue that correlate with the
measured time variable changes.
CONCLUSIONS:
The time development of the electrical properties measured within a 6 hr period of ischemia is
statistically significant, and can be correlated with the onset and duration of ischemia. These
changes in electrical parameters can be utilized in programs to assess the ischemic status of
porcine small intestine. Based on the results from the porcine models, it is not yet possible to
assess the viability of the small intestine to the point of irreversible ischemic damage, as the 6
hour ischemic period of porcine model 2 (PM2) did not create a 100% certain ischemically
irreversible damaged porcine small intestine. The animal model developed through these
experiments seems suitable for further studies related to the determination of the viability of
ischemic small intestine.
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1 Introduction
When the surgeon has to perform intraoperative assessment of small intestinal viability, the
most common method currently in clinical use is the method of visual inspection. There is a high
level of clinical experience required to successfully apply this method, and the level of implicit
uncertainty sometimes results in removal of viable parts of the intestine or in later leakage from
the anastomosis or the intestinal wall. The methods currently in use for the detection of
intestinal ischemia and the assessment of intestinal viability, will be discussed in chapter 0.
There is a need for methods which can increase the specificity and sensitivity of the assessment
of intestinal viability following ischemic injury. Bioimpedance has been utilized to measure the
time variance of ischemic development in tissues like the liver (Gheorgihu, Gersing, & Gheorghiu,
1999), skeletal muscle (Schafer, Kirlum, Schlegel, & Gebhard, 1999) and the heart (Casas et al.,
1999). However, it has not yet been proven effective for non-invasive ischemia monitoring of the
small intestine in humans. By non-invasive, I mean that the electrodes will be placed
intraoperatively on the outside of the small intestinal wall, on the serosa, and not used invasively
inside the small intestine. I find it important to investigate the potential of using bioimpedance
measurements on ischemic small intestine, with the hope of showing principally that
bioimpedance methods can be utilized to show high sensitivity and specificity in assessing the
state of ischemic small intestine.

1.1 Hypothesis
There are detectable changes over time in the electrical properties of ischemic small intestine
that differ significantly from the electrical properties of perfused small intestine.

1.2 Goal
The goal of this thesis is to investigate the possibility of utilizing non-invasive bioimpedance
measurements to aid in intraoperative assessment of the viability of ischemic small intestinal
tissue. The aim is to lay down the ground work in this thesis which over time will result in an
instrument that will be a valuable tool for the surgeon, allowing for assessment of the viability of
ischemic small intestine with greater sensitivity and specificity than currently possible.
1.2.1 Part goals
1. Identify problems and delineate the frames of the thesis (chapter 1), and explore relevant
literature of theory and research (chapter 2).
2. Develop an in vitro model for the evaluation of electrode properties, and decide upon a noninvasive electrode setup for small intestine measurements (chapters 3, 4 and 5).
3. Develop and get approval on a protocol for experiments on pig models, that satisfies the
clinical and safety standards (chapters 3, 5, 8 and 9).
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4. Develop an in-vivo model that is suitable for initial pilot testing on ischemic small intestine
in a two hour range (PM1) (chapter 3), and measure the electrical properties of the porcine
small intestine.
5. Develop an in-vivo model that is suitable for testing long term ischemia (6 hours) (chapter
3), measure the time development of electric properties of ischemic small intestine, and
collect data (PM2) (chapter 4).
6. Determine if the time development of electrical properties in the measured tissue can be
correlated with the onset and duration of ischemia (chapters 4 and 5).
7. Develop an algorithm and create a program to assess the level of ischemia of the small
intestine within a 6 hr time frame of full mesenteric occlusion ischemia (Chapters 3, 4, and 5).
8. Suggest further work in this field (Chapter 6).

1.3 Structure of the thesis







Chapter 2: Introduction to the theoretical background for the thesis.
Chapter 3: Description of the materials and methods used in the tests and experiments.
Chapter 4: Presentation of data and results related to selection of electrode setup, the
electrical properties of the small intestine, and the time development of non-invasive
measurement of ischemic small intestine.
Chapter 5: Discussion of the data and results in light of the theoretical background
found in chapter 2.
Chapter 6: Conclusion and suggestions for further work in this field.

2 Theory
I have structured a theoretical introduction to the thesis based upon the fields of theory which I
use in the method and discussion chapters. The topic of the thesis is an intersection between
several fields of theory, and I have chosen to include them all with the accompanying risk of
having a large theoretical chapter.

2.1 Bioimpedance
2.1.1 Electrical vocabulary
It is important to have a basic understanding of an electrical vocabulary relevant to
bioimpedance, in order to comprehend the topic of the thesis.
The foundation rests upon Ohm's law, which describes a linear relation between voltage,
current and resistance. Impedance (Z) (Resistance/Reactance) is a complex quantity that
includes both resistance and reactance, and is the ratio between voltage and current. Impedance
is used both in relation to direct current (DC), and alternating current (AC). Resistance (R) is
the real part of the opposition to a current flowing through a medium, and Reactance (X) is the
complex part of the opposition to current flow in a material due to energy being stored in the
form of electrical fields over materials with capacitive properties, or in the form of magnetic
fields in materials with inductive properties. The electric field "resists" a change in the voltage,
while the magnetic field "resists" a change in the current. This results in a phase-shift between
the voltage and current in the time-domain. Admittance (Y)(Conductance (G)/Susceptance (B))
is the inverse of Impedance (Z).
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Immittance is the concept of combining both admittance and impedance. The Smith Chart is
really an immittance chart, as the admittance and impedance grids are on the same chart, and
allow for easy cascading of parallel and serial circuits.
In Bioimpedance we often use both the "-ance" and the "-ivity" endings of parameters (Grimnes
& Martinsen, 2008). As an example of the differences in meaning, resist-ance (R, [Ω]) is
dependent on both the electrical properties of a sample as well as the geometry of the measuring
system. Resist-ivity (ρ, Ωm) is a material constant only dependent upon the electrical properties
of the sample.
In addition to approaching the electrical properties of biological tissue via an immittance
perspective, it can also be viewed from a dielectric perspective. A dielectric is a material that
has the ability to store electrical energy. While a conductor does not allow an electrostatic field
to penetrate, a dielectric allows an electrostatic field to penetrate all through.
In biomaterials there is usually a wet environment with a complex set of structures where we
can find elements with both immittive and dielectrical properties. Therefore both immittance
and dielectric variables can be useful in investigating the electrical properties of biomaterials.
Tissue with electrical properties that have more capacitive current than in-phase current, can be
viewed as a dielectric. According to Grimnes a biomaterial can behave as either a dielectric or as
a conductor, dependent upon frequency (Grimnes & Martinsen, 2008). Even a metal can be
viewed as a dielectric if the frequency is high enough.
Permittivity (ε) is a dielectric quantity that describes the ability of a material to permit storage
of electric energy. Permittivity ε contains both a constant (8.854187817 × 10−12 F/m), and
which is the relative permittivity of the material.
Permittivity is a part of the common capacitance equation:

(7.1)

Conductivity and permittivity can be separated into a real and a complex part:
(Complex conductivity)

σ' + jσ''

(7.2)

(Complex permittivity)

' + j ''

(7.3)

17
The relationships are shown in Table 1:

jω ,

ω

ω

Table 1. Relationships between dielectric and admittance quantities

If a tissue sample is measured under linear circumstances, the unity cell impedance, the unity
cell admittance, and the complex permittivity all contain the same information (Grimnes &
Martinsen, 2008).
Tan δ (Loss tangent/dissipation factor) is a dielectrical parameter that quantifies the loss of
energy. It defines energy lost per cycle divided by energy stored per cycle. If the system was
mechanical it would be a measure of internal friction.
,[dimensionless]

(7.4)

Some basic ways to present bioimpedance data are through the modulus (|Z|), or the phase
(Theta).
,[Ω]

(7.5)
,[rad]

(7.6)

2.1.2 Bioimpedance introduction
Electrical bioimpedance measurement is a technique used to study the passive electrical
properties of biomaterials. In this thesis I will focus on biomaterials ranging from animal to
human tissue.
The method is based on ohm's law (V= R*I). We need one fixed variable, we measure one
variable, and we calculate the last variable. By applying a fixed current through, measuring the
voltage over, we can calculate the impedance of the tissue. By applying a fixed voltage over and
measuring the current through, we can calculate the admittance of the tissue. To measure the
phase-shift, sinusoidal currents or voltages are used, and the resulting shift is measured with
phase sensitive lock-in amplifiers.
Through bioimpedance we can study two important reactions that tissue has to electrical fields;
Charge displacement that gives rise to polarization, and charge drift that gives rise to ionic
conductivity.
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2.1.3 Charge carriers
In metals the charge carrier is an electron, and the current is an electron current where
electrons are free to migrate without being linked to specific atoms. There is no net transport of
substance. In pure electrolytes and tissue, the charge carrier is the ion, and the current is an ion
current where all electrons are bound to their specific atom. Ion current implies a transport of
substance (Grimnes & Martinsen, 2008). When an AC current is present the net transport of
substance is zero.
2.1.4 The electrode
The electrode is the site of a shift of charge carriers from electrons to ions, and there is a charge
exchange between electrons and ions. The electrode metal surface is a source or sink of
electrons (Grimnes & Martinsen, 2008).
Some typical metals used in bioimpedance electrodes are gold (AU), silver-silver chloride (SS or
AgCl), platinum (Pt), and stainless steel (Fe + C) of various grades. The various metals have
different properties in regards to DC and AC properties (Grimnes & Martinsen, 2008).
Metals have different abilities when it comes to giving up or receiving electrons. Some give away
electrons more easily than others. This results in a potential difference if two metals far apart on
the electrochemical scale are placed in an electrolyte, resulting in a DC current between the
metals. If one of the metals has a large surface exposed to the electrolyte and the other a very
small, there will be a high current density near the surface of the "small electrode" and a
corrosive reaction will occur rapidly. It is therefore usually important to use electrodes of the
same type of metal, especially for CC electrodes.
2.1.5 The electrode double-layer
When the electrode metal is wetted while connecting with the tissue, a phenomenon described
as a double layer is formed at the surface of the electrode (Grimnes & Martinsen, 2008). The
double layer is a layer of ions that are attracted to the electrodes potential, that acts as an
interface between the electrode and the rest of the tissue. Both lateral and perpendicular to the
electrode surface there will be a non-uniform distribution of charges, resulting in a polarization
potential ( ) across the interface.
This double layer interface can be observed during bioimpedance measurements with
alternating currents (AC) as an impedance in series with both the electrode impedance, and the
sample impedance. According to Schwan the behavior of this electrode boundary can be
characterized for small AC as "polarization impedance" (Schwan, 1968). I will use the term
Electrode Polarization Impedance (EPI).
2.1.6 Electrode Polarization Impedance (EPI)
Electrode polarization is a result of the organization of molecular charges at the electrode
interface in presence of water molecules and hydrated ions (Gersing, 1998).
The EPI has both resistive and reactive properties. The reactance component is of a capacitive
character. One way to characterize the EPI is:
EPI =
where

=

+

,[Ω]

is the polarization resistance and

(7.7)
the polarization capacitance.
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As the frequency increase, both
and decreases, resulting in a decrease in the EPI with
increasing frequency. According to Schwan both
and changes as a function of the current
density. Schwan showed how the EPI is independent of the current density for small current
densities, and as the current density increases, the seems to approach a constant value
(Schwan, 1968). Thus when the current density reaches a certain level, the relationship to EPI
becomes non-linear.
A practical implication of this phenomenon is that the smaller the effective area of an electrode,
the higher the current density and thus larger the EPI will be. This also ties together with the EPI
varying with electrode materials. A material with a rough structure has a larger effective
electrode area, and thus a reduced EPI.
The EPI can also be characterized with a constant phase element (CPE). A CPE is an electrical
equivalent that represents a non ideal circuit element with both resistive and capacitive
properties. These properties are frequency dependent, and allow for the modeling of frequency
independent phase. The CPE is modeled with an m value which describe how much the CPE is
like a resistor or capacitor. (m = 0, the CPE is an ideal capacitor, m = 1, the CPE is an ideal
resistor). The Cole element in chapter 2.1.10 is an augmented version of the CPE using α as m.
EPI is dependent on particle concentration in a solution (Mirtaheri, Grimnes, & Martinsen,
2005). On tissue the poorly conducting cells shield part of the electrode from the ionic current
resulting in a reduced EPI. Thus EPI increases with sample conductivity.
According to Cole et al. the reactance is often much smaller than the resistance for biological
samples (Cole & Kishimito, 1962). Schwan therefore observes that "errors in R due to the
existence of electrode polarization are usually small, while errors in C become very large at low
frequencies" (Schwan, 1968).
Kalvøy et al. systemized methods for separating EPI from measured tissue impedance, as well as
introducing a new method by converting the series-connected EPI and sample impedance to a
parallel admittance model. (Kalvoy, Johnsen, Martinsen, & Grimnes, 2011).
2.1.7 Electrode setups
In order to explain the properties and sensitivity of the electrode setups it is important to make
a distinction between current carrying (CC) and pickup electrodes (PU). In some electrode
systems a pair of electrodes will have both functionalities, while in other setups there will be
separate electrodes for CC and PU. The CC electrodes are "active" electrodes that inject and
receive a current and are polarized. The PU electrodes are "passive" electrodes which measure
the electrical potential difference, and are ideally not polarized.
2.1.7.1 2e
In a two electrode setup each electrode is both CC and PU. The actual impedance measured is the
tissue impedance in series with the impedance of the electrodes and wires, as well as in series
with the EPI. With a two electrode setup the EPI often dominates the measured impedance at
low frequencies.
We can chose between a dipolar or a monopolar setup. In a dipolar setup we have electrodes of
approximately the same size and current density. In a monopolar setup one of the electrodes is
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vastly larger than the other resulting in a high current density near the surface of the smallest
electrode. This affects the area of sensitivity that is described in 2.1.8.
2.1.7.2 3e
With three electrodes we have one electrode that act as a pure CC, and one electrode that is a
pure reference electrode. The third electrode is both a CC and a PU, and is called a measuring
electrode. The measured impedance is a transfer impedance (Grimnes & Martinsen, 2009). A
two electrode setup will more directly measure the electrical properties of the tissue in series
with the EPI, as each pair of electrodes has a CC and PU function, while the three electrode setup
will only measure the transfer impedance between the PU electrode and the measuring
electrode.
The three electrode setup reduces the EPI contribution as only the EPI from the measuring
electrode is included in the total measured impedance. The reference electrode allows for greater
control of the area of sensitivity. The sensitive area is the tissue volume close to the measuring
electrode with gradually reduced sensitivity with increasing distance. The area between the
reference electrode and the CC electrode has negative sensitivity. This contribution is usually
relatively small. Negative sensitivity is described in 2.1.8.
2.1.7.3 4e
With four electrode setups one pair of electrodes is CC, while the other pair is PU. The current
enters and exits through the CC electrodes, while the potential difference is measured between
the PU electrodes. As with the three electrode setup, the measured impedance is a transfer
impedance of the sensitive area between the two PU electrodes.
While the four electrode setup ideally eliminates the EPI as there is no current passing through
the PU electrodes, it introduces other sources of error such as contributions from negative
sensitivity regions, common mode current, and separate current paths (Grimnes & Martinsen,
2007). By reducing the size of the PU electrodes in a four electrode setup we can reduce the
error contributions from the current shunting through the PU electrodes (Høyum, Grimnes, &
Martinsen, 2007).
2.1.8 Sensitivity
Sensitivity is the concept that describes how local changes in resistivity affect the total measured
immittance. Sensitivity depends on the relationship between current density and tissue
resistivity. If the current density is not uniform in a material, the resistivity in areas with higher
current density contributes more to the overall measured impedance than the resistivity in
areas with low current density. In setups that measure the transfer impedance the sensitivity
also depends on the angle of the current vector with respect to the PU electrodes.
The impedance contributions from the volume of tissue under measurement to the actual
measured impedance depend upon several factors, including electrode size, shape, distance
between, and placement. Size has less to do with sensitivity than distance between the
electrodes.
Negative sensitivity means that any increase in resistivity in the zones of negative sensitivity
will cause a reduction in overall impedance and vice versa. The concept of negative sensitivity
might appear a bit illogical at first glance, but it is an important factor in determining the
sensitivity of the system.
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The determination of the exact sensitivity in real tissue is complicated, but can be estimated
based on approximations to analytical solutions (Kalvoy, Martinsen, & Grimnes, 2008).
Nicolaisen used FEMlab (predecessor to COMSOL) to model the sensitivity of a simple
multilayered structure (see Figure 1). In the single layer model (left) the sensitivity is highest
near the CC electrodes, and fairly even through the volume, while in the multilayer model (right)
it is the top layer with high resistivity that gives the main contribution to the measured
impedance.

Figure 1. A plot of the potential distribution and electrical field streamlines in a single layer (left) versus
multilayered (right) model. Darker blue or red is higher sensitivity. (Nicolaisen, 2004)

2.1.9 Dispersion
When an electrical potential is applied to a material, polarization and displacement of charges
will occur. This will not occur instantly, but with a time delay, depending upon the properties of
the material and the frequency of the voltage. If the frequency is low enough to give all the
charges the time they need to change position, polarization will be maximal (Grimnes &
Martinsen, 2008). As the frequency increases, the polarization will decrease, as the charges will
not have enough time to get in position before the potential is inverted and they start moving in
the other direction. An example of these mechanisms and the time scale involved is shown in
Figure 2.

Figure 2. Polarization mechanisms (Peyman & Gabriel, 2010)

Relaxation is an AC concept in the time domain, where a system under investigation is disturbed
and the time it takes for the system to enter its new equilibrium is measured. This is called
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relaxation time. The reason for the relaxation time is the mechanism of polarization as
mentioned above.
Dispersion is frequency dependence according to the relaxation concept (Grimnes & Martinsen,
2008). Schwan categorized dispersions in tissue into three general regions; α, β, and γ, as
displayed in Figure 3.

Figure 3. Schwan's dispersion regions (Permittivity ε' and conductivity σ') (Schwan, 1988)

The origins of the α dispersion are somewhat controversial, but some commonly discussed
origins are counter ion polarization around charged cell surfaces, interfacial polarization due to
intracellular membrane systems, and gap junctions between the cells (Asami, 2007).
Figure 4 shows the modeled changes in the low frequency impedance in a model where the cells
have gap junctions in all directions (model b) compared to a model with closed gap junctions
(model a).

Figure 4. Modeled changes (marked with arrows) in impedance due to gap junctions. No junctions (a),
junctions in all directions (b). X-axes shows log(f/Hz). (Asami, 2007)
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The dispersion in the β region is considered to be associated with the dielectric properties of the
cell membranes and their interactions with the extra- and intra-cellular electrolytes as shown in
Figure 5 (Ivorra et al., 2005).

Figure 5. Mechanism behind the β dispersion. Current paths at low and high frequency. Circles are cells, and
light grey medium is extracellular water. At low frequency the current moves around the cells, while at high
frequencies it passes through the capacitive properties of the cell membrane (Ivorra, 2005)

The dispersion in the γ region is associated with the molecular polarization of water.
2.1.10 Equivalent circuits
Cole introduced a mathematical model able to describe the "depressed semicircles" found when
measuring on biological tissue. It is based on the CPE, and is known as the Cole equation:
(7.8)
Z is the impedance at frequency ω, j is the complex number,
is the impedance at infinite
frequency,
is the impedance at 0 frequency, is the characteristic time constant, and is a
dimensionless parameter between 0 and 1. See chapter 2.1.6 for details.
2.1.11 Bioimpedance measurements in vivo
Living tissue is far more complicated than ideal models, and there are several factors that add
noise, variation and errors to the measured immittance when measuring in vivo.
A living body is constantly in movement from breathing, heartbeats, blood circulation, muscle
and nerve activity. It is a dynamic system, with its own electrical/chemical signaling systems .
The temperature and hydration level of tissue can change rapidly with exposure. The electrical
properties change depending upon the state and perfusion of the tissue. The body is receptive to
electrical and magnetic fields in the operation room. These signals will add noise to the
measurements, and add to the common mode voltages across the body that can influence the
accuracy of the measurements.
2.1.12 Temperature
In biological tissue the immittance changes with temperature. While resistivity in a metal usually
increases with temperature, it is the opposite in tissue. Approximations that account for the
temperature variance are an increase in 2% conductance pr degree Celsius, and -0,5 %
susceptance pr degree Celsius for low frequencies (Grimnes & Martinsen, 2008). The coefficients
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are dependent upon measuring frequency in relation to the characteristic frequencies of the
dispersions in the measured tissue.
2.1.13 Impedance and geometry
Measured impedance is directly influenced by the geometry of the measured sample.
, [Ω], (simplified for DC, X=0)

(7.9)

(R = resistance, ρ = resistivity, L = distance between electrodes, A = cross-sectional area of the
electrodes).
The transfer impedance measured when using 3 or 4 electrode setups is more "vulnerable" to
what way the current chooses, than with a 2 electrode setup. With a 4 electrode setup it is
possible to end up with a measurement of zero impedance if both the PU electrodes are on the
same equipotential line and measure the same voltage.
2.1.14 Noise
In all systems where there are electrical fields and currents, the element of noise must be taken
into consideration. Noise is random electrical charges that adds to the ideal signal. Noise can be
divided into two main categories:
Inner noise
 Thermal noise
 Shot noise
 1/f noise
 Popcorn noise
 R/G noise
External noise
 Comes from the presence of electrical-, magnetical-, or RF fields.
 Stray inductance and capacitance.
 Can also propagate along wire from current supply etc.
Related to bioimpedance there are a few important factors to remember:





Noise contribution from electrodes varies with the type of metal.
A larger electrode area equals less noise and artifacts and increased electrode admittance.
The more polarizable an electrode is, the more noise.
Noise increases as contact electrolyte is diluted.

When performing bioimpedance measurements in a noisy hospital setting it is important to use
shielded wires and to try to minimize the area of exposed electronics. A living body has electrical
potentials across many surfaces and membranes, has both conducting and dielectrical
properties, and has thus the ability to pick up noise in itself. The various movements (breathing,
heartbeats, muscle contractions, etc) in the body influence the geometry factor in the impedance
measurement mentioned in chapter 2.1.13. The result can be artifacts and noise due to changes
in geometry and pressure under the electrodes.
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2.1.15 Linearity
In a linear circuit where the excitatory signal is a sinusoidal voltage or current source, all
voltages and currents are sinusoidal with the same frequency as the excitation signal, although
the amplitude and phase can change (Grimnes & Martinsen, 2008). It is important to make a
distinction between linearity in tissue and linearity of the electrodes. Normally the linearity of
the tissue is considered to hold as long as the current passing through the tissue does not exceed
1mA pr cm2 (frequency dependent) (Schwan & Kay, 1957).
Biomaterials are linear at low volume power densities (Grimnes & Martinsen, 2008). While
normal bioimpedance measurements are made at very low power densities, sometimes the
electrical properties of the tissue structure can make non-linear phenomena occur at low
average current densities (Grimnes, 1984). For electrodes it has been shown that there is a
voltage amplitude limit for linear behavior related to the EPI (Onaral & Schwan, 1982). The
waveform of the excitation signal also affects the linearity of a measurement. In addition the
linearity of the measurements depends on the shape and size of the electrodes.
2.1.16 Reprocity
Switching the position of the CC electrodes with the position of the PU electrodes does not
change the transfer impedance in an electrically linear system (Grimnes & Martinsen, 2008).
This is valid both for 3 and 4 electrode setups.

2.2 Tissue structures and passive electrical properties
In this chapter I give a brief introduction to the electrical properties of tissues. Almost all the
solid matter in the body in the form of cells is in one of the following forms (Grimnes &
Martinsen, 2008):
a) Water and body liquids
Water is a polar liquid with a dipolar electric field. This is observed when using
frequencies in the high GHz range during bioimpedance measurements. In its pure form
it has high permittivity and is able to spilt ionic bonds of various molecules. These spilt
particles are then surrounded by water molecules that form a hydrated sheet which
neutralize the charge of the particle, and increase its effective dimensions. Water is
found in all structures in the body, mostly in the form of electrolytes. Electrolytes are
found both outside, and inside cells. Electrolytes have low permittivity and are well
conducting for DC current.
b) Protein
Proteins are made by combinations of covalent bonds between amino acids. Protein is
one of the most abundant macromolecules found in cells. It has such a strong binding to
water that water molecules in areas with lots of protein can be viewed as "bound water"
(Grimnes & Martinsen, 2008). At a low concentration there is a proportionality between
the concentration of proteins and permittivity.
c) Carbohydrates
Carbohydrates are not believed to contribute significantly to tissue
impedance/admittivity (Grimnes & Martinsen, 2008).
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d) Lipids
Lipids are a group of molecules that include fat, fat acids, wax and several other oily and
greasy substances. Lipids are water insoluble. One of the more important types of lipids
is "polar lipids", which are major components of the cell membrane. These lipids are the
basis for the capacitive nature of cells, membranes, and tissue (Grimnes & Martinsen,
2008).
The combination of these four forms give rise to the complicated electrical properties of the
living tissue where we find both conductive and dielectric properties. Tissue is normally
heterogenic both due to its inherent structure, varying texture, and the many complex parallel
and serial systems both on a micro and macro level.
According to Grimnes et al. "the difference between data from human and mammalian animal
tissue is usually considered small" (Grimnes & Martinsen, 2008).
2.2.1 The cell
The cell consists of complicated structures that allow for control of permeability as well as a
multitude of functions. It is surrounded by a lipid membrane that is an absolute condition for its
ability to live and function. Inside there are many different structures depending upon cell type,
as well as some common structures found in all cells. The cells differ in type, function, size and
shape.
2.2.1.1 Cell membrane
The cell membrane has a very low conductivity due to its ability to control the permeability of
ions. The membrane has many different channels and gates, but these are controlled by the cell
as long as it functions normally. Electrically the cell membrane is often viewed as a frequency
independent capacitance (Grimnes & Martinsen, 2008). The cell can be exited if a potential
threshold is reached, and the membrane itself can break down through electroporation if the
potential difference is high enough.
2.2.1.2 Intracellular structures
While the intracellular domain is fairly complicated, it is often simplified and modeled
electrically as a resistance.
2.2.2 Extracellular fluids
Extracellular fluids are electrolytes and are often modeled as a resistance.
2.2.3 Gap junctions
A gap junction is a intercellular connection in the nanometer range between the cytoplasm of
two adjacent cells. The gap junctions allow for various molecules and ions to pass directly
between the cytoplasms. Thus it influences the immittance and relaxation constant of tissue that
has such junctions.

27

Figure 6 shows an intestinal epithelial cell with gap junctions and its location on the small
intestinal villi.

Figure 6. Intestinal epithelial cell with junctions (left) location of the epithelial cell on the mucosa (right)
(Hill, 2008)

2.2.4 Anisotropy
Tissue is usually an anisotropic medium (Grimnes & Martinsen, 2008) due to the structure and
orientation of the cells, membranes and organs. This results in the measured immittance
changing with the positioning of the electrodes with respect to the structure of the tissue. Muscle
tissue has strong anisotropy, and will result in different dispersions when measuring along the
muscle fibers versus across the muscle fibers.
2.2.5 Cell types
The human body consists of four major types of tissue. These are shown in Figure 7.

Figure 7. Major tissue types (Hill, 2008)

Epithelial tissue covers body surfaces and line cavities in the form of various membranes. Some
major functions are protection, absorption, secretion and filtration. There are many differing
shapes and sizes of epithelial cells. The epithelial tissue often has both capacitive and resistive
properties.
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Connective tissue is the most common tissue found in the body. Some major functions are
support and protection. There are many types of connective tissue, including fat tissue, loose
connective tissue, dense fibrous tissue, cartilage, bone, blood and lymph. The connective tissue
has often more resistive than capacitive properties.
Muscle tissue is divided into three types: skeletal, smooth, and cardiac. Figure 8 and Figure 9
show examples of the difference in structure of skeletal versus smooth muscle. Notice the
difference with the skeletal muscle cells structure being a lot more symmetric than the smooth
muscle cell structure. Muscle tissue has both capacitive and resistive properties.

Figure 8. Smooth tissue cells. Sketch (left), microscopic image (right) (Krupp, 2006)

Figure 9. Skeletal muscle tissue. Sketch (left), microscopic image (right) (Krupp, 2006)

The nerve tissue consists of specialized cells which can conduct impulses and receive stimuli.
Their shape is usually long and string-like.
2.2.6 Electrical properties of the small intestine
There is very little data to be found regarding the electrical properties of the small intestine.
Gabriel et al. has measured the high frequency (10MHz-1MHz) electrical properties of in vitro
small intestine samples, and has modeled the electrical properties for the lower frequencies
(1MHz-10Hz) based on a summation of 4 Cole-Cole expressions (Figure 10). The accuracy with
the fitting includes an estimated 15–25% error at the lower end of the frequency scale. They
used human autopsies, and measured in vitro 24-48 hours after the samples were taken. It is not
stated how the tissue was stored before measuring, so the condition of the tissue is uncertain.
The measurement tissue sample was at least 5cm in length. The measurement was made using
open ended 50Ω impedance-matched conical co-axial probes, with an HP4192A impedance
analyzer in conjunction with HP8700 series network analyzers (C. Gabriel & Gabriel, 1996; C.
Gabriel, Gabriel, & Corthout, 1996; S. Gabriel, Lau, & Gabriel, 1996a, 1996b). The data from the
small intestinal measurements and many other tissues are presented at the webpage of the
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Italian national research council/Institute for applied physics/IFAC-CNR (Andreuccetti, Fossi, &
Petrucci, 2000).

Figure 10. The electrical properties of the small intestine. Measured (blue), fitted (red), and literature (green)
The y-axes show the amplitude of the conductivity and permittivity (C. Gabriel & Gabriel, 1996)

2.3 The small intestine
In this chapter I focus mainly on the physiological side of the small intestine. The related
electrical properties are described in chapters 2.2.6 and 2.5. The small intestine consist of the
duodenum, the jejunum, and the ileum. The main functions of the small intestine are digestion
and absorption, in addition to lesser functions like the neutralization of acids. The small
intestine is regulated through the autonomic nervous system.
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Figure 11. Small intestine - anatomy (Healthwise, 2012)

Movement in the small intestine is called peristalsis, and consists of wavelike movements due to
contractions of the longitudinal and circular muscle fibers in walls of the small intestine.
Figure 12 shows the general structure of the small intestine, with the mesentery as the supply
line for blood vessels.

Figure 12. General structure of the small intestine (Medical_library_staff, 2003)

2.3.1 Structure of the Jejunum
I will focus on the jejunum, as this is the tissue where I took measurements in the porcine
ischemic small intestinal model 2 (PM2).
The diameter of the adult human jejunum is approximately 4 cm (Gray, 2000), the ileum is 3,53,5 cm in diameter. The normal thickness of the wall of the small intestine ranges from 3 to 5
mm (Furukawa et al., 2009), 2-3 mm (Macari & Balthazar, 2001) depending on factors like
stretch and distention of the lumen.
Figure 13 shows the proportional layer structure of the jejunum wall:

Figure 13. Small intestinal wall - layers with proportional thickness (Putz & Pabst, 1997)
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Notice how the longitudinal and circular fiber layers appear different when viewing along or
across the wall of the small intestine.
Figure 14 shows a microscopic view of the wall of the jejunum. The numbered areas are
described in the text below the figure.

Figure 14. Microscopic view of the jejunum wall (Gunin, 2000)

Tunica Serosa (4) is the surface membrane of the jejunum, consisting of an inner layer of dense
connective tissue (thick fibers running in many plains), and an outer simple squamous
mesothelial layer (Mesothelium). This is a monolayer of multipotent active cells that are
essential in the pathophysiological response to inflammation and other forms of threats to the
small intestine. When stimulated the mesothelium provides an immunological response with
functions like phagocytosis and mediators like phagocytes. The serosa also produces lubricating
fluid. The epithelial layer contains gap junctions (Staehelin, 1972).






Tunica muscularis Propria (3) consists of two layers of unstriped cells. The outer layer is
made of thinly scattered longitudinal cells, and the inner layer is a thicker and more uniform
layer of circular cells. 0,22% of the area of circular muscle cells are covered with gap
junctions (Gabella & Blundell, 1981).
Tela submucosa (2) consists of a complex structure containing blood vessels, lymphatic's,
and nerves.
Muscularis Mucosae is a small double layer of unstriped muscle cells found between (2)
and (1).
Tunica mucosa (1) is the most vascular layer of the small intestine, with glands/crypts (6),
and villi (5) which is the interface for the absorption of nutrients.

Figure 15 shows an example of the simpe squamous mesothelial layer that we can find on the
outside of the serosa.
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Figure 15. Simple squamous epithelia (Mesothelium) (Frolich, 2012)

Figure 16 shows the asymmetric and inhomogeneous structure of real small intestinal tissue.

Figure 16. Microscopic view of the serosa with mesothelium and underlying connective tissue, and the
muscularis (King, 2001)

The jejunum contains a series of circular folds (Plica circulares) which extend into the lumen,
and are basically reduplications of the mucous membrane. They retard food passage through the
intestine and increase the absorption surface. Figure 17 shows a microscopic view which focuses
on a fold.

Figure 17. Microscopic view of the Plica Circulares (left), structure of the jejunum wall with plica (right)
(The_OUHSC_Web_Team, 2012)

In Figure 18 we see the structure of blood vessels in the human jejunum. They are supplied by
the superior mesenteric artery. One difference between pig and human jejunum is that while the
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human jejunum blood vessels have a series of arcades close to the serosa, the pig jejunum lack
this connection.

Figure 18. Blood vessel structure of the jejunum (Human) (Gray, 2000)

2.3.1.1 How to differentiate between jejunum and ileum
The jejunum and ileum are connected and can appear similar at first glance. The jejunum is
thicker, wider, and more redcolored, Figure 19 shows some differences between them (porcine
jejunum):

Figure 19. External and internal differences between the jejunum and the ileum (Porcine) (Snell, 2008)
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2.4 Ischemic injury in the small intestine
In this chapter I focus mainly on the physiological side of ischemia in the small intestine.
Intestinal ischemia is still a frequent cause of death in the world. If it is detected early it is often
reversible. Diagnostisation and treatment of acute intestinal ischemia is a well known situation
in acute medicine.
"The survival rate has not improved substantially during the past 70 years, and the major reason is
the continued difficulty in recognizing the condition before bowel-infarction occurs" (Oldenburg,
Lau, Rodenberg, Edmonds, & Burger, 2004). There is no gold standard for sensitive and specific
detection of ischemia (Tønnessen, 1997). While ischemia in some organs like the heart or brain
is often manifested with concise symptoms, ischemia in other organs like the intestines can
occur with diffuse and slowly developing symptoms.
The superior mesenteric artery supplies the small intestine. Seventy percent of the mesenteric
blood flow is directed to the mucosal and submucosal layers, while the rest supplies muscularis
and serosa. The mucosa is the most vascularized part of the intestine (Chou, Wu, Mak, & Lin,
2006). The intestine is quite resilient and is able to function with a high degree of reduction in
blood flow. "Only one fifth of the mesenteric capillaries are open at any given time, and normal
oxygen consumption can be maintained with only 20% of maximal blood flow" (Oldenburg et al.,
2004).
Ischemia occurs whenever the oxygen or vascular supply cannot meet the metabolic demands of
the tissue. The normal aerobe metabolism is then replaced by anaerobic metabolism that tries to
compensate until either reperfusion or cell death occurs. If intestinal ischemia is allowed to
progress, it will result in irreversible bowel necrosis and severe metabolic derangement, leading
to cascades of events that culminate in multiple organ dysfunction and death.
2.4.1 Causes
There are many causes for gastrointestinal ischemia, including inadequate perfusion, narrowing
or closing of blood vessels due to various reasons, bowel obstruction and distention, the effects
of drugs, and infections (Weidner, Cote, Suster, & M., 2009). Ischemia in the small intestine can
be both occlusive and nonocclusive. The most common causes are arterial emboli, thrombosis,
and intra abdominal adherences with strangulation of mesenteric vessels. The last mentioned is
the basis for the model described in chapter 3.4.2. Diabetes and arterial sclerosis are common
systemic causes.
2.4.2 System priority
During hypovolemic shock when the body is activating its defensive mechanisms, the small
intestine has low priority. This can result in ischemic insult in the small intestine as a secondary
effect of hypovolemia.
2.4.3 Pathology - cell level
At the onset of ischemia the cells have enough adenosine triphosphate (ATP) to perform their
normal functions, including sustaining their osmotic balance. At the start of ischemia the cellular
oxidative phosphorylation begins to decrease as the result of the reduced supply of oxygen.
When the remaining oxygen is spent this results in failure to resynthesize phosphates including
ATP and phosphocreatine. To continue the production of APT the metabolism switches from
aerobic to anaerobic. The anaerobic metabolism has only a fraction of the capacity compared to
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aerobe metabolism. A byproduct of anaerobic metabolism is lactic acid, which is the main
contributor to acidification (Tønnessen, 1997).
Over time this results in a decrease in the function of the ionic pumps of the cell membrane,
which allows for the entry of calcium, sodium and water into the cell (Eltzschig & Collard, 2004).
As a result the cell becomes depolarized, and the accumulation of metabolic waste products will
over time overexcite the cell and cause the generation of toxins. Due to the metabolic buildup
and the osmotic forces working against a weakened cell membrane, there is a gradual swelling of
the cell, which in turn decreases the extracellular volume.
There is a gradual increase in the membrane permeability due to the opening of the ion channels
and the breaking-down of the membrane by phospholiophases. This allows for more harmful
substances to enter the cell. After a while the mitochondria breaks down releasing toxins and
substances that trigger the apoptosis pathway of the cell, programming it to self-terminate.
When the cell membrane breaks down it releases its toxic products both systemic and in the
close environment. This will contribute to poisoning and the overexcitement of nearby cells.
Table 2 shows an overview of these changes:
Cellular acidosis
Altered membrane potential
Altered ion distribution (increased intracellular Ca2+/Na+ ratio)
Cellular swelling
Cytoskeletal disorganization
Increased hypoxanthine
Decreased ATP
Decreased phosphocreatine
Decreased glutathione
Stabilization and nuclear translocation of hypoxia-inducible factor 1
Increased leukocyte adhesion molecule expression
Increased nucleotide phosphohydrolysis and adenosine signaling
Table 2. Cellular changes due to ischemia (Eltzschig & Collard, 2004)

2.4.4 Pathology - macro level
The time development of ischemic damage proceeds from the mucosa outward until the
occurrence of transmural infarction. The following changes in the small intestine are described
from a histological perspective.
The layer of the intestine that is first affected by ischemia is the mucosa. It begins with the
sloughing of the surface epithelium into the lumen, initial preservation of villous architecture
and hemorrhage in the lamina propria. After about 20 min of near total ischemia the epithelial
lining of the villi is starting to slough (Haglund, 1996). As ischemic injury progresses this
develops into extensive portions of the mucosa sloughing with a variable leukocyte infiltrate
(Sleisenger, Fordtran, F., & Feldman, 1993). The leukocyte is a category of white blood cells that
is part of the immune system response to areas of infections or necrosis. The leukocyte infiltrate
is typical of aseptic peritonitis as a result of acute ischemia. Peritonitis leads to inflammation,
including vasodilatation and increased capillary permeability.
The serosa will show early congestion, with diffuse hemorrhage developing in conjunction with
a variable leukocyte infiltrate. When observing the time development of small intestinal
ischemia in vivo, serosa changes from normal color to increasingly darker red, to purple, and
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eventually to bright red as transmural necrosis and hemorrhage is complete (Sleisenger et al.,
1993).
In Picture 1 we see an example of necrotic jejunum wall.

Picture 1. Histological image of infracted small intestinal wall with peritonitis. Shows transmural necrosis of
the small intestinal wall. Ghost villi (black arrow) can be seen as well as necrotic submucosa and muscularis.
The serosa (green arrow) is covered with a dense infiltrate of leukocytes (purple dots) indicating acute
peritonitis. (Nadel & Lindquist, 2005)

When the concentration of metabolic waste products (hydrogen, potassium, carbon dioxide, and
adenosine) increases, it results in the widening of blood vessels (vasodilatation) and an increase
in microvascular permeability (Oldenburg et al., 2004).
Gorey made an index (Figure 20) of microvascular patency versus ischemic time showing how
ischemic injury is associated with a progressive failure of the microcirculation (Gorey, 1980).

Figure 20. Index of microvascular patency plotted against ischemic time in rat small intestine (Gorey, 1980)

Picture 2 shows how the uptake of florescent dye can display the function of the
microcirculation as a result of ischemia over time, correlating with Figure 20 above.
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Picture 2. Uptake of fluorescent dye in the small intestinal wall, as a factor of ischemia over time.
Vascularization after 1-2 hours of ischemia (left), Vascularization after 6-8 hours of ischemia (right). (Gorey,
1980)

The fluids that were in the blood vessels congest and form local edema in the tissue structures.
Inside the endothelium in the walls of the blood vessels, ischemia promotes expression of
certain proinflammatory genes and bioactives, while repressing other "protective" gene
products and bioactive agents. This results in a proinflammatory state that invites edema and
ekstravascular fluid leakage. There are also compensating mechanisms that try to fortify the
vascular barrier. There are several parallels between tissue responses to ischemia and to acute
inflammation. (Eltzschig & Collard, 2004).
It is important to note that the early stages of intestinal infarction only give vague symptoms.
After some hours of reperfusion, hemorrhage in the necrotic ischemic tissue will occur. Signs of
peritonitis may appear.
2.4.5 Area of ischemic injury
Cases of ischemia in the small intestine associated with the narrowing of a blood vessel usually
show pathologic changes in the intestinal area supplied by the narrowed vessel. In contrast,
nonocclusive intestinal ischemia causes patchy and irregular distribution of damage not
necessarily corresponding to an area supplied by a specific blood vessel (Weidner et al., 2009).
2.4.6 Reperfusion
While it is necessary in order to reverse the ischemia, it is generally accepted that during the
phase of reperfusion there is an increase in intensity in damage to the cells. For example, the
histological changes of injury after 3 hours of intestinal ischemia followed by 1 hour of
reperfusion are more pronounced than the changes observed after 4 h of ischemia alone
(Eltzschig & Collard, 2004). In addition reperfusion of ischemic small intestine can release
reactive components into the blood which in turn can cause damage over time in other organs.
2.4.7 Irreversible ischemic damage
An ischemic insult first injures the mucosa, then the submucosa, and finally the muscularis
propria layer (Chou et al., 2006).
Pathological level of small intestinal ischemic damage:
a) Mucosal necrosis where the lesion is limited to the mucosa.
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b) Mural necrosis where the lesion extends to the submucosa or even part way through the
muscularis propria.
c) Transmural necrosis where the lesion extends through the muscularis propria
While the mucosa is the most vascularized part of the small intestine and is first affected by
ischemia, it has the ability to regenerate after reperfusion. Mural necrosis may heal without
surgery, while transmural necrosis inevitably ends with perforation (Chou et al., 2006).
According to Guan the point of irreversible ischemic damage occurs with the necrosis of the
epithelial villus cells. This is based on his experiments with mice. (Guan, Worrell, Pritts, &
Montrose, 2009).
There are many factors that influence the ability of the small intestine to endure ischemic
damage over time. It varies with factors like age, overall health situation, former ischemic
assaults etc. It also varies between different types of animal and humans. The temperature of the
ischemic area is a major factor in determining the time variant changes. Warm ischemia allows
for normal metabolism with normal development of ischemic damage. Cold ischemia results in a
reduced metabolism with a time delay in the development of ischemic damage.
Figure 21 shows the time development of mucosal damage based upon a histopathologic study
on ischemic canine small intestine. Notice the difference in damage pre and post reperfusion.
Figure 21 uses the following descriptions of levels corresponding to rate of severity as the yaxes:
0 - Normal
1 - Subepithelial detachment at villus tip
2 - Extended subepithelial space
3 - Epithelial lifting along villus side
4 - Denudation of villi
5 - Loss of villus tissue
6 - Infarction of crypt layer
7 - Transmucosal infarction
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Figure 21. Severity of mucosal damage on canine small bowel. X- axis shows time in hours. (A) - warm
ischemia (B) - cold ischemia (Takeyoshi et al., 1996)

2.4.8 Diagnostisation
Clinically it can be difficult to diagnosis intestinal ischemia in patients. There are many
nonspecific symptoms, and no single accurate method of determination. Low-flow states
(nonocclusive), superior mesenteric artery occlusion, and mesenteric venous thrombosis
account for more than 95% of major ischemic events (Weidner et al., 2009). The doctor often
acts on a high index of clinical suspicion, and turns to surgery to verify by visual inspection.
2.4.9 Intraoperative assessment of intestinal viability
When the patients abdomen is opened the surgeon tries to determine if the intestine is in fact
ischemic or if the symptoms have other causes. If ischemic small intestine is detected, the
surgeon will try to assess its viability. Segmental resection is performed on the parts of the
intestine that are assessed to be irreversibly damaged, and anastomosis is performed with the
parts deemed viable(Gorey, 1980).
Intraoperative mortality in patients undergoing revascularization for acute intestinal ischemia is
quite high. There is little published data on the long-term results after successful
revascularization, recurrence is not uncommon, and the prognosis is poor over time (Oldenburg
et al., 2004).
2.4.9.1 Detection of ischemic small intestinal tissue
The main method for the preoperative detection of ischemic small intestine is computer
tomography (CT) and magnetic resonance tomography (MR) (Schwartz, Haage, & Hohl, 2012),
followed by diagnostic laparoscopy. By using dynamic contrast and multislice technology the
sensitivity and specificity of CT is improved. (Oldenburg et al., 2004). Recent developments in CT
technology (MDTC scanners) have increased sensitivity for diagnosing acute intestinal ischemia
dramatically (Furukawa et al., 2009).
There are several other experimental methods that are being researched like radionuclide
imaging (Kiss et al., 2009), Doppler ultrasonography (Danse, Kartheuser, Paterson, & Laterre,
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2009), and peritoneoscopy (Oldenburg et al., 2004). Emergency laparoscopy or laparotomy will
be conducted if there is enough clinical indication (Oldenburg et al., 2004).
2.4.9.2 Assessment of the viability of ischemic small intestine
When acute intestinal ischemia is detected, an assessment of the viability of the intestine needs
to be performed. The standard method in clinical practice is assessment by visual and palpable
inspection. First revascularization is performed as far as possible, while observation of criteria
such as odor, the return of peristalsis, pulsation and return to normal color is used in predicting
intestinal viability. This method is non-specific and unreliable, and requires a high level of
clinical experience (Gorey, 1980). In some cases the surface of the serosa will not show a color
corresponding to ischemic damage. There is also the possibility of mistaking vasospasms for
peristalsis (Oldenburg et al., 2004).
There are several alternative methods that are used experimentally and complimentary with
visual inspection. Methods like pulseoximetry (LA Hei & Shun, 2001), laser Doppler flowmetry
(Redaelli, Schilling, & Buchler, 1998), Doppler ultrasonography (Danse et al., 2009),
photoplethysmography (Cleveland, Nawaz, & Gaines, 2002), measurement of pCO2 (Tønnessen,
1997), microdialysis (Sommer, 2005), and the use of intravenous fluorescent and inspection
under a Wood lamp(UV-A) (Blackbourne, 2004). Some of these have shown promising results in
animal experiments, but lack enough volume of human testing (Oldenburg et al., 2004).
While the primary operation might be successful, the inaccurate nature of the intraoperative
assessment of intestinal viability, and the few reliable and available postoperative signs invite a
level of uncertainty. This sometimes results in the need for a second-look laparotomy after 24 to
48 hours. One common complication is leakage from the anastomosis after a segmental
resection. This is related to the difficulty of assessing the viability of the point of reattachment.
(Gorey, 1980).
I therefore find it important to investigate the potential of using bioimpedance measurements in
this field, with the hope of showing principally that bioimpedance methods can be utilized to
show high sensitivity and specificity in assessing the state of ischemic small intestine.

2.5 Electrical properties related to ischemia
In this chapter I will describe the theory related to the immittance and dielectric changes
following the physical changes described in chapter 2.4. I will focus on the changes in the 1Hz1MHz range.
Systematic changes in electric properties in ischemic tissue usually occur due to changes in the
cell membrane, the extracellular volume, temperature and direction of the E-field with respect to
the fibrous materials (Peyman, Holden, Watts, Perrott, & Gabriel, 2007).
There are many who have contributed to this field of research. I have read and am grateful for
the related articles of Gersing (Gersing, 1998), Salazar et al (Salazar, Cinca, & Rosell-Ferrer,
2004), Martinsen et al (Martinsen, Grimnes, & Mirtaheri, 2000), Bozler et al(Bozler & Cole,
1935), Casas et al (Casas et al., 1999), Schaefer (Schaefer, Schlegel, Kirlum, Gersing, & Gebhard,
1998), Kuhn et al (Kun & Peura, 1994), Asami (Asami, 2007), Schafer (Schafer et al., 1999) and
Ivorra (Ivorra, 2005).
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Most of the data I found was based on various animal tissues, the most common being ischemic
changes in heart and skeletal muscle. I have summarized some of the general finds below:










An early change in ischemic tissue is the closing of gap junctions. This can be observed as an
increase in low frequency impedance in tissue with gap junctions, and the gap junction
related dispersion at <10KHz will disappear.
As the cells swell with osmosis and the extracellular volume decreases, there will be a rise in
low frequency impedance.
Depending upon the location of the ischemic tissue, there might be a drop in temperature
due to insufficient circulation, resulting in a temperature related increase in resistance.
The increasing permeability of the cell membrane due to its reduced function results in a
gradual decrease in impedance.
The formation of edema, congestion of blood, and changes to vascularity result in a decrease
in impedance.
The mechanisms mentioned above influencing impedance in opposite directions is often
observed as an initial increase in low frequency resistance in the first hours of ischemia,
followed by a drop in resistance over time.
The β dispersions disappear as the cell membranes collapse.

2.5.1 Ischemia various organs
Figure 22 shows the development in ischemic myocardial tissue with time related increases in
resistance and reactance.

Figure 22. Characteristic time evolution of resistance and reactance in ischemic myocardial tissue. (1) 75 min,
(2) 150 min, (3) 250 min, (4) 350 min, (5) 450 min (Gheorgihu et al., 1999)

Figure 23 shows the ischemic time development in rat liver. Note the changes in the low
frequency reactance in the right part of the figure.
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Figure 23. Characteristic time evolution of Re and Im in ischemic liver tissue. (1) 25 min, (2) 95 min, (3) 150
min, (4) 275 min, (5) 375 min (Gheorgihu et al., 1999)

Figure 24 shows the time development of ischemia in rat kidney for warm and cold ischemia.
Note the fall in resistance in the warm ischemia measurements (black triangles).

Figure 24. Time development in ischemia rat kidney of R0 and R∞, based on the Cole model fit. Black dots is
cold ischemia and black triangles is warm ischemia (Genesca et al., 2005)

2.5.2 Ischemia in the small intestine
I have found only a few articles describing bioimpedance measurements on the small intestine,
and on ischemic small intestine. In this subchapter I present the findings in the above mentioned
articles.
Figure 25 shows the time development of resistance in ischemic canine small intestine and
colon. The measurements were performed in vitro by invasive measurement.
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Figure 25. Ischemic time development of resistance in canine small bowel (SB) and colon. The x-axis shows
time in hours. (Takeyoshi et al., 1996)

Figure 26 shows the effect on measured impedance when the intestine is exposed to artificial
edema. Jugular vein catheters were used to inject normal saliva into rat small intestine in vivo.

Figure 26. Changes in impedance as a result of artificial intestinal edema (Radhakrishnan et al., 2007)

Figure 27 shows the resistance and reactance changes in ischemic porcine small intestine. The
measurements were done by a 4 electrode catheter inserted into the intestinal lumen. Note the
characteristic increase in resistance and reactance similar to that found in many other tissues.
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Figure 27. Resistance and reactance in ischemic porcine small intestine as a function of frequency. (Othman et
al.)

3 Materials and Methods
In this chapter I describe the equipment and methods I used for the early testing, the selection of
electrode setups, the test models, the porcine models, the histological samples, the algorithm
program, the equivalent models and the statistical tests performed on the data.

3.1 Hardware
All measurements were conducted using a Solartron 1260A impedance/gain-phase analyzer
(Serial nr: 00164490), with a Solartron 1294A impedance interface (Serial nr: 00166096). The
1294A interface has a dual set of four outputs(medical/non-medical). The non-medical outputs
were used for all measurements. A laptop was connected to the Solartron 1260 and used to run
the controlling software and for storing data. The software used for the measurements was Zplot
3.3c (Copyright © 1990-2012 Scribner Associates, Inc. Written by Derek Johnson). Zplot allows
for selection of parameters like current/voltage, frequency range, amplitude, etc with an easy to
use interface.

3.2 Software
Analysis of the data was performed with the Zview 3.3c (Copyright © 1990-2012 Scribner
Associates, Inc. Written by Derek Johnson). This software allows for easy display and
comparison of data from Zplot. In addition Zview allows for adjustment of data, curve fitting,
modeling and simulation. ©Microsoft Excel 2007, ©Graphpad Prism 6, and ©The Unscrambler X
10.2 was used for analysis and presentation of data. ©Matlab R2011a was used for the Ischemia
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Assessment Algorithm (IAA). ©COMSOL Multiphysics 4.3 was used for modeling and estimation
of sensitivity fields with the chosen electrode setup on small intestinal tissue.

3.3 Test models for the evaluation of electrode properties
With a multitude of possible electrode setups, I decided to perform a series of tests in order to
find a setup that is suitable for measurements on small intestinal tissue. I made a lot of initial
tests becoming acquainted with bioimpedance, but will not include them here. The result of the
initial test were the following setups that I evaluated on the test models:
A. 2 electrode setup with ©Quickels Silver-Silver chloride electrodes (2e SS)(Electrodes
facing each other).
B. 2 electrode setup with self-made gold electrodes (Electrodes facing each other).
C. 3 electrode setup with two ©Blue Sensor ECG electrodes (ref: M-00-A) as C and R, and a
©Teca Monopolar disposable steel needle electrode (Viasys Healthcare) (ref: 902DMF37) as M.
D. 3 electrode setup with ©Quickels Silver-Silver chloride electrodes (Electrodes placed in
a line formation).
E. 4 electrode setup with ©Quickels Silver-Silver chloride electrodes (Electrodes placed in
a line formation).
F. 3 electrode setup with self-made gold electrodes (Electrodes placed in a line formation).
G. 4 electrode setup with self-made gold electrodes (Electrodes placed in a line formation).
H. 2 electrode pen (Electrodes of steel with circle around point).
I. 3 electrode setup with two ©Blue Sensor ECG electrodes (ref: M-00-A) as C and R, and a
self made steel electrode.
J. Several 4 electrode setups with self-made steel electrodes (Electrodes placed in a line
formation).
All setups with the exception of 3) were non-invasive with the electrodes placed against the
surface of the serosa. With setup 3) I placed the needle 1-2 mm into the intestinal wall.
The Zplot parameters were the same for all test models:
 Ctrl E, sweep frequency
 Amplitude: 30-1000mV (Tested various amplitudes, including linearity tests over a large
amplitude range).
 Frequency range: 1MHz-100Hz
 10 steps pr decade
 Integrating 10 times pr step
The following test models were used to determine the properties and performance of the
various electrode setups: (Several smaller tests like linearity test 5.1.1.1(e)) was also performed,
but is not described separately as a model).
See chapter 4.1.1 for the results.
3.3.1 Air model
The purpose of this model was to determine the performance of the electrode setup when there
was no electrical contact between the electrodes, to investigate stray capacitance. The
measurements were performed with the electrodes exposed to air. With the 2 electrode setups
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where the electrodes were facing each other, this test was made with a minimum of 1cm of air
between the electrodes.
3.3.2 Short circuit model
The purpose of this model was to investigate the impedance in the electrode setup. The
resistance measured is expected to be approximate to the resistance in the electrode setup,
while the reactance will be influenced by an increased inductance due to a larger current than
while measuring with a sample impedance in series with the electrode impedance. The
measurements were performed with the electrodes being in direct contact with each other (2e
setups), and short-circuited by a low resistance thick copper wire (3-4 electrode setup). The
electrodes were dry so no EPI was involved.
3.3.3 NaCl 0,9 model
This model was used to observe the electrode properties when measuring a substance with
known resistivity and electrolyte properties close to what we can find in extracellular water.
The measurements were performed with the electrode surfaces being in contact with the NaCl
0,9. The NaCl 0,9 was stored and measured at room temperature. The measuring cell was the
bottom part of a 1,5 liter milk carton filled to the depth of 4cm with NaCl 0,9.
3.3.4 Cucumber model
My advisor advised me to use a cucumber model to observe electrode setup properties and
performance (Kalvoy et al., 2011). The cucumber has soft and moist tissue similar to the surface
of the small intestine, and has a distinct dispersion with a central frequency in the 50-60kHz
area depending upon the electrode setup. The cucumber was kept in room temperature for at
least 2 hours before performing the tests. It was sliced just before measurement started, and the
plastic wrapping was kept on to reduce evaporation.

3.4 Models for porcine small intestinal ischemia
3.4.1 Porcine small intestinal ischemia model 1 (PM1) (Pilot study)
This model was conducted on a total of 5 pigs.
I was invited by the institute for surgical research to perform a pilot experiment on a porcine
model which was performed every second week. The porcine model was being used for two
experiments:



CCN proteins in the development of sepsis-induced multiple organ dysfunction
Thrombin generation as a sensitive tool to predict early haemostatic changes in sepsis

I was put in contact with the surgeon responsible for the porcine model, and we developed a
pilot model for a 2-hour duration of full mesenteric occlusion small intestinal warm ischemia.
I had three goals for the pilot study:
1. Test the promising electrode setups from my test models, assess their performance
on small intestinal tissue, and select the best setup.
2. Become acquainted with the small intestinal anatomy and electrical properties.
3. Become acquainted with ischemic injury on the small intestine, and measure the
electrical differences in perfused versus ischemic small intestinal tissue.
See chapter 4.1.2 for results.
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3.4.1.1 Animals and Anesthesia
Table 3 shows the data on the pigs used in PM1:
Nr:
Gender
Weight
1
Female
24,0 kg
2
Female
22,0 kg
3
Male
26,0 kg
4
Female
25,0 kg
5
Male
23,0 kg
Table 3. Overview of pig gender and weight (PM1)

The pigs were initially sedated with intramuscular Stressnill, and surgical anesthesia was
induced and maintained with Isoflurane/Fentanyl. After the end of the protocol euthanasia was
induced by Penthobarbital. All procedures were conducted in accordance with the guidelines for
the handling and care of laboratory animals.
It is important to note that all the pigs used in PM1 had been exposed to septic shock as a result
of the other two experiments being conducted and had been or were in a state of shock when I
started on my measurements. At the time I started measuring the small intestine had already
suffered a period of hypoxia due to the initial shock, as mesenteric blood supply is not
prioritized during shock. This initial hypoxia had lasted approximately 30 minutes to 1 hour
varying from pig to pig. At the time I started measuring the mesenteric circulation had stabilized,
and the intestine appeared normally colored with normal peristalsis. The pigs still had increased
temperature, respiration and heart frequency as a result of the sepsis, and were not in a normal
state.
3.4.1.2 Surgical techniques
The abdomen was opened by a midline incision, and jejunum was made accessible. As shown in
Picture 3 local ischemia was created by severing (yellow lightening) the jejunum and part of the
mesentery to create warm local ischemia in a part of the small intestine. The red circle is the
point of measurement on the ischemic tissue, and the blue circle is the point of control
measurement on perfused tissue.
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Picture 3. Model sketch - Porcine small intestinal ischemia model 1 (Jejunum)

Picture 4 shows the model after ischemia has been introduced:

Picture 4. - Porcine small intestinal ischemia model 1 (Jejunum)

3.4.1.3 Protocol
The experiment protocols complied with ethical and humane guidelines for the treatment of
laboratory animals, and applicable Norwegian law, and were approved by "Forsøksdyrutvalget".
The model was run with an ischemic time period of 1-2 hours depending upon the state of the
pigs when the model was initiated, and measurements were conducted on control and ischemic
small intestine with a 5 minute interval. See appendix C for details.
3.4.1.4 Electrode setups
I tested the following electrode setups on PM1:
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A. 2 electrode setup with ©Quickels Silver-Silver chloride electrodes (2e SS) (Electrodes
facing each other).
B. 2 electrode setup with self-made gold electrodes (Electrodes facing each other).
C. 3 electrode setup with two ©Blue Sensor ECG electrodes (ref: M-00-A) as C and R, and a
©Teca Monopolar disposable steel needle electrode (Viasys Healthcare) (ref: 902DMF37) as M.
D. 3 electrode setup with ©Quickels Silver-Silver chloride electrodes (Electrodes placed in
a line formation).
E. 3 electrode setup with self-made gold electrodes. (Electrodes placed in a line formation).
F. 4 electrode setup with self-made gold electrodes (Electrodes placed in a line formation).
G. 2 electrode pen (Electrodes of steel with circle around point)
Figure 28, Figure 29 and Figure 30 show some of the typical electrode setups tested on the PM1:

Figure 28. Principle sketch of 2 electrode setup with ©Quickels Silver-Silver chloride electrodes on the small
intestine

Figure 29. 3 Principle sketch of 3 electrode setup with ©Quickels Silver-Silver chloride electrodes on the
small intestine
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Figure 30. Principle sketch of 4 electrode setup with ©Quickels Silver-Silver chloride electrodes on the small
intestine

3.4.1.5






Zplot parameters
Ctrl E, sweep frequency
Amplitude: 50mV
Frequency range: 1MHz-10Hz
10 steps pr decade
Integrating 10 times pr step

3.4.2 Porcine small intestinal ischemia model 2 (PM2) (Case study)
This model was used on a total of 7 pigs.
Based on the promising results and experience from the PM1 pilot study, the head of the
institute for surgical research decided to support further research, and assisted us in applying
for a porcine model dedicated to our research. In cooperation with the responsible surgeon an
improved model for full mesenteric occlusion small intestinal warm ischemia for a period of 6
hours was developed. This model is a good representative of the ischemic insult that occurs from
intra abdominal adherences with strangulation of mesenteric vessels. See chapter 2.4.1 for
details.
We were able to include two additional experiments on the porcine model along with the
ischemic small intestinal model. These were:



Tissue properties of the gall, gall duct and nearby arteries.
Detection of needle position perineurium/epineurium.

This second model had two goals:
1. Measure the electrical changes due to warm ischemia non-invasively over a 6 hr span in
jejunum versus a perfused control, with a chosen electrode setup.
2. See if we could determine the approximate time for the occurrence of irreversible
damage due to warm ischemia in porcine small intestine.
See chapter 4.5 for the results.
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3.4.2.1 Animals and Anesthesia
The application for animal testing (Appendix A) was accepted (Appendix B) by
"Forsøksdyrutvalget".
Table 4 shows the data on the pigs used in PM2:
Nr:
Gender
Weight
1
Male
26,5 kg
2
Female
27,5 kg
3
Female
28,0 kg
4
Male
24,5 kg
5
Female
29,0 kg
6
Male
29,0 kg
7
Female
30,0 kg
Table 4. Overview of pig gender and weight (PM2)

The pigs were initially sedated with intramuscular Stressnill, and surgical anesthesia was
induced and maintained with Isoflurane/Fentanyl. After the end of the protocol euthanasia was
induced by Penthobarbital.
3.4.2.2 Surgical techniques
The abdomen was opened by a midline incision, and the jejunum was made accessible. Picture 5
shows how local ischemia was created by occluding the arteries and veins in a part of the
mesentery by a large clamp. The measurements on the ischemic tissue were made in the center
of the ischemic small intestinal area, while the control was measured on perfused intestine 1530 cm from the edge of the ischemic area as discussed in chapter 5.2.2.1.

Picture 5. Porcine small intestinal ischemia model 2 (Jejunum)

Picture 6 shows how the jejunum was placed inside the abdomen cavity in between
measurements, in order to maintain a stable temperature and reduce the loss of humidity.
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Picture 6. Preservation of temperature and humidity by enclosing the small intestine in the abdomen cavity
between measurements

3.4.2.3 Protocol
The protocol complied with ethical and humane guidelines for the treatment of laboratory
animals, and applicable Norwegian law, and was approved by "Forsøksdyrutvalget".
The model was run for 6 hours, and measurements were conducted on control and ischemic
small intestine with a 15 minute interval. For details see appendix D.
3.4.2.4 Electrode setups
I used two electrode setups for this model:
1. 2 electrode setup with two ©Quickels Silver-Silver chloride electrodes (2e SS).
2. 4 electrode setup with self-made gold electrodes.
The electrodes were preconditioned in NaCl 0,9 at least 24 hrs before the experiment (see
chapter 5.1.1.1(f).
3.4.2.5






Zplot parameters
Ctrl E, sweep frequency
Amplitude: 100mV
Frequency range: 1MHz-100Hz
10 steps pr decade
Integrating 10 times pr step

3.5 Electrical models
I approached the challenge of finding a good model with both an explanatory and an equivalent
approach. I also made a model using COMSOL and simulated the current density, in order to
estimate the area of sensitivity. In the explanatory model, I have tried to make a detailed
description of the structures that I estimate represent the major contributors to immittance in
the small intestine. In the equivalent approach I have focused on a simplified circuit that fits the
measured data well.
3.5.1 Explanatory model
To estimate what structures contribute most to the measured conductivity, I tried to make a
representation of the cross-sectional organization, tissue type and proportional layer
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thicknesses in the small intestinal wall. I had to estimate the properties of each layer, and used
the tissue data from the webpage of the institute of applied physics (Andreuccetti et al., 2000)
that uses Gabriel's data (C. Gabriel & Gabriel, 1996) as a basis. (See Table 5 for details). This
resulted in a simple explanatory model of the 2 electrode SS setup with estimations of current
paths as a function of frequency:

Figure 31. Estimations of frequency dependent current paths (yellow arrows) in small intestine with the 2e SS
setup. High frequency top left, to low frequency bottom right.

The estimation places the sensitivity at high frequencies through the center of the small
intestine, and the sensitivity at low frequencies in the outer layers (see chapter 4.2.2.1 for a
comparison with the COMSOL 2D model results).
3.5.2 COMSOL modeling
I used COMSOL Multiphysics 4.3 to make a 2D model (Figure 42) of the small intestine with the
2E SS setup, to estimate the current density and thereby the sensitivity of the electrode setup.
I drew a sketch of the small intestine with electrodes and added parameters for the various
layers (Table 5). See Figure 43 and Figure 44 for the result.
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Layer:
Serosa:
Subserous layer:
Muscularis:
Submucosa:
Mucosa:
Lumen:
Electrodes:

σ:
0,53
0,02
0,32
0,52
0,000657
1,5
1,12E+07

εr:
246000
24000
439000
56000
32135
98
1

Comments:
Small intestine
properties
Fat properties
Muscle properties
Lymph/gland properties
Mucosa properties
Body fluid properties
Iron properties

Table 5. Layers and parameters used in the 2D COMSOL model.

The parameters are estimations based on the tissue data from the web page of the Italian
national research council/Institute for applied physics/IFAC-CNR (Andreuccetti et al., 2000),
which uses the data from Gabriel & Gabriel (C. Gabriel & Gabriel, 1996).
One electrode was setup as a terminal with = 1A, while the other electrode was setup as
ground. The current value of 1A is not related to the real current in the small intestinal tissue,
but is just simplified for modeling. I made a stationary and a frequency domain study, with
100Hz and 1MHz as input parameters to estimate the current paths and density at the lowest
and highest frequencies used in PM2. See chapter 4.2.2 for results.
3.5.3 Equivalent circuits
I used Zview for fitting and simulating equivalent circuits for the 2e SS setup. I used the data
from the NaCl 0,9 test model, where I was measuring on a cell with purely resistive properties at
the relevant frequencies and temperature. Based on this I modeled the stray inductance from the
wires, and the EPI of the two electrodes. I used data from the control measurements of PM2 to fit
and simulate equivalent circuits for the small intestinal tissue. See chapter 4.2 for results.

3.6 Study of histological parameters
Tissue samples were taken from pig nr 4 in the PM2 group (Male pig, 24,5 kg). Samples were
taken after 30 minutes of reperfusion, following the end of the protocol. The samples were
healthy jejunum removed far from the ischemic site, and ischemic jejunum from the central
ischemic area. The samples were placed in formalin and mounted in paraffin wax. They were
then sliced, colored, and analyzed by a gastro-pathologist. See chapter 4.6 for results.

3.7 Algorithm
I made a pilot program to see if it was possible to discern between ischemic and non-ischemic
tissue, and also to see if I could discern the ischemic time development. I created a few
algorithms based on the parameters (Modulus, phase, tan d) of the PM2 data where there was a
significant difference over time. I implemented the algorithms in Matlab. The focus of the
program is on assessing ischemia based on a single measurement on small intestinal tissue. The
program is designed to work with the Zplot 3.3c datafiles (.z), and runs a series of tests on the
data in order to estimate the ischemic time duration.
I name the program "Ischemia Assessment Algorithm" (IAA). See appendix E for details.
To estimate the sensitivity, specificity, positive and negative predictive value of the program
performance, I ran the program analyzing all the collected data files from PM2, and logged the
results.
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Sensitivity ((TP/(TP+FN))*100), specificity ((TN/(FP+TN))*100), positive predictive value
((TP/(TP+FP))*100), and negative predictive value ((TN/(FN+TN))*100), was calculated.
(TP = true positive, TN = true negative, FP = False positive, FN =False negative).
See chapter 4.7 for results.

3.8 Reperfusion
3 sets of measurements were made in order to investigate the time development of the electrical
parameters when reperfusion was initiated. At the end of the PM2 protocol the clamp over the
mesentery was removed and reperfusion was initiated in the ischemic area. Measurements were
made during the 30 minutes of reperfusion before euthanasia. See chapter 4.8 for results.

3.9 Statistics
All the data from PM2 have undergone a series of statistical tests in order to assess the quality
and statistical parameters. The following tests have been performed on the results that are
presented in chapter 4.5:
1. Tests for distribution. (D'Agostino & Pearson omnibus normality test, Shapiro-Wilk
normality test, KS normality test).
2. Paired T-test (Initial testing).
3. One-way ANOVA (Comparison within control group and ischemic group over time).
4. Two-way ANOVA (Comparison of control and ischemia with the variables time and
frequency).
5. Dunnett's multiple comparisons test to compare variations of means within the control
and ischemia groups.
6. Sidak's multiple comparisons test to take into consideration the repetitive nature of the
measurements and check if there still is significance in the ischemic group when
variation in the control group is adjusted for.
When assessing significance in the data and results chapter, I have chosen to use the level of P ≤
0.01 as the level of real significance. Theoretically P ≤ 0.05 is also viewed as significant. For
statistical results see the tables after the graphs in chapter 4.5.

4 Data and results
In this chapter I primarily present data from measurements without adjustments or removal of
outliers or errors, unless specified otherwise. I have only removed the data from a few
measurements in total, and these were measurements where I recorded large artifacts and noise
in the far outlying regions.
In order to amplify the differences at low frequencies bioimpedance data is often presented with
the frequency on the x-axes using a logarithmic scale of 10, instead of a linear presentation.
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4.1 Electrode setup comparison
4.1.1 Test model results
Table 6 shows the result from the evaluation of the electrode setups on the test models. Note
how many of the electrode setups appear promising.
Electrode setups:

EPI:

Noise: Reprocity: Reproducible Comments:
results:

A) 2 electrode setup with two ©Quickels SilverSilver chloride electrodes.
B) 2 electrode setup with self-made gold
electrodes.
C) 3 electrode setup with two ©Blue Sensor
ECG electrodes (ref: M-00-A) as C and R, and a
©Teca Monopolar disposable steel needle
electrode (Viasys Healthcare) (ref: 902-DMF37)
as M.
D) 3 electrode setup with three ©Quickels
Silver-Silver chloride electrodes.
E) 4 electrode setup with two ©Quickels SilverSilver chloride electrodes.

Low

Low

Yes

Low

Low

Yes

Very
high

High

Yes

Very
low

Low

Yes

Yes

Low

Yes

Yes

F) 3 electrode setup with self-made gold
electrodes.
G) 4 electrode setup with self-made gold
electrodes.
H) 2 electrode pen
I) 3 electrode setup with two ©Blue Sensor ECG
electrodes (ref: M-00-A) as C and R, and a self
made steel electrode.
J) 4 electrode setup with self-made steel
electrodes.

Very
low

Low

Yes

Yes

Low

Yes

Yes

Medium Low
High
High

High

Too large
for the
small
intestine

Requires a
large area

Yes
Yes

Yes

Yes

Table 6. Results from evaluating electrode setups with the test models

Figure 32 and Figure 33 shows the modulus and phase of the various electrode setups evaluated
on the cucumber test model (chapter 3.3). Note how setup C) has very high EPI, and how setup
B) measures a redused amplitude of the phase.
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Figure 32. Modulus (|Z|) - Cucumber test model - All tested electrode setups displayed (3.3)

Figure 33. Phase (Theta) - Cucumber test model - All tested electrode setups displayed (3.3)

4.1.2 Porcine model results
The following results were obtained from the PM1 testing of various electrode setups:
Electrode setups:

EPI:

Noise: Reprocity: Reproducible Sensitivity: Comments:
results:

A) 2 electrode setup with
©Quickels Silver-Silver
chloride electrodes.

Low

Low

Yes

Good

B) 2 electrode setup with self- Med Low
made gold electrodes.

Yes

Medium

Good
resolution
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C) 3 electrode setup with two High
©Blue Sensor ECG electrodes
(ref: M-00-A) as C and R, and a
©Teca Monopolar disposable
steel needle electrode (Viasys
Healthcare) (ref: 902-DMF37)
as M.

High

D) 3 electrode setup with
©Quickels Silver-Silver
chloride electrodes.

Low

Low

E) 3 electrode setup with selfmade gold electrodes.

Low

F) 4 electrode setup with selfmade gold electrodes.
G) 2 electrode pen

Yes

Bad

Yes

Some
variation in
results

Good

Low

Yes

Some
variation in
results

Good

Low

No

Some
variation in
results

Good

Requires a
large area

Some
variation in
results

Medium

Point inside
circle elect.

Med Low

Too much
resolution

Table 7. Results from evaluating electrode setups on porcine small intestinal ischemia model 1 (PM1)

Figure 34 and Figure 35 show the modulus and phase of of the various electrode setups
evaluated on the PM1. Note the noisy signal of setup C) at low frequencies, as well as a very high
EPI. Also note the EPI of setup G).

Figure 34. Modulus (|Z|) - Perfused porcine small intestine model measured with various electrode setups
(chapter 3.4.1)
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Figure 35. Phase (Theta) - Perfused porcine small intestine measured with various electrode setups (chapter
3.4.1)

4.1.3 Porcine small intestine size
Picture 7 shows the diameter of the jejunum of pig nr 3 in PM2, a female of 28,0 kg. Note the
repeating pattern on the surface with an approximate average of 4mm spacing between the
visible blood vessels.

Picture 7. Diameter of the jejunum on pig nr 3 in PM2.
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4.2 The chosen electrode setup
The 2 electrode setup with two ©Quickels Silver-Silver chloride electrodes (2e SS) was chosen
as the best electrode setup, based both on the performance on the test models, and on the
porcine models.

Picture 8. 2e SS setup with a banana ECG clip

Picture 9. Quickels Silver-Silver chloride electrodes (Side view left) (Bottom view right)

Silver-Silver chloride has very low resistivity in itself. Figure 36 shows the short circuit
resistance, and a bit of inductance due to the current.

Figure 36. 2e SS - Short circuit resistance (Z') (line) and reactance (Z'') (dashed)
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Figure 37 shows the 2e SS setup on the NaCl 0,9 test model. The NaCl 0,9 has purely resistive
properties at this frequency range, and the rise in impedance is due to the EPI of the two
electrodes. There is a very small rise in the modulus at 1MHz due to the stray inductance of the
wire.

Figure 37. Modulus (|Z|) of 2e SS setup on NaCl 0,9 test model with 1cm of NaCl between the electrodes

I made an equivalent circuit modeling the stray inductance of the wire and the EPI of the 2e SS in
the NaCl 0,9 test model, using an inductor in series with a resistor in parallel with a constant
phase element.

Figure 38. 2e SS - Stray inductance + EPI

(L1 = 2,7E-7H, Rp = 52,61Ω, CPE1-T =4,3648E-4, CPE1-P = 0,62197Ω).
I made several models and equivalent circuit of the 2e SS on the porcine small intestinal model,
and found a fit that modeled the ischemic changes fairly well:

Figure 39. 2e SS on small intestine - Equivalent circuit model

4.2.1 2e SS setup on various tissues
Figure 40 shows the modulus when measuring on the mesentery of porcine small intestine,
porcine liver, porcine stomach, porcine muscle (rectus abdominis) and NaCl 0,9. Note how the
mesentery has about the same impedance as NaCl 0,9.
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Figure 40. Modulus (|Z|) - 2e SS setup measuring on mesentery, liver, stomach, muscle (rectus abdominis),
and NaCl 0,9

Figure 41 shows the phase when measuring on the mesentery of porcine small intestine, porcine
liver, porcine stomach, porcine muscle (rectus abdominis) and NaCl 0,9.

Figure 41. Phase (Theta) - 2e SS setup measuring on mesentery, liver, stomach, muscle (rectus abdominis),
and NaCl 0,9.

4.2.2 COMSOL modeling of sensitivity
The results from the COMSOL modeling support the initial estimation of current paths in chapter
3.5.1. I also made a 3D model in COMSOL, but I chose not to post the results as there was no new
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information and the resulting current density and current paths correlated fairly well with the
2D model.
4.2.2.1 2D model

Figure 42. COMSOL 2D model of 2e SS setup on small intestinal tissue

In Figure 43 we see an estimation of the current density and current paths in the cross section of
the small intestine at 100Hz. The current density is strongest under the hollow part of the
electrode surface in the muscularis propria area, with notable sensitivity in the serosa, and also
a general contribution from a large area of the muscularis propria and submucosa. We see that
most of the current passes through the muscularis propria and submucosa in a circular path.

Figure 43. COMSOL 2D model of 2e SS setup on small intestine. Current density calculated for 100Hz. The
color shows the current density, with the dark red as the highest density. The arrows show the current paths,
while the length of the arrows are proportional to the current density.

In Figure 44 we see an estimation of the current density and current paths in the cross section of
the small intestine at 1MHz. The current density is strongest near the surface of the electrodes in
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the serosa, with some notable density in the muscularis propria. We see that most of the current
passes through the central part of the small intestine.

Figure 44. COMSOL 2D model of 2e SS setup on small intestine. Current density calculated for 1MHz. The color
shows the current density, with the dark red as the highest density. The arrows show the current paths, while
the length of the arrows are proportional to the current density.

4.3 Electrical properties - small intestine
The perfused small intestine measured in vivo with the 2e SS setup shows 3 visible dispersions
in the 1Mhz-1Hz range, the central frequencies being 398kHz, 1kHz and 1,5Hz.
The measured small intestinal parameters fit fairly well to the small intestinal dispersions
presented in Figure 10 in chapter 2.2.6 (C. Gabriel & Gabriel, 1996). The conductance in the data
gathered by Gabriel, 1996 is higher than the conductance I measured with the 2e SS setup. I
suspect this is due to them measuring in vitro samples 24-48 hours after they were taken. I
assume they froze the samples or preserved them in some other way, but have not found any
description of the state of the samples at measurements.
Figure 45 shows the typical Wessel plot of the resistance and reactance measured with the 2e SS
setup on perfused small intestine.
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Figure 45. Wessel plot showing typical resistance (Z') and reactance (Z'') values of normal small intestine in
the 1MHz (left) to 100Hz (right) range. There are 41 intervals marked as blue points with logarithmic
decrease of 10 pr decade.

4.4 Ischemic small intestine
Observations:
At the onset of ischemia peristalsis in the affected area increases, and after a few minutes the
whole area under full ischemic occlusion appears to contract, both in the longitude and circular
muscle direction. This results in a temporal increase in the thickness of small intestinal wall
lasting for 20-30 minutes.
The peristaltis continues for up to about 2 hours before it ends. After 2 hours no peristaltis
occurs, even when the intestine is touched and stimulated physically.
The time development of the color of the blood vessels in the occluded part of the mesentery and
the serosa can be observed in pictures 7-9.

Picture 10. Porcine jejunum: Color - Pre ischemia (left) - 30 min of ischemia (right)
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Picture 11. Porcine jejunum: Color - 2 hours of ischemia (left) - 3 hours of ischemia (right)

Picture 12. Porcine jejunum: Color - 5 hours of ischemia(left) - 6 hours of ischemia(right)

Between 1-2 hours the color of the nearby small intestine outside the ischemic area seems to
gradually undergo a small change in appearance, where the serosa loses some of its initial bright
colors, and appears more dull and less rigid in texture. This correlates with the pathology of
secondary aseptic peritonitis. See chapter 2.4.4 for details.
From 2-6 hours of ischemia the consistency and texture of the small intestine gradually feels
more loose and bloated, and less firm. At 6 hours the small intestine feels very loose in
consistency, and a little bloated.
Picture 13 shows the jejunum opened after 2 hours of ischemia. Notice the dark ischemic part to
the right, and the light perfused part to the left. Also notice the characteristic jejunum structure
with folds in the lumen.
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Picture 13. Opened porcine jejunum after 2 hours of ischemia.

4.5 Time variable changes in the electrical properties of the small intestine
due to ischemia
The data presented in this chapter are the PM2 data. The data from PM1 were valuable as a pilot
model, but were too few in number and had too much variation in methods and setup, for the
data to be of statistical use.
I removed 6 of the data files from the total of 302 files of measurements made during PM2. This
equals approximately 1,9% error files removed. The reason for the removal was obvious large
artifacts and errors.
4.5.1 Parameters
I have chosen to present the following parameters as indicators of time variant change due to
ischemia: Phase - Tan d - Modulus.
The following 3 figures show these parameters from a typical set of data from a PM2 6 hr
experiment (chapter 3.4.2). Figure 46 shows the modulus of the ischemic small intestine having
a small rise in the first minutes of ischemia, and then decreasing way below the modulus of the
control.
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Figure 46. Modulus (|Z| in Ω) - 6 hr time development. One line represents one measurement. The black lines
show the control data, while the colored lines show the ischemic data. The color code for the ischemic data is
red (15 -60 min) - yellow (61-120min) - green (121-180min) - blue (181-240 min) - purple (241-300min) black (301-360min). Measured on ischemic porcine small intestine with 2e SS setup.

Figure 47 shows how the phase of the ischemic small intestine drops rapidly in the initial 1kHz
dispersion, and has a gradual change over time in both low and high frequency phase, in contrast
to the control.

Figure 47. Phase - 6 hr time development. One line represents one measurement. The black lines show the
control data, while the colored lines show the ischemic data. The color code for the ischemic data is red (15 60 min) - yellow (61-120min) - green (121-180min) - blue (181-240 min) - purple (241-300min) - black (301360min). Measured on ischemic porcine small intestine with 2e SS setup.

Figure 48 shows how the tan d of the ischemic small intestine increases over time in contrast to
the tan d of the control.
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Figure 48. Tan d - 6 hr time development. One line represents one measurement. The black lines show the
control data, while the colored lines show the ischemic data. The color code for the ischemic data is red (15 60 min) - yellow (61-120min) - green (121-180min) - blue (181-240 min) - purple (241-300min) - black (301360min). Measured on ischemic porcine small intestine with 2e SS setup.

4.5.2 1Hz-1MHz data
Due to the time consumption with low frequency measurements, I chose the frequency span of
1Mhz -100Hz in PM2. The following 3 figures show the selected parameters for control and
ischemic small intestine from the PM2 data(chapter 3.4.2) over the frequency span of 1MHz1Hz.

Figure 49. Comparison of modulus of the ischemic small intestine after 6hours (red) with the control (black) 2e SS setup
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Figure 50. Comparison of the ischemic small intestine after 6hours (red) with the control (black) - 2e SS setup

Figure 51. Comparison of modulus of the ischemic small intestine after 6hours (red) with the control (black) 2e SS setup

4.5.3

The |Z| (modulus) parameter

4.5.3.1 Modulus plot - Control
Figure 52 shows the mean modulus of the control from the PM2 data (chapter 3.4.2). One
interesting and initially unexpected thing to observe is that there is a time development in the
parameters of the control. This is discussed in detail in chapter 5.2.2.1. The estimated main
cause for this drift is the inflammation and light edema accompanying acute peritonitis in the
small intestine near the ischemic area. Acute peritonitis is a response of the defense mechanisms
of the body to the ischemia.
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Figure 52. Modulus (|Z| in Ω) - Control - 2e SS - PM2 data. Each point in the graph is based on 8 measurements
at the same frequency in the same time window(+/- 5 min of the selected hour). The lines in the graph
represent the mean.

4.5.3.2 Modulus plot - Ischemia
Figure 53 shows the time development of the mean of the modulus of ischemic porcine small
intestine from the PM2 data (chapter 3.4.2). Note the decrease over the first 2 hours, followed by
a stable plateau around the end of 3 hours lasting for approximately 2 hours, before the
continued decrease in the last hour.

Figure 53. Modulus (|Z| in Ω) - Ischemia - 2e SS - PM2 data. Each point in the graph is based on 8
measurements at the same frequency in the same time window(+/- 5 min of the selected hour). The lines in
the graph represent the mean.
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4.5.3.3 Comparison of changes in |Z| (modulus) versus time at selected frequencies
Each box plot is followed by a table showing the results from Sidak's multiple comparisons test
for the box plot data. Figure 54 shows the time development of the modulus measured on
ischemic and control porcine small intestine at 158Hz over a period of 6 hours from the PM2
data (chapter 3.4.2). Note the significance between the means occurring around 2 hours and
continuing out the 6 hour period.

Figure 54. Modulus (|Z|) - Control vs Ischemic small intestine at 158Hz. (|Z| in Ω). Each box plot is based on 8
measurements at the same frequency in the same time window (+/- 5 min of the selected hour), and are
presented as mean, quartile and range.
Sidak's multiple comparisons test

Mean Diff,

95% CI of diff, Significant? Summary

0hr Control vs. 0hr Ischemia
No

P > 0.05

33,63

-14,90 to
63,42
16,46 to 50,80

Yes

33,23

10,98 to 55,48

Yes

4hr Control vs. 4hr Ischemia

32,31

14,40 to 50,23

Yes

5hr Control vs. 5hr Ischemia

35,95

8,609 to 63,29

Yes

6hr Control vs. 6hr Ischemia

32,19

13,98 to 50,39

Yes

P ≤ 0.01
P ≤ 0.01
P ≤ 0.01
P ≤ 0.05
P ≤ 0.01

1hr Control vs. 1hr Ischemia

24,26

2hr Control vs. 2hr Ischemia
3hr Control vs. 3hr Ischemia

Table 8. Multiple comparison test - Modulus data from Figure 54 - 158Hz
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Figure 55 shows the time development of the modulus measured on ischemic and control
porcine small intestine at 1kHz over 6 hours. Note the significance between the means occurring
around 2 hours and continuing to 6 hours.

Figure 55. Modulus - Control vs Ischemic small intestine at 1kHz. (|Z| in Ω). Each box plot is based on 8
measurements at the same frequency in the same time window (+/- 5 min of the selected hour), and are
presented as mean, quartile and range.
Sidak's multiple comparisons test

Mean Diff,

95% CI of diff, Significant? Summary

0hr Control vs. 0hr Ischemia
No

P > 0.05

22,43

-13,47 to
41,50
6,309 to 38,55

Yes

3hr Control vs. 3hr Ischemia

25,58

7,086 to 44,06

Yes

4hr Control vs. 4hr Ischemia

20,21

9,526 to 30,89

Yes

5hr Control vs. 5hr Ischemia

27,22

2,173 to 52,27

Yes

6hr Control vs. 6hr Ischemia

25,34

12,67 to 38,01

Yes

P ≤ 0.01
P ≤ 0.01
P ≤ 0.01
P ≤ 0.05
P ≤ 0.001

1hr Control vs. 1hr Ischemia

14,01

2hr Control vs. 2hr Ischemia

Table 9. Multiple comparison test - Multiple comparison test - Modulus data from Figure 55 - 1kHz

Figure 56 shows the time development of the modulus measured on ischemic and control
porcine small intestine at 10kHz over a period of 6 hours. The only time with a real significance
between the means is at 6 hours.
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Figure 56. Modulus - Control vs Ischemic small intestine at 10kHz. (|Z| in Ω). Each box plot is based on 8
measurements at the same frequency in the same time window (+/- 5 min of the selected hour), and are
presented as mean, quartile and range.
Sidak's multiple comparisons test

Mean Diff,

95% CI of diff, Significant?

Summary

0hr Control vs. 0hr Ischemia
1hr Control vs. 1hr Ischemia

14,3

-12,95 to
26,74
-0,8485 to
29,45

3hr Control vs. 3hr Ischemia

17,8

2,293 to 33,32

Yes

4hr Control vs. 4hr Ischemia

13,32

2,991 to 23,66
-3,024 to
43,05

Yes

6,898
2hr Control vs. 2hr Ischemia

5hr Control vs. 5hr Ischemia
20,01
6hr Control vs. 6hr Ischemia

No
No

No

P > 0.05
P > 0.05
P ≤ 0.05
P ≤ 0.05
P > 0.05
P ≤ 0.01

19,22
8,941 to 29,50
Yes
Table 10. Multiple comparison test - Multiple comparison test - Modulus data from Figure 56 - 10kHz

Figure 57 shows the time development of the modulus measured on ischemic and control
porcine small intestine at 100kHz over 6 hours. The only time with a real significance between
the means is at 6 hours.
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Figure 57. Modulus - Control vs Ischemic small intestine at 100kHz. (|Z| in Ω). Each box plot is based on 8
measurements at the same frequency in the same time window (+/- 5 min of the selected hour), and are
presented as mean, quartile and range.
Sidak's multiple comparisons test

Mean Diff,

95% CI of diff,

Significant?

1hr Control vs. 1hr Ischemia

4,202

-10,72 to 19,12

No

2hr Control vs. 2hr Ischemia

10,41

-2,905 to 23,72

No

3hr Control vs. 3hr Ischemia

13,19

0,2829 to 26,11

Yes

4hr Control vs. 4hr Ischemia

9,082

No

5hr Control vs. 5hr Ischemia

15,31

-0,08484 to
18,25
-5,722 to 36,34

6hr Control vs. 6hr Ischemia

15,27

5,625 to 24,92

Yes

Summary

0hr Control vs. 0hr Ischemia

No

P > 0.05
P > 0.05
P ≤ 0.05
P > 0.05
P > 0.05
P ≤ 0.01

Table 11. Multiple comparison test - Multiple comparison test - Modulus data from Figure 57 - 100kHz

Figure 58 shows the time development of the modulus measured on ischemic and control
porcine small intestine at 1MHz over 6 hours. The only time with a real significance between the
means is at 6 hours.
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Figure 58. Modulus - Control vs Ischemic small intestine at 1MHz. (|Z| in Ω). Each box plot is based on 8
measurements at the same frequency in the same time window (+/- 5 min of the selected hour), and are
presented as mean, quartile and range.
Sidak's multiple comparisons
test
0hr Control vs. 0hr Ischemia

Mean Diff,

1hr Control vs. 1hr Ischemia

3,254

2hr Control vs. 2hr Ischemia

7,204

3hr Control vs. 3hr Ischemia

8,699

4hr Control vs. 4hr Ischemia

5,798

5hr Control vs. 5hr Ischemia

9,341

6hr Control vs. 6hr Ischemia

10,31

95% CI of diff, Significant?

-4,898 to
11,41
-2,338 to
16,75
1,136 to 16,26
-0,8870 to
12,48
-6,358 to
25,04
3,496 to 17,12

Summary

No

P > 0.05

No

P > 0.05

Yes
No

P ≤ 0.05
P > 0.05

No

P > 0.05

Yes

P ≤ 0.01

Table 12. Multiple comparison test - Multiple comparison test - Modulus data from Figure 58 - 1MHz

4.5.4

The phase parameter

4.5.4.1 Phase plot - Control
All phase values have been inverted in order to make the presentation easier to read. Figure 59
shows the mean phase of the control over the 6 hour time frame of the PM2 data (chapter 3.4.2).
The changes in control phase over time show that the dispersions remain, although there is a
small change is the overall phase. This shows that the time variant change in control modulus
described in chapter 4.5.3.1 maintains the relationship between resistance and reactance, as
opposed to the change in the ischemic modulus.
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Figure 59. Phase (in degrees) - Control - 2e SS - PM2 data. Each point in the graph is based on 8 measurements
at the same frequency in the same time window(+/- 5 min of the selected hour). The lines in the graph
represent the mean.

4.5.4.2 Phase plot - Ischemia
All phase values have been inverted in order to make the presentation easier to read. Figure 60
shows the mean phase of the ischemic small intestine over the 6 hour time frame of the PM2
data (chapter 3.4.2). Note the early and significant change in the 1kHz dispersion from 0 - 1 hour
of ischemia. Also note the movement of the high frequency dispersion over time.

Figure 60. Phase (in degrees) - Ischemia - 2e SS - PM2 data. Each point in the graph is based on 8
measurements at the same frequency in the same time window(+/- 5 min of the selected hour). The lines in
the graph represent the mean.
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4.5.4.3 Comparison of phase versus time at selected frequencies
Each box plot is followed by a table showing the results from Sidak's multiple comparisons test
for the box plot data. Figure 61 shows the time development of the phase measured on ischemic
and control porcine small intestine at 1kHz over 6 hours from the PM2 data (chapter 3.4.2).
There are differences between the means bordering on the significant at 2, 3 and 5 hours of
ischemia.

Figure 61. Phase (in degrees) - Control vs Ischemic small intestine at 1kHz. Each box plot is based on 8
measurements at the same frequency in the same time window (+/- 5 min of the selected hour), and are
presented as mean, quartile and range.
Sidak's multiple comparisons test

Mean Diff,

95% CI of diff,

Significant?

Summary

0hr Control vs. 0hr Ischemia
1hr Control vs. 1hr Ischemia

3,462

2hr Control vs. 2hr Ischemia

3,241

3hr Control vs. 3hr Ischemia

2,298

4hr Control vs. 4hr Ischemia

2,93

5hr Control vs. 5hr Ischemia

2,697

6hr Control vs. 6hr Ischemia

2,119

-0,04234 to
6,967
0,7426 to 5,739

No

P > 0.05

Yes

0,03700 to
4,560
-0,02406 to
5,885
0,5828 to 4,811

Yes

P ≤ 0.05
P ≤ 0.05

No

P > 0.05

Yes

-0,8784 to
5,116

No

P ≤ 0.05
P > 0.05

Table 13. Multiple comparison test - Phase - 1kHz

Figure 62 shows the time development of the phase measured on ischemic and control porcine
small intestine at 3162Hz over 6 hours. There are significant differences from 2 hours on.
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Figure 62. Phase (in degrees) - Control vs Ischemic small intestine at 3162Hz. Each box plot is based on 8
measurements at the same frequency in the same time window (+/- 5 min of the selected hour), and are
presented as mean, quartile and range.
Sidak's multiple comparisons test

Mean Diff,

95% CI of diff,

Significant?

Summary

0hr Control vs. 0hr Ischemia
No

P > 0.05

2,864

-0,05613 to
4,958
1,241 to 4,487

Yes

3hr Control vs. 3hr Ischemia

2,646

1,293 to 3,999

Yes

4hr Control vs. 4hr Ischemia

2,842

1,023 to 4,661

Yes

5hr Control vs. 5hr Ischemia

2,651

1,535 to 3,767

Yes

6hr Control vs. 6hr Ischemia

2,373

0,6208 to 4,124

Yes

P ≤ 0.01
P ≤ 0.01
P ≤ 0.01
P ≤ 0.001
P ≤ 0.05

1hr Control vs. 1hr Ischemia

2,451

2hr Control vs. 2hr Ischemia

Table 14. Multiple comparison test - Phase - 3162Hz

Figure 63 shows the time development of the phase measured on ischemic and control porcine
small intestine at 10kHz over 6 hours. There is significance between the means from 2 hours on
to 6 hours.
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Figure 63. Phase (in degrees) - Control vs Ischemic small intestine at 10kHz. Each box plot is based on 8
measurements at the same frequency in the same time window (+/- 5 min of the selected hour), and are
presented as mean, quartile and range.
Sidak's multiple comparisons test

Mean Diff,

95% CI of diff,

Significant?

Summary

0hr Control vs. 0hr Ischemia
No

P > 0.05

2,037

-0,3713 to
3,108
1,027 to 3,048

Yes

3hr Control vs. 3hr Ischemia

2,226

1,551 to 2,901

Yes

4hr Control vs. 4hr Ischemia

2,241

1,125 to 3,356

Yes

5hr Control vs. 5hr Ischemia

2,188

1,576 to 2,800

Yes

6hr Control vs. 6hr Ischemia

2,063

1,324 to 2,801

Yes

P ≤ 0.001
P ≤ 0.0001
P ≤ 0.001
P ≤ 0.0001
P ≤ 0.001

1hr Control vs. 1hr Ischemia

1,368

2hr Control vs. 2hr Ischemia

Table 15. Multiple comparison test - Phase - 10kHz

Figure 64 shows the time development of the phase measured on ischemic and control porcine
small intestine at 100kHz over 6 hours. There is significance between the means from 3 hours on
to 6 hours.
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Figure 64. Phase (in degrees) - Control vs Ischemic small intestine at 100kHz. Each box plot is based on 8
measurements at the same frequency in the same time window (+/- 5 min of the selected hour), and are
presented as mean, quartile and range.
Sidak's multiple comparisons test

Mean Diff,

95% CI of diff,

Significant?

Summary

0hr Control vs. 0hr Ischemia
1hr Control vs. 1hr Ischemia

0,7977

-1,128 to 2,723

No

2hr Control vs. 2hr Ischemia

1,632

No

3hr Control vs. 3hr Ischemia

2,545

-0,1514 to
3,415
0,7791 to 4,310

Yes

4hr Control vs. 4hr Ischemia

2,325

0,4423 to 4,208

Yes

5hr Control vs. 5hr Ischemia

2,995

1,162 to 4,829

Yes

6hr Control vs. 6hr Ischemia

2,888

1,296 to 4,480

Yes

P > 0.05
P > 0.05
P ≤ 0.01
P ≤ 0.05
P ≤ 0.01
P ≤ 0.01

Table 16. Multiple comparison test - Phase - 100kHz

4.5.5

The Tan d parameter

4.5.5.1 Tan d plot - Control
Figure 65 shows the time development of the mean of the tan d of control porcine small intestine
from the PM2 data (chapter 3.4.2). Note the slight increase over 6 hours.
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Figure 65. Tan d - Control - 2e SS - PM2 data. Each point in the graph is based on 8 measurements at the same
frequency in the same time window(+/- 5 min of the selected hour). The lines in the graph represent the
mean.

4.5.5.2 Tan d plot - Ischemia
Figure 66 shows the time development of the mean of the tan d of ischemic porcine small
intestine from the PM2 data (chapter 3.4.2). Note the large increase between 0 - 1 hours, and the
continued increase to 6 hours.
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Figure 66. Tan d - Ischemia - 2e SS - PM2 data. Each point in the graph is based on 8 measurements at the same
frequency in the same time window(+/- 5 min of the selected hour). The lines in the graph represent the
mean.

4.5.5.3 Comparison of changes in Tan d (loss tangent) versus time at selected frequencies
Each box plot is followed by a table showing the results from Sidak's multiple comparisons test
for the box plot data. Figure 67 shows the time development of tan d measured on ischemic and
control porcine small intestine at 1kHz over 6 hours from the PM2 data (chapter 3.4.2). The area
with real significance between the means is at 5 hours.

Figure 67. Tan d - Control vs Ischemic small intestine at 1kHz. Each box plot is based on 8 measurements at
the same frequency in the same time window (+/- 5 min of the selected hour), and are presented as mean,
quartile and range.
Sidak's multiple comparisons test

Mean Diff,

95% CI of diff,

Significant?

Summary

-8,147 to
0,8572
-8,381 to 0,4262
-6,150 to
0,09453
-6,500 to
0,1602
-5,121 to 0,9664
-4,765 to 0,3029

No

P > 0.05

Yes

P ≤ 0.05

No

P > 0.05

No

P > 0.05

Yes

P ≤ 0.01

Yes

P ≤ 0.05

0hr Control vs. 0hr Ischemia
1hr Control vs. 1hr Ischemia

-3,645

2hr Control vs. 2hr Ischemia

-4,404

3hr Control vs. 3hr Ischemia

-3,028

4hr Control vs. 4hr Ischemia

-3,17

5hr Control vs. 5hr Ischemia

-3,044

6hr Control vs. 6hr Ischemia

-2,534

Table 17. Multiple comparison test - Tan d - 1kHz

Figure 68 shows the time development of tan d measured on ischemic and control porcine small
intestine at 10kHz over 6 hours. There is real significance between the means from 2 hours on to
6 hours.
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Figure 68. Tan d - Control vs Ischemic small intestine at 10kHz. Each box plot is based on 8 measurements at
the same frequency in the same time window (+/- 5 min of the selected hour), and are presented as mean,
quartile and range.
Sidak's multiple comparisons test

Mean Diff,

95% CI of diff, Significant?

Summary

0hr Control vs. 0hr Ischemia
1hr Control vs. 1hr Ischemia

-3,331

2hr Control vs. 2hr Ischemia

-6,609

3hr Control vs. 3hr Ischemia

-8,511

4hr Control vs. 4hr Ischemia

-8,671

5hr Control vs. 5hr Ischemia

-9,538

6hr Control vs. 6hr Ischemia

-10,26

-6,999 to
0,3365
-11,35 to 1,868
-13,89 to 3,134
-14,49 to 2,853
-13,39 to 5,685
-14,76 to 5,768

No

P > 0.05

Yes

P ≤ 0.01

Yes

P ≤ 0.01

Yes

P ≤ 0.01

Yes

P ≤ 0.001

Yes

P ≤ 0.001

Table 18. Multiple comparison test - Tan d - 10kHz

Figure 69 shows the time development of tan d measured on ischemic and control porcine small
intestine at 100kHz over 6 hours. The borders on significant from 2 hours on, and reaches real
significance between the means is at 6 hours.
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Figure 69. Tan d - Control vs Ischemic small intestine at 100kHz. Each box plot is based on 8 measurements at
the same frequency in the same time window (+/- 5 min of the selected hour), and are presented as mean,
quartile and range.
Sidak's multiple comparisons test

Mean Diff,

95% CI of diff,

Significant?

Summary

No

P > 0.05

Yes

P ≤ 0.05

Yes

P ≤ 0.05

Yes

P ≤ 0.05

Yes

P ≤ 0.05
P ≤ 0.01

0hr Control vs. 0hr Ischemia
1hr Control vs. 1hr Ischemia

-0,7188

2hr Control vs. 2hr Ischemia

-1,553

3hr Control vs. 3hr Ischemia

-3,181

4hr Control vs. 4hr Ischemia

-3,769

5hr Control vs. 5hr Ischemia

-6,721

-1,449 to
0,01190
-2,904 to 0,2009
-6,053 to 0,3095
-7,437 to 0,1009
-11,68 to -1,763

6hr Control vs. 6hr Ischemia

-7,159

-12,23 to -2,092

Yes

Table 19. Multiple comparison test - Tan d - 10kHz

4.5.6 Area under the curve (AUC) for selected parameters and frequencies
The area under the curve of the modulus, phase and tan d was calculated for selected frequency
ranges from the PM2 data (chapter 3.4.2) and is presented in the following 3 figures.
Figure 70 shows the shows the time development of the area under the curve of the modulus
measured on ischemic and control porcine small intestine at 100Hz - 1kHz over 6 hours. There is
significance between the means from 2 - 4 hours and at 6 hours.
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Figure 70. Area under the curve - Modulus [Ω] - Control vs Ischemic small intestine at 100Hz-1kHz. Control vs
Ischemic small intestine. Each box plot is based on 8 measurements at the same frequency in the same time
window (+/- 5 min of the selected hour), and are presented as mean, quartile and range.
Sidak's multiple comparisons test

Mean Diff,

95% CI of diff, Significant?

Summary

0hr Control vs. 0hr Ischemia
1hr Control vs. 1hr Ischemia

228,2

-150,4 to 606,9

No

2hr Control vs. 2hr Ischemia

323,1

142,7 to 503,6

Yes

3hr Control vs. 3hr Ischemia

335

107,8 to 562,2

Yes

4hr Control vs. 4hr Ischemia

277,2

146,1 to 408,2

Yes

5hr Control vs. 5hr Ischemia

359,8

68,81 to 650,8

Yes

6hr Control vs. 6hr Ischemia

326,2
149,9 to 502,6
Yes
Table 20. Multiple comparison test - Area under the curve - Modulus - 100Hz - 1kHz

P > 0.05
P ≤ 0.01
P ≤ 0.01
P ≤ 0.001
P ≤ 0.05
P ≤ 0.01

Figure 71 shows the shows the time development of the area under the curve of the phase
measured on ischemic and control porcine small intestine at 1kHz - 2,5kHz over 6 hours. There
is significance between the means from 2 - 3 hours and at 5 hours.
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Figure 71. Area under the curve - 1kHz-2,5kHz range - Phase [degrees]. Control vs Ischemic small intestine.
Each box plot is based on 8 measurements at the same frequency in the same time window (+/- 5 min of the
selected hour), and are presented as mean, quartile and range.
Sidak's multiple comparisons test

Mean Diff,

95% CI of diff, Significant?

Summary

0hr Control vs. 0hr Ischemia
1hr Control vs. 1hr Ischemia
2hr Control vs. 2hr Ischemia

15,53

0,1317 to
30,92

Yes

16,01

5,363 to 26,66

Yes

3hr Control vs. 3hr Ischemia

12,9

3,493 to 22,31

Yes

4hr Control vs. 4hr Ischemia

15,08

2,690 to 27,47

Yes

5hr Control vs. 5hr Ischemia

13,91

5,421 to 22,40
Yes
-0,8264 to
11,7
24,23
No
Table 21. Multiple comparison test - Area under the curve - Phase - 1kHz - 2,5kHz
6hr Control vs. 6hr Ischemia

P ≤ 0.05
P ≤ 0.01
P ≤ 0.01
P ≤ 0.05
P ≤ 0.01
P > 0.05

Figure 72 shows the shows the time development of the area under the curve of the tan d
measured on ischemic and control porcine small intestine at 1kHz - 100kHz over 6 hours. There
is significance between the means from 2 hours on to 6 hours.
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Figure 72. Area under the curve - 1kHz-100kHz range - Tan d. Control vs Ischemic small intestine. Each box
plot is based on 8 measurements at the same frequency in the same time window (+/- 5 min of the selected
hour), and are presented as mean, quartile and range.
Sidak's multiple comparisons test

Mean Diff,

95% CI of diff, Significant?

Summary

0hr Control vs. 0hr Ischemia
1hr Control vs. 1hr Ischemia

-128,9 to 4,587
No
-183,5 to -106,9
30,27
Yes
3hr Control vs. 3hr Ischemia
-215,7 to -130,1
44,58
Yes
4hr Control vs. 4hr Ischemia
-225,9 to -136,4
46,78
Yes
5hr Control vs. 5hr Ischemia
-220,2 to -163
105,8
Yes
6hr Control vs. 6hr Ischemia
-246,6 to -172
97,28
Yes
Table 22. Multiple comparison test - Area under the curve - Tan d - 1kHz - 100kHz
2hr Control vs. 2hr Ischemia

-62,14

P > 0.05
P ≤ 0.01
P ≤ 0.01
P ≤ 0.01
P ≤ 0.0001
P ≤ 0.001
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4.6 Histology
All tissue samples were taken after 6 hours of ischemia, and 30min of reperfusion, of pig 4 in the
PM2 2 group. The histological images are colored so that structures of tissue has a pink color,
blood has a light red color, and water/fluids have white color.
Picture 14 shows the cross sectional view of perfused jejunum wall. The jejunum appears
normal, with the exception of signs of acute peritonitis with infiltration of neutrophils in the
serosa and subserosa.

Picture 14. Cross section of perfused porcine jejunum wall with structures marked

Picture 15 shows a cross section of jejunum wall that has been exposed to 6hours of warm
ischemia. There is clear necrosis of the mucosa with hemorrhage and loss of the surface
epithelium. Most of the crypt epithelium is also lost, although necrotic epithelial cells are visible
in the basal portion of the some crypts. There is edema in the submucosa and serosa.
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Picture 15. Cross section of porcine jejunum wall with damaged and affected areas after 6 hours of warm full
mesenteric occlusion ischemia.

Picture 16 shows perfused muscularis, with the circular and longitudinal layer, that appears
normal.

Picture 16. Perfused porcine muscularis with layers
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Picture 17 shows the muscularis propria after 6 hours of warm ischemia.

Picture 17. Porcine muscularis with layers - after 6 hours of warm full mesenteric occlusion ischemia, no
definite morphological signs of ischemia or necrosis in the smooth muscle.

Picture 18 shows perfused mucosa with villi and crypts.

Picture 18. Perfused porcine mucosa

Picture 19 shows the necrotic mucosa after 6 hours of ischemia, with sloughing villi, and
hemorrhaging villi and crypts. The muscularis mucosae appears mainly intact.
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Picture 19. Porcine necrotic mucosa - after 6 hours of warm full mesenteric occlusion ischemia.

Picture 20 shows a close up of the perfused villi, showing an abnormal amount of lymphocytes in
the epithelial layer.

Picture 20. Perfused porcine villi with abnormal amount of lymphocytes in the epithelia
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Picture 21 shows a close up of fully necrotic and hemorrhaging villi after 6 hours of ischemia.

Picture 21. Porcine necrotic villi after 6 hours of warm full mesenteric occlusion ischemia

Picture 22 shows perfused serosa with leukocyte infiltration on the mesothelium indicating
acute peritonitis. There is a light edema in the subserous layer.

Picture 22. Perfused porcine serosa with acute peritonitis and light edema
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Picture 23 shows serosa after 6 hours of ischemia. There is clear edema in the subserous layer.

Picture 23. Porcine serosa after 6 hours of full mesenteric occlusion ischemia, showing edema in the
subserous layer

4.7 Results from the Ischemia Assessment Algorithm
The IAA program was run on 302 *.z files from the PM2 data, and the results are gathered in
Table 23.
Test:

Ischemic or not:

Ischemic 3hr: Ischemic 4hr:

False negative:

32

1

15

True negative:

146

200

227

False positive:

9

22

18

True positive:

115

79

42

Total nr of test files:

302

302

302

Sensitivty (%):

78,23

98,75

73,68

Specificity (%):

94,19

90,09

92,65

Positive predictive value (PPV) (%):

92,74

78,22

70,00

Negative predictive value (NPV) (%):

82,02

99,50

93,80

Table 23. Shows the results from running the IAA program on 302 files of PM2 data. The test were if the tissue
was ischemic or not, if the tissue was ischemic for >3 hours or not, if the tissue was ischemic for >4 hours or
not.
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4.8 Reperfusion
Measurements were conducted during the 30 minutes of reperfusion to investigate the time
development of the electrical parameters after the occlusion clamp on the mesentery was
removed. Figure 73 shows the time development of the modulus after 6 hours of ischemia.

Figure 73. Modulus (|Z|) - 2e SS - Time development of modulus during 30 minutes of reperfusion. Dashed
black line showing the phase after 6 hours of ischemia, and the colored lines showing the changes after
reperfusion was initiated

Figure 74 shows the time development of the phase

Figure 74. Phase (Theta)- 2e SS - Time development of the phase during 30 minutes of reperfusion. Dashed
black line showing the phase after 6 hours of ischemia, and the colored lines showing the changes after
reperfusion was initiated.
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5 Discussion
5.1 Discussion of Materials and methods
5.1.1 Errors, variation, and limitations
Measuring on the small intestine in vivo is a complex matter with many factors contributing to
the measurement. When I started measurements on the small intestine in PM1 with various
electrode setups, I noted that measured immittance could differ significantly between the
experiments with some of the electrode setups that had appeared stable during the test models,
especially with 3 and 4 electrode setups. As an introduction to the discussion I would like to
start with errors, variation, and limitations, and what I have done in order to compensate for
these challenges.
5.1.1.1 Sources of errors and variation
I will briefly describe the factors affecting the measurements that I have observed, and how I
have tried to adjust or compensate for them. Most of the adjustments were made during the PM1
experiments, in order to get qualitative data from PM2.
a) Inhomogeneity of the tissue
Based on both on visual inspection of in vivo small intestine, and observation of
histological images, I see that the tissue is quite inhomogeneous and show considerable
variability in structure and composition. This results in variations in the immittance
when measuring. My solution to this challenge has been to use electrodes that are big
enough, that covers the inhomogeneous structures and averages over an area that
appear near homogeneous. See chapter 5.2.1 for details.
b) Changes in the geometry of the area under measurement
Due to peristalsis the geometry in the areas of sensitivity will sometimes change,
periodically resulting in a thicker and more compact intestinal wall when the muscles
are contracting. The results from these contractions can be observed electrically as small
increases in resistance and negative reactance. I have not observed the contributions to
be of much significance. The way I have tried to compensate for this if the wall is
contracted, is by softly massaging the contracted part of the intestine with my hand, in
order to return it to the same shape as the uncontracted intestinal wall, before
measuring.
c) Variations in temperature and hydration
The "normal" temperature of a pig intestine is around 38 degrees Celsius. The
temperature changes quickly when the intestine is exposed to room temperature. To
compensate for this I have placed both the ischemic and the control parts of the small
intestine back inside the abdominal cavity between measurements, and closed the
opening. See Picture 6 for details.
d) Noise from external sources
There is a lot of electrical equipment in the operating room, and I have noticed
contributions of noise both in the low and high frequency area, especially when using
steel electrodes, and/or when using long unshielded wires between the triax cables of
the Solartron and the electrode setup. To reduce this I have used AgCl (SS) and AU
electrodes with large electrode surfaces, and minimal lengths of unshielded wire.
e) Linearity
I have tested the voltage amplitude over a range from 1mV to 1000mV and have verified
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f)

g)

h)

i)

j)

k)

that the chosen amplitude of 100mV is within the linear area. I made this test first during
the test models, and again during the PM1. The amplitude of the applied stimuli is above
the noise threshold. The current density is below the threshold of interference with the
cell polarization, and below the threshold of unlinearity in the EPI.
Preparation of electrodes to reduce drift
Based on the results from PM1, I prepared the 2e SS electrodes used in PM2 by placing
them in NaCl 0,9 in a period (>24hours) before each experiment. This resulted in the
removal of a small drift related to gradual changes in the impedance of the electrode
surface when the dry electrode was placed directly in contact with moist tissue.
Wetness of the small intestine
When the abdomen first is opened and the small intestines inspected, they are moist
with the serosal secrete. Over time the abdominal cavity will start to fill with
extracellular fluid, resulting in the intestines becoming wet. To ensure that the intestines
were moist and not wet when measuring, I used a sterile cloth and pressed this gently
against the side of the intestine before measuring. This is not an optimal solution as the
cloth may remove some of the serosal secrete as well.
Variation between the pigs weight and gender related to electrical properties
I observe that there is a significant difference in the diameter and thickness of the small
intestine correlating with the weight of the pigs. The weight range was 22,0 - 26,0 kg in
PM1, and 24,5 - 30,0 kg in PM2. As an example the diameter of the jejunum in the 24,5 kg
pig was 2,5 cm, and 3,5 cm in the 30 kg pig. I have not found a significant difference in
electrical properties correlating with the variation in small intestinal diameter and
thickness. I have looked for, but not found a significant difference between the control or
the ischemic data of male pigs versus female.
Hypoxia precondition in PM1
It is well known that introducing hypoxia or ischemia for a short period will
precondition the body, and reduce the amplitude of several of the response mechanisms
if ischemia should reoccur in the same body again within 72 hours (Murry, Jennings, &
Reimer, 1986). All the pigs in PM1 had already suffered a severe toxic shock and had
experienced intestinal hypoxia for a period of hours before I started the protocol. This is
one of the reasons the data from PM1 is not reliable.
AgCl (SS) and toxicity
The main electrode type used in PM2 is the ©Quickels Silver-Silver chloride electrodes.
The AgCl (SS) can have a toxic effect on smooth tissue, which is abundant in the small
intestine (Jackson & Duling, 1983). If silver passes into the smooth muscle the effect is a
vasoconstriction of the smooth muscle, and after the constriction, a period of hours
where the smooth muscle is unresponsive to further stimuli. I have tested during PM1
with both AU and AgCl (SS) electrodes to see if I could notice a difference in the form of
constrictions, peristaltis, or electrical parameters. I have not observed any differences. I
think the serosa and the connective tissue layers protect the smooth muscle, as well as
this being an alternating current measurement with a zero net transfer of matter. One
thing I did not test, that I later regretted, was the application of a contact electrolyte on
the surface of the electrode, in order to put another barrier between the electrode and
the surface of the small intestine.
Solartron 1260/1294 accuracy
The accuracy of the Solartron 1260 with the 1294A interface is 1% error from 10mHz100kHz (1-1kΩ) and 10% error from 100kHz to 1MHz (1-1kΩ). In addition the
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measurement cables on the Solartron are old and fragile, and we have had to repair them
twice during the 7 experiments of PM2. As a control for the Solartron error I made test
measurements on a Solartron test box, and recorded the results before each experiment.
There was a small variance in the Wessel plot at the highest frequencies when
comparing the data from all experiments, but nothing significant.
l) Porcine small intestinal ischemia model 1 (PM1)
The first ischemia model included the severing of the small intestine, and the severing of
a part of the mesentery (see chapter 3.4.1.2). I discovered that this alteration physically
affects the thickness of the small intestinal wall resulting in the part near the severed
end contracting and having a smaller diameter than the rest of the intestine. This is
another reason that the data from PM1 is unreliable.
5.1.1.2 Limitations
a) The ischemic models that I have used create full arterial and venous occlusion. Full
mesenteric occlusion is just one of many different scenarios related to ischemia in the
small intestine, and the time varying changes measured and presented in this thesis are
only representative for the full mesenteric occlusion scenarios in warm ischemia.
b) I have only measured with a time span of 6 hours of ischemia. The time frame where
irreversible ischemic damage occurs in the small intestine starts theoretically around 6
hours of ischemia and continues for many hours, depending upon a large amount of
variables. Based on the feedback from the gastro surgeon and gastro pathologist
investigating the small intestine after 6 hours of ischemia, the small intestine still
appears viable at that point. Therefore I do not have electrical parameters from the point
of certain irreversible ischemic damage to the small intestine.
5.1.2 Discussion of models
While becoming acquainted with bioimpedance I experimented with a large variety of electrodes
and setups, on a large variety of materials including salmon, chicken, bacon, ham, beef, sausages,
various vegetables etc. These experiments are the background for the test models described in
chapter 3.3. I have chosen not to include data from these preliminary tests and models, to reduce
the length of the thesis. The test models helped with narrowing the selection of electrode setups
into the initial group of setups (see chapter 3.3). The NaCl 0,9 and the cucumber model were
especially helpful in assessing electrode properties. PM1 was a valuable pilot that laid the
foundation for PM2, and most of the adjustments made in chapter 5.1.1.1 was made in PM1. The
discussion of the selected electrode setup is in chapter 5.2.1. With PM2 I conducted a quantity of
qualitative experiments in order to verify the promising data from PM1 (see chapter 4.1.2). The
ischemic porcine small intestinal model developed through these experiments seems suitable
for further studies related to acute ischemia in the small intestine. The ischemic time duration
(6hrs) of PM2 was not long enough to create irreversibly damaged small intestine with a 100%
certainty.

5.2 Discussion of data and results
5.2.1 Selection of electrode setup
The first evaluation round with the test models showed many good setups, while the second
round with the PM1 narrowed it down to two setups. Many of the electrode setups that
performed well on the test models experienced problems on the porcine model in the form of
large variance between the experiments. I believe one reason for this is the contribution from
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the negative sensitivity areas, and that the estimated smaller areas of sensitivity with the 3 and 4
electrode setups were too small for the inhomogeneous structure of the small intestine.
The 2 electrode Silver-Silver chloride setup (2e SS) :
The small intestine has a surface structure with blood vessels and serosa, and the pattern
appear to be repetitive within the 4 mm range. The size of the 2e SS electrodes is quite large
(9mm diameter) and ensures that the EPI and noise is lower than with smaller electrodes. The
size and setup also allows for a sensitivity that averages over the repetitive structure of the
small intestine. If the electrodes were smaller than 5mm (Picture 7), the structure of the area
under the electrode would vary with each placement, resulting in a greater variance in the data.
The edges of the 2e SS electrodes are dull, resulting in less current density along the edges than
if they were sharp. The shape is circular, with a hole in the middle of the electrode. This appears
to give a focusing effect of the current density in the muscularis propria at low frequencies
according to the 2D COMSOL simulation (chapter 4.2.2.1). The 2e SS setup measures the tissue
impedance in series with the impedance of the electrode setup, and avoids the problems related
to transfer impedance and four electrode setups, but adds the problem of the EPI in series. Still I
estimate that the overall EPI contribution is quite small, when judging from the EPI contribution
on the NaCl 0,9 test model (see chapter 4.2), and taking into account that the conductivity of the
small intestine is lower than the NaCl 0,9 resulting in lower EPI. With the 2e SS setup I measure
through the whole intestinal wall, and the measured impedance is a representation of the
changes in the cross section from both sides of the wall, with the highest sensitivity being in the
area near the electrodes (see 4.2.2.1), and not just in one side and very small part of the wall as
estimated with the tested 3 and 4 electrode setups (Figure 28, Figure 29, Figure 30).
4 electrode AU setup (4e AU) :
The 4e AU electrodes were of the same size as the 2e SS electrodes, but did not have a hole in the
center of the electrode surface (Picture 9). The AU electrodes were sandblasted to create a rough
surface with a large effective area reducing the effective EPI. I experimented with several
formations and spacings with the 4e AU electrodes, and ended up with a linear setup with a
distance of 4mm between the electrodes. The 4e Au setup measures the transfer impedance
between the PU electrodes. I experienced a challenge several times where the measured phase
with the 4e AU setups showed large artifacts in the phase, with the phase seeming to flip to a
positive phase representing a positive reactance. I believe this could be due to the way Solartron
calculates phase, influenced by errors from the currents passing from the CC electrodes, taking
shortcuts through the surface of the PU electrodes, polarizing them (see chapter 2.1.7.3). I
estimate that I used too large PU electrodes on the 4e AU setup.
The 2e SS setup performed well on the porcine model, and gave repetitive and predictive results
on both PM1 and PM2 (Figure 34, Figure 35, and chapter 4.5). The 4e AU setup performed very
well on the test models, and also gave the best and most reproducible results of all the 4
electrode setups I tested on the porcine models. Still there were some serious drawbacks with
the 4e AU setup. One drawback was a larger variation in the standard deviation of the
measurements than the 2e SS setup, and another was that the setup was not reciprocal, showing
that the measurements were not linear (see chapter 4.1.2). I think one of the reasons for this is
that I used large PU electrodes. With the electrodes in a linear setup and the PU electrodes in the
center, the PU electrodes would act as shortcuts for the current and result in the PU electrodes
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becoming polarized from passing current. Also the 4e setup is sensitive to the common mode
voltage in the pig body.
We finally opted for the 2e SS setup.
5.2.2

Discussion of time variable changes in the electrical properties of the ischemic
small intestine

5.2.2.1 Data quality
The data discussed in this subchapter is the PM2 data. The measurements were largely
consistent, but one set of data deviated a bit from the others at the top frequencies. Several of
the data sets showed the same tendency, but the data from experiment 3 of PM2 (chapters 14.5
and 14.6) had the most pronounced deviation. Both the control and ischemia data have a small
noticeable increase in negative reactance from 600KHz -1MHz. I have not been able to identify
the source of the noise, other than that this experiment was conducted in an adjacent operating
room to the room we used in the other experiments. The Solartron setup has a 10% error level
at these frequencies (see chapter 5.1.1.1 (k)) resulting in the possibility of Solartron contributing
to the apparent small deviance.
One early concern regarding the data was the fact that there was a significant time related
variation in the immittance of the control tissue (see chapter 4.5.3.1). The tendency is that there
is a fall in resistance and reactance over time. During the first 4 of the 7 PM2 experiments the
mean of the decrease in modulus was around 50 ohms (158Hz) over 6 hours, approximately
33,3% of total modulus. My estimation as to why this occurs is that there is a physical reaction in
the perfused parts of the small intestine due to the onset of ischemia (as mentioned in chapter
4.4). I observed a change in the appearance of the perfused intestine in the area near to the
ischemic area. I think this is related to the response of the peritoneum to the ischemic attack,
and that it results in a slight inflammation and increased vascular activity, with slight edema in
the intestinal areas near to the ischemic area (see chapter 2.4.4). The surgeon agrees with this
assessment. In the ischemic tissue there is a buildup of metabolic waste products, and a change
of pH. This will result in an osmotic pressure against the ischemic tissue. The pathologist
explained that the histological images of perfused small intestine show signs of acute peritonitis,
resulting in local inflammation, and light edema in the perfused small intestine. I started
compensating for this variation quite late in the experiments of PM2. The method I used was to
move the spot for control that initially was just 15 cm from the ischemic area, much further
away (>30cm). The result of this was a drop in the modulus variation from 50 ohm (158Hz) over
6 hours to 30 ohm (158Hz) over a period of 6 hours. This adjustment was made in the last 3 of
the 7 experiments with PM2, and thus the PM2 data has a larger variation in control modulus in
the first four sets of data compared to the last three. If I had compensated for this earlier, I
believe it would have resulted in a slightly less variation in the control, resulting in a slightly
better significance between the selected parameters from the ischemic and control data (see
chapter 4.5). When comparing the time variation in the impedance of the control versus the
impedance of the ischemic tissue, the difference is still significant, taking into account the drift in
control. If we had used a sham porcine model as control, I estimate we would have had a more
stable control with less time variance. On the other hand I think the data from the current
control model is valuable, as it shows which changes in electrical parameters we can expect to
find in perfused intestine near the ischemic area. This is important data in order to assess the
difference between tissue that is ischemic, and tissue that is in the area near ischemic tissue.
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I analyzed several relevant parameters, and chose the three that showed the greatest time
variant ischemia-related changes (Phase, Tan d, Modulus - see chapter 4.5.1). The changes in
modulus, Phase, and Tan d are just different representations that amplify certain variations
based on the relationship between the measured resistance and reactance. I verified that these
changes were statistically significant compared to the changes in the control (chapter 4.5).
5.2.2.2 Time variable changes in ischemic small intestine
The data show a decrease in impedance over all frequencies, with the largest drop at low
frequencies (chapter 4.5.3). The mean of the decrease in modulus is approximately 25Ω (158Hz)
the first hour, 25Ω (158Hz) the second hour, and 15Ω (158Hz) the third hour. The modulus then
seems to stabilize at this level in the fourth and fifth hour. At the onset of the sixth hour there is
another decrease of 15Ω (158Hz). My understanding of the physical mechanisms behind this
decrease in modulus is based on the theory in chapter 7.3-7.5, and the estimated area of
sensitivity with the 2e SS setup 4.2.2.1). The edema in the serosa and mucosa (chapter 4.6,
Picture 15 and Picture 23) when seen together with the estimated areas of sensitivity for the 2e
SS setup, indicate that this is a major contributing factor to the overall decrease in measured
impedance.
The small intestine appears to be one of the organs in the body that is designed to withstand a
certain extent of ischemic attack, and it can in humans endure at least 72 times longer period of
warm ischemia (6 hrs) than the fragile brain cells (5 min). At the onset of ischemia there is a
congestion of blood (hyperemia) in the serosa and the underlying connective tissue, working as
a force to reduce the impedance of the surface layers. There is also a dilation of the
microvasculature, blood pooling in main vessels (Guan et al., 2009), and a gradual increase in
microvascular permeability over time (Gorey, 1980) in all layers that reduces the overall
impedance (chapter 2.5). The time development of decrease in impedance correlates with
Gorey's index of time development microvascular patency (Figure 20) As the cell membrane
functions are reduced over time due to ischemia, the membrane becomes more permeable,
adding to the decrease in impedance.
The counter-force working to increase the resistance in ischemic tissue is extracellular water
being pulled by osmotic pressure into the cells, as the cell membranes gradually fail with their
balance and barrier functions (chapter 2.5). My understanding of the impedance contribution of
this force is that it is larger in more homogeneous tissues, and that it has less force in the thin
and vascularized small intestinal structure with multiple layers of different tissue. As a
comparison ischemia in skeletal and heart muscle gives an overall gradual rise in the impedance
for low frequencies.
EPI varies with the homogeneity and conductivity of the material near the electrode surface. The
2e SS setup includes the EPI from both electrodes, and is therefore sensitive to changes in the
conductivity of the surface tissue (serosa) as this influences the EPI. The gradually increasing
conductivity will contribute to a gradual increase in the EPI which is another small increase in
low frequency impedance (chapter 2.1.6). On the other hand the size of the electrodes in the 2e
SS setup is so large that the overall contribution from the EPI is small.
There is an α dispersion with a central frequency around 1kHz that disappears during the first
20-40 minutes of ischemia (chapter 4.5.4.2) . There are several possible causes. One is the early
congestion of blood near the serosa resulting in a local increase of electrolytes. Another is that
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this is related to the closing of the gap junctions in the mesothelium of the serosa. This is a
monolayer where all cells have gap junctions to adjacent cells in the longitudinal plane. The
closure of the junctions would be expected to act as a force for a small increase in the low
frequency impedance (chapter 2.2.3 and 2.5).
The overall result of these forces when viewed with two large non invasive Silver-Silverchoride
electrodes through the small intestinal wall from opposite sides is a decrease in the impedance
over time due to ischemia. To quote Gheorgihu and Gersing; "Computer simulations based on
microscopic as well as phenomenological models suggest that the overall changes of impedance
spectra are reflecting, on tissue scale, the effect of complex processes, like membrane
permeabilization, closure of gap junctions and edema formation, running in parallel" (Gheorghiu &
Gersing, 2002).
While many researches describe an increase in impedance as a result of ischemia in skeletal
muscle, heart muscle, and the liver (chapter 2.5.1) Takeyoshi et al. measured a decreasing
impedance in their in situ ischemic small intestine experiments, and Genesca et al. measured a
decreasing impedance in their ischemic rat kidney experiments (Genesca et al., 2005; Takeyoshi
et al., 1996). When creating artificial edema in the small intestine Radhakrishnan et al. measured
a decreasing impedance in the small intestinal wall (Radhakrishnan et al., 2007). Othman et al.
on the other hand measured an increase in impedance in the ischemic small intestine, but they
used a catheter inside the lumen, and measured directly on the mucosa (Othman et al.). The
mucosa is the layer of the small intestine that first is damaged by ischemic assault (chapter
2.4.4), and I would expect that the impedance locally in the mucosa would rise with the gap
junctions closing, and the electrical properties of the mucosa having low conductivity to start
with (chapter 3.5.2).
An important indicator of ischemia in the small intestine when investigating with CT or
angiography, is the thickening of the intestinal wall (Macari & Balthazar, 2001). This seems to
correlate with the theory of edema and congestion forming in parts of the wall.
One of the main questions I continuously have been searching for the answer to is at what time
the point of irreversible damage on the small intestine is reached, and how this is expressed in
electrical parameters. The surgeon and pathologist have both concluded, regarding the small
intestine in PM2 after 6 hours of ischemia, that the state of viability is uncertain but most
probably still viable, and that no 100% certain diagnosis can be given at that time. As Figure 21
in chapter 2.4.7 showed there will be a substantial amount of damage to the small intestine as a
result of the reperfusion process, but the intestine will most likely survive and regenerate. To
achieve 100% certain irreversible ischemic damage to the small intestine, the experiment needs
to last for up to 10-12 hours with warm ischemia and also a postoperative period of 48 hours
with monitoring and reassessment of the small intestine. Gheorghiu and Gersing explained
based on their experience with ischemia and resuscitation experiments that it was proven that
the limit of tissue viability, though dependent on the temperature, tissue type and energy
reserves, is far earlier than any dramatic cellular changes. This was based on cardiac muscle
ischemia (Gheorghiu & Gersing, 2002).
This seems to correlate with what the pathologist said of the histological samples, that it takes
time from the point of irreversible damage to a group of cells, until it is clearly visible in a
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microscope (chapter 5.2.3). Thus the small intestine can theoretically be irreversibly damaged,
without the damage being visible by histological inspection.
The time development after the onset of reperfusion appears to be a continuation of the
decrease in impedance, and the phase shows a continued movement of the remaining two
dispersions (chapter 4.8). When reperfusion begins there will be a lot of reactions in the
ischemic tissue, when oxygen reenters accompanied with the defensive mechanisms of the body.
One result is increasing inflammation and edema. The continuation of these changes seems to
correlate with my theory that the non-invasively measured, ischemic-related parameter changes
are influenced by the presence of edema and vascularity related issues.
Summary of my observations of ischemia related electrical changes in the small intestine:
At the onset of ischemia the 1kHz dispersion disappears. There is a slight increase in impedance
at some frequencies during the first 30 minutes of ischemia, correlating with the disappearance
of the 1kHz dispersion. Due to the overall stronger force in impedance decreasing mechanisms
over impedance increasing mechanisms, the impedance falls as a factor of ischemic time. With
necrosis of the low conductive mucosa I estimate it contributes with another decrease in low
frequency impedance as the permeability increases with failing membranes in the villi. I
estimate that when mural and transmural necrosis takes place, this will result in a significant
reduction in measured impedance, and that it will be possible to discriminate between the
levels. It would be very interesting to measure on full necrotic small intestine.
5.2.3 Discussion of the histological samples
The perfused tissue samples show signs of acute peritonitis with infiltration of neutrophils in the
serosa and subserosa (Picture 14). This is to be expected as a consequence of the surgical
procedure, including the induced ischemia in the nearby intestinal segment. The pathologist also
commented that the intestinal mucosa has a smaller villus/crypt height ratio, and contains a
much larger number of intraepithelial lymphocytes, than would be expected in samples from
human small intestine. However, the pathologist is a specialist in human pathology, and is not
able to conclude whether these findings represent normal features or pathology in the porcine
intestine. The level of leukocytes in the serosa indicates acute peritonitis and light edema
correlating with the time related decrease in control impedance (Picture 22).
The tissue samples from ischemic tissue show necrosis of the mucosa with hemorrhage and loss
of the surface epithelium (Picture 15). Most of the crypt epithelium is also lost, although necrotic
epithelial cells are visible in the basal portion of the some crypts. The muscularis mucosae
appears mainly intact (Picture 21). The submucosa is expanded by edema, and there is also
edema under the serosa (Picture 15 and Picture 23). There are no definite morphological signs
of ischemia or necrosis in the smooth muscle of the muscularis propria (Picture 17). Thus, as a
whole, the intestine appears viable, as necrotic mucosa can regenerate. However, the true degree
of ischemic damage to the smooth muscle is difficult to assess, as it may take many hours for the
cells to develop morphological changes visible by light microscopy.
5.2.4 Discussion of the Ischemia Assessment Algorithm (IAA)
The IAA appears to be promising but can achieve better results with more work. I have only
investigated the modulus, phase, and tan d parameters, as well as the area under the curve
parameter and slope and curvature parameters (chapter 3.7). My program only represents a
short time effort at the end of the thesis in order to show the principle, but it is not a thorough
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analysis of the possibilities. I would suggest using multivariate analysis of the parameters with
respect to the best parameter for each hour of time development and also to use curve fitting,
with curvature analysis, to reach better results.

6 Conclusion










The 2 electrode Silver-Silver chloride setup appeared the best of the tested setups for
measuring small intestinal ischemia interoperably.
The time development of the electrical properties within a 6 hr period of ischemia is
statistically significant, and can be correlated with the onset and duration of ischemia.
The current version of the IAA gives a fairly accurate assessment if the porcine small
intestine is ischemic or not, while analyzing the PM2 model data.
The current version of the IAA gives a fairly accurate assessment if the porcine small
intestine under investigation has been ischemic for 3 and 4 hours, while analyzing the
PM2 model data.
It is possible to develop algorithms based on these parameters and assess the time
duration of warm, full occlusive ischemia in porcine small intestine, as the "pilot
program" Ischemia Assessment Algorithm shows in principle. More development of the
program is needed in order to increase sensitivity and specificity.
The PM2 model, with local full mesenteric occlusion and warm ischemia is a good model
for studying the effects of ischemia in the small intestine.
Based on the current data, it is not possible to assess the viability of the small intestine,
as the length of the ischemic time period of PM2 is not enough to achieve 100% certain
irreversible ischemic damage to the small intestine.

6.1 Continuation
This thesis is just an introduction into a vast field with many possibilities. The potential is a
working tool that can assist the surgeon in assessing ischemia in the intestines, resulting in more
accurate treatment and reduced suffering for the patient. I have made a list with some
suggestions for continued work:
1. Development of ischemic models where irreversible ischemic damage to the small
intestine can be reached with 100% certainty, and investigation of the electrical
developments at the point of irreversibility in order to see if the point can be detected by
non-invasive bioimpedance measurements.
2. Development of the electrode setup and sensitivity in order to reduce the variation and
time development in the control data, and to increase sensitivity in the areas of interest.
3. Development of ischemia assessment algorithms.
4. Development of a simple, accurate and stable electrode pen that meets the safety and
health standards of in vivo use on humans.
5. Development of ischemic models where the focus is on the problem areas of the intestine
where the surgeon has the most difficult time assessing viability.
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7 Abbreviations and synonyms
A - Ampere
AgCl - Silver chloride
AU - Gold
AUC - Area under the curve
CC - Current carrying
CT - Computer tomography
EPI - Electrode Polarization Interface
Hrs - Hours
Min - Minutes
MR - Magnetic Resonance tomography
NPV - Negative predictive value
PM1 - Porcine small intestinal ischemia model 1
PM2 - Porcine small intestinal ischemia model 2
PU - Pickup electrode
PPV - Positive predictive value
SS - Silver-Silver chloride
Theta - Phase
V - Voltage
Z' - Resistance
Z'' - Reactance
|Z| - Modulus
2e SS - 2 electrode Silver-Silver chloride setup.
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10 Appendix B - Response from "Forsøksdyrutvalget"

115

11 Appendix C - Protocol Porcine small intestinal ischemia model 1
t

m
-30

#

Protocol
Pig is sedated and placed on the operating table

-25
-20
-15
-10
-5

-3

0

CCN proteins in the development of sepsis-induced multiple organ
dysfunction

-55

Thrombin generation as a sensitive tool to predict early haemostatic
changes in sepsis

-50
-45
-40
-35
-30
-25
-20
-15
-10
-5

-2

0

CCN proteins in the development of sepsis-induced multiple organ
dysfunction

5

Thrombin generation as a sensitive tool to predict early haemostatic
changes in sepsis

10
15
20

116
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35
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55

-1

0

CCN proteins in the development of sepsis-induced multiple organ
dysfunction

5

Thrombin generation as a sensitive tool to predict early haemostatic
changes in sepsis

10
15
20
25
30

Surgeon opens bowel and makes jejunum accessible

35

30 minutes of measurement on the jejunum with various electrode
setups

40
45
50
55

0

0

Surgeon creates ischemia model by cutting the jejunum in two, and
removing part of the mesentery

5

1 measurement on ischemic model and 1 on control

10

1 measurement on ischemic model and 1 on control

15

1 measurement on ischemic model and 1 on control

20

1 measurement on ischemic model and 1 on control

25

1 measurement on ischemic model and 1 on control
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1

2

30

1 measurement on ischemic model and 1 on control

35

1 measurement on ischemic model and 1 on control

40

1 measurement on ischemic model and 1 on control

45

1 measurement on ischemic model and 1 on control

50

1 measurement on ischemic model and 1 on control

55

1 measurement on ischemic model and 1 on control

0

1 measurement on ischemic model and 1 on control

5

1 measurement on ischemic model and 1 on control

10

1 measurement on ischemic model and 1 on control

15

1 measurement on ischemic model and 1 on control

20

1 measurement on ischemic model and 1 on control

25

1 measurement on ischemic model and 1 on control

30

1 measurement on ischemic model and 1 on control

35

1 measurement on ischemic model and 1 on control

40

1 measurement on ischemic model and 1 on control

45

1 measurement on ischemic model and 1 on control

50

1 measurement on ischemic model and 1 on control

55

1 measurement on ischemic model and 1 on control

0
5
Euthanasia induced by pentobarbital
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12 Appendix D - Protocol Porcine small intestinal ischemia model
t
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"Baseline"-measurements on healthy jejunum.
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"Baseline"-measurements on healthy jejunum.
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A4

"Baseline"-measurements on healthy jejunum.
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A5

"Baseline"-measurements on healthy jejunum.

-5

A6

"Baseline"-measurements on healthy jejunum.
Surgeon creates ischemia case by vascular occlusion of parts of the
mesentery
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1

1 measurement on ischemic model and 1 on control

2

1 measurement on ischemic model and 1 on control
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119
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45

3

1 measurement on ischemic model and 1 on control
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1 measurement on ischemic model and 1 on control
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1 measurement on ischemic model and 1 on control

6

1 measurement on ischemic model and 1 on control

7

1 measurement on ischemic model and 1 on control

8

1 measurement on ischemic model and 1 on control

9

1 measurement on ischemic model and 1 on control
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1 measurement on ischemic model and 1 on control

11

1 measurement on ischemic model and 1 on control
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1

0
5
10
15
20
25
30
35
40
45
50
55

2
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5
10
15
20
25
30
35
40
45
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120
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3

0

12

1 measurement on ischemic model and 1 on control

13

1 measurement on ischemic model and 1 on control

14

1 measurement on ischemic model and 1 on control

15

1 measurement on ischemic model and 1 on control

16

1 measurement on ischemic model and 1 on control

17

1 measurement on ischemic model and 1 on control

18

1 measurement on ischemic model and 1 on control

19

1 measurement on ischemic model and 1 on control

20

1 measurement on ischemic model and 1 on control

5
10
15
20
25
30
35
40
45
50
55
4

0
5
10
15
20
25
30
35
40
45
50
55

5

0
5
10

121
15

21

1 measurement on ischemic model and 1 on control

22

1 measurement on ischemic model and 1 on control

23

1 measurement on ischemic model and 1 on control

24

1 measurement on ischemic model and 1 on control

25

1 measurement on ischemic model and 1 on control

26

1 measurement on ischemic model and 1 on control

27

1 measurement on ischemic model and 1 on control

20
25
30
35
40
45
50
55
6

0
5
10
15
20
25
30
35
40
45
50

Euthanasia induced by pentobarbital
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13 Appendix E - Ischemia Assessment Algorithm
13.1 GetZ.m
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%
% GetZ first checks the *.z file for the position of the last
header line,
% before it imports the data array following the headerline
into: data
%
% Written by Runar Strand-Amundsen
% April 2013
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%
function GetZ( file )
%-----Locates the headerline and returns the index-----------------------out = fopen( file );
pos = 0; % Header line pos
while 1
tline = fgetl( out ); % Reads a line
pos = pos + 1;
if ischar( tline )% If line = string
U = strfind( tline, 'End Comments' ); % Returns the
index of the chosen string (If found)
if isfinite( U ) == 1; % Number check
break
end
end
end
%-----Imports data after headerline into array: data---------------------DELIMITER = '\t';
HEADERLINES = pos;
Data = importdata( file, DELIMITER, HEADERLINES ); % Imports
data into the array following the specs
vars = fieldnames( Data );
for i = 1:length( vars )
assignin( 'base', vars{i}, Data.( vars{i} ) );
end

13.2 IAA.m
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%
% Ischemia Assessment Algorithm (IAA)
%
% Written by Runar Strand-Amundsen
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% April 2013
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%
clc;
clear all;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%
% This first part is a loop I used to go through folders with
*.z files when testing the
% algorithms. When used during measurements, comment lines 1419, and the last two 'end's away,
% and uncomment line 24-25.
%
%-------Loop thorough all files in folder--------------------------------dirlisting = dir( 'C:/Users/Runar/Documents/Matlab
filer/Zview/Alle/Alle_R/*.z' ); % Put all *.z file names in
array
total = length( dirlisting ) % Displays total nr of files in
folder
for d = 1:length( dirlisting ) % Loop through all files in
folder.
if ~dirlisting( 1 ).isdir
% filename = fullfile( folder,dirlisting( d ).name );
% Use full path because the folder may not be the active path
filename = ( dirlisting( d ).name );
%-------Get data-------------------------------------------------% filename = uigetfile('*.z'); % Lets the user select
the *.z file to test
% GetZ( filename ); % Get data from selected file
GetZ( filename ); % Get data from selected file
N = length( data ); % Returns nr of rows in raw data
file
%-------Array-list-----------------------------------------------a = zeros( N,1 ); % Resistance
b = zeros( N,1 ); % Reactance
z = zeros( N,1 ); % Complex Impedance
j = zeros( N,1 ); % Complex Conductance
f = zeros( N,1 ); % Frequency
phase = zeros( N,1 ); % Phase
coperm = zeros( N,1 ); % Complex permittivity
mod = zeros( N,1 ); % Modulus
e1 = zeros( N,1 ); % E'
e2 = zeros( N,1 ); % E''
tand = zeros( N,1 ); % Tan d
%-------Sort data and calculate parameters loop-------------------
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for i=1:N,
a( i,: ) = data( i,5 ); % (Resistance)
b( i,: ) = data( i,6 ); % (Reactance)
z( i,: ) = complex( a( i,1 ),b( i,1 ) ); %
(Complex Impedance)
g( i,: ) = 1/( z( i,1 ) ); % (Complex Conductance)
f( i,: ) = data( i,1 ); % (Frequency)
t( i,: ) = i; % Make numbers array (1-41)
phase( i,: ) = atan2( b( i,1 ),a( i,1 ) )*( 180/pi
)*( -1 ); % (Phase)
coperm( i,: ) = ( 1/z( i,1 ) )/( ( 2*pi()*f( i,1 )
) ); % (Complex permittivity)
mod( i,:) = sqrt( ( a( i,1 )^2 )+( b( i,1 )^2 ) );
% (Modulus)
e1( i,: ) = real( coperm( i,1 ) ); % (E')
e2( i,: ) = imag( coperm( i,1 ) ); % (E'')
tand( i,: ) = e1( i,1 )/e2( i,1 ); % (Tan d)
end
%-------Algorithms-----------------------------------------------% Parameter value tests - based on stat data
%
%%%%%%% 4 hr test
if
( ( phase( 11,1 )<=4.0 )||( mod( 31,1 )<=36.3 )
);
display( 'The tissue has been ischemic for 4 hrs
or more' );
filename
%%%%%% 3 hr test
elseif ( ( phase( 21,1 )<=3.48 )||( phase( 11,1
)<=5.78 )||( tand( 11,1 )>=9.10 )||( mod( 31,1 )<=36.7 )||(
mod( 11,1 )<=32.8 )||( phase( 11,1 )<=3.78 )||( phase( 21,1
)<=2.6 )||( tand( 11,1 )>=13.22 )||( mod( 31,1 )<=52.59 )||(
mod( 11,1 )<=44.23 ))
display( 'The tissue has been ischemic for 3 hrs
or more' );
filename
%%%%%% Ischemia test: YES or NO
elseif( ( phase( 21,1 )<=4.13 )||( tand( 21,1 )>=15.4
) )
filename
display( 'The tissue is ischemic' );
%%%%%%% Error test
elseif ( ( mod( 31,1 )<= 10.0 )||( mod( 31,1 )>= 200.0
) )
display( 'The measured values are abnormal. Please
repeat measurement! If this error persists check setup!' );
filename
else
display( 'The tissue is perfused' );
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filename
end
end
end
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14 Appendix F - Graphs from PM2
I have added the graphs of the modulus and phase from the raw data from each of the 7 PM2
experiments, as a simplified method of presentation of the data. The raw data in itself would
take over 50 pages of A4 to present. The 7 experiments are sorted in 7 operations called OP's.
Each experiment have control and ischemic data. The graphs use log(f/Hz) as x-axes, and
amplitudes of modulus and phase as y-axes. The graphs represent the mean of the
measurements from 0-1 hr etc.
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14.2 OP1 Ischemia
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14.4 OP2 Ischemia
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14.6 OP3 Ischemia
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14.10 OP5 Ischemia
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