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1 Introduction

This thesis is focused on assessment of the viability of the small-bowel, after ischemic insult?,
by means of bioimpedance measurements. It describes how electrical parameters measured
on the small intestine change during ischemia and reperfusion and discusses pros and cons
of in-vitro versus in-vivo models of ischemia. The thesis also describes the creation of a
reference model for intestinal viability in a pig model, and finally, it describes how machine
learning can be a relevant tool for analysis of longitudinal bioimpedance data, and how
machine learning can be used to classify intestinal viability and histological grading based on
bioimpedance measurements combined with the results from the reference model.

As a part of the methodology, the thesis discusses intraluminal microdialysis for
detection and monitoring of ischemia and reperfusion, and the use of histology to provide a
reference for the viability limit. The thesis combines knowledge and research from the fields
of physics and medicine, in order to investigate a solution to a medical problem.

1.1 Assessment of intestinal viability

1.1.1 Anintroduction to the challenges of intestinal viability assessment

The small intestine is a part of the bowel, on average 6-7 meters long in an adult human
(Hounnou et al., 2002), and approximately 30 m? in surface area. While the bowel is
continuously involved in several vital functions in the human body, it is probably often
taken for granted. This could change drastically if one experiences bowel ischemia. Ischemia
means a restriction of blood flow, resulting in a lack of O, and nutrients in the affected
tissue, and insufficient disposal of waste products.

Bowel ischemia is classified into three main types; acute mesenteric ischemia (AMI),
chronic mesenteric ischemia and ischemic colitis (Yasuhara, 2005). AMI accounts for about 1
in 1000 acute hospital admissions (Bala ef al., 2017). It has been reported that the incidence of
AMI increases exponentially with age, but it is not unusual to find patients in the 20’s (Tilsed
et al., 2016). As the life expectancy of much of the world’s population is increasing (Mathers
et al., 2015), so are the incidents of AMI (Tilsed et al., 2016). The pathology that contribute to
the formation of AMI include emboli? (40%-50% of cases), arterial thrombus?® (25%-30% of
cases), non-occlusive ischemia (20% of cases), and venous thrombus (10% of cases) (Tilsed et
al., 2016).

Acute bowel ischemia can occur in a variety of clinical settings, including abdominal
aortic aneurysm surgery, small bowel transplantation, cardiopulmonary bypass, stoma, or in
everyday life if patients should experience arterial or venous mesenteric occlusion?,
mechanical bowel obstruction combined with simultaneous strangulation of the mesenteric
blood vessels (strangulation ileus), strangulated hernias, trauma, or shock (Collard and
Gelman, 2001). Not everyone is aware that experiencing circulatory shock in a traumatic
accident will lead to the body prioritizing the blood flow to vital organs, with the possibility
of leaving the bowel in a low-flow or ischemic state for a period of time. While the bowel can

1 Restriction of blood supply

2 A wandering blood clot that gets stuck.
3 A gradually forming clot in a vessel.

4 Emboli or thrombus



withstand a certain period with low- or no-flow, prolonged ischemia will result in necrosis,
and if the necrotic bowel is not removed, peritonitis and sepsis.

The release of harmful substances following reperfusion of ischemic bowel has been
linked to multiple organ failure (Collange et al., 2015, Pierro and Eaton, 2004, Klingensmith
and Coopersmith, 2016). The mortality rate of patients with bowel ischemia remains high
(30-93%), due to the difficulty in diagnosing the disease before irreversible injury occurs in
the intestines, and due to the risk of later morbidities® (Tilsed et al., 2016, Bala et al., 2017,
Brandt and Boley, 2000).

At hospitals around the globe, patients enter daily with diffuse symptoms related to the
gut, and in cases where bowel ischemia is diagnosed, they are subsequently admitted for
surgery. The main challenge in detecting bowel ischemia is the diffuse symptoms, and
reducing the diagnosis period is essential (Haglund, 2001). Angiography is the gold standard
for detection of mesenteric ischemia (Hoballah and Lumsden, 2012, van den Heijkant et al.,
2013), and biphasic multidetector CT has shown high sensitivity and specificity for detection
of AMI (Menke, 2010, Aschoff et al., 2009).

Once diagnosed, the surgical procedure will either be endovascular treatment,
laparoscopy®, or more commonly explorative laparotomy? (Beaulieu et al., 2014) where the
surgeon makes an incision through the abdominal wall to gain access to the abdominal
cavity. The intestines are visually inspected, the ischemic tissue located, and restoration of
perfusion initiated if there is still ongoing ischemia. Following the restoration of perfusion,
the surgeon assesses bowel viability by palpation, visual inspection of return of color (Figure
1), motility and bleeding of cut ends (Tilsed et al., 2016). This method is not very specific and
requires a lot of clinical experience (Urbanavicius et al., 2011, Wyers, 2010, Gorey, 1980), as
the appearance of the ischemic or reperfused intestine can be deceptive (Urbanavicius ef al.,
2011, Bulkley et al., 1981, Mitsudo and Brandt, 1992).

Figure 1. Visual inspection of porcine small intestine

5 ‘Morbidities” meaning complications or side effects following medical treatment.

¢ Miniature surgical incision into the abdominal cavity to gain access to inspect the bowel with
laparoscopic tools

7 Large surgical incision into the abdominal cavity to gain “hands on” access to the bowel
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The gold standard for the determination of bowel viability is a second-look laparotomy
(within 48h) to reinspect areas of questionable viability (Yanar et al., 2007). From the first
laparotomy alone only 50% of non-viable cases have been reported to be correctly identified
(Redaelli et al., 1998a). When including the effect of second-look laparotomy, accuracy has
been reported to increase to 87- 89% (Bulkley et al., 1981, Redaelli et al., 1998a). In the study
made by Bulkley et al., unnecessary bowel resection was reported in 46% of the cases®.

While it can be challenging, evaluation of intestinal viability is essential in surgical
decision-making for patients with acute intestinal ischemia (Bala et al., 2017, Horgan and
Gorey, 1992, Tilsed et al., 2016). The surgeon selects resection margins with the aim of
removing irreversibly injured bowel, preserving viable bowel, and selecting suitable
locations for anastomosis®. Failure to remove irreversibly injured bowel can lead to
peritonitis, sepsis and death for the patient (Herbert and Steele, 2007), while excessive
removal of intestines can lead to short-bowel syndrome (Seetharam and Rodrigues, 2011).
Up to 57% of patients need further bowel resection later, and this number includes patients
undergoing second-look surgery (40% of the patients) (Clair and Beach, 2016).

In 1992, Horgan and Gorey described the requirements of an ideal viability test (Horgan and
Gorey, 1992):

1. The technique must have ready availability, preferably in every operating theatre
dealing with abdominal emergencies.

2. The necessary equipment must not be cumbersome or require specialized
personnel.

3. The method must be accurate, with a minimum of false-negative results and,
more importantly, few false positives. A false-negative result leaves in situ
nonviable bowel, which may lead to early perforation and late structuring. This
situation may be recovered with further surgical intervention, however. On the
other hand, a false positive assessment of bowel viability results in resection of
potentially recoverable intestine, which is lost forever and may represent a vital
difference for morbidity-mortality and long-term nutrition.

4. The technique must be objective and be reproducible.

5. The method must be cost effective.

These requirements have been used to assess the feasibility of experimental approaches to
bowel viability (Urbanavicius et al., 2011, Erikoglu et al., 2005). Additional requirements
which we suggest could be added to this list are: a) that the technique should be able to give
a clear result in a relatively short period of time and b) that the technique ideally should not
be dependent on complex and time-consuming calibration.

1.1.2 Experimental approaches to viability assessment

Over the years, different researchers have investigated a number of experimental approaches
with the aim of providing the surgeon with methods to increase the accuracy of
intraoperative intestinal viability assessment, but few methods have proven applicable so far

8 The low positive prediction value was due to skewed classes
9 The joining together of (viable) parts of the intestine
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(Urbanavicius et al., 2011). Many of the methods touch upon both detection of ischemia and
assessment of viability. Table 1 shows an overview over the experimental approaches related
to the assessment of intestinal viability.

Table 1. An overview over experimental approaches to assessment of intestinal viability

Focusing on detection of blood flow: Focusing on other parameters:

Intravital microscopy (Yasumura et al., 2003) Bowel wall contractility = measurements
(Dutkiewicz et al., 1997)

Doppler ultrasound (Bulkley et al., 1981) Microdialysis (Deeba et al., 2008) (flow,

permeability and metabolic changes)

Pulse oximetry (Erikoglu et al., 2005) Electrical bioimpedance (Carey et al., 1964)
(electrical properties tied to structural changes)

Hydrogen gas clearance (Mishima et al., 1979)

Radioisotope studies (Prinzen and
Bassingthwaighte, 2000)

Fluorescence studies (Holmes et al., 1993, Boni et
al., 2016, Johnson et al., 2016)

Infrared imaging (Moss et al., 1978)

Laser doppler flowmetry (LDF) (Humeau et al.,

2007)

Visible  light  spectrophotometry  (VLS)
(Karliczek et al., 2010)

Near-infrared spectrophotometry (Kohlenberg et
al., 2005)

Diffuse reflectance spectroscopy (Karakas et al.,
2014)

pH measurement (Millan et al., 2006))

Of the methods listed in Table 1, visible light spectrophotometry (VLS) and laser doppler
flowmetry (LDF) have been most frequently tested on humans (Urbanavicius et al., 2011).
The sensor principle of VLS is transmission of visible light around 475-625 nm wavelengths,
penetrating about 2 mm into the tissue. The rate of absorption is used to measure the
concentrations of hemoglobin and to estimate oxygen saturation (StOz). VLS allows for point
measurements of small tissue samples (Benaron et al., 2005) and is a promising tool for
measurement of intestinal wall oxygen saturation. VLS can be used without direct tissue
contact (Karliczek et al., 2010). The limitations of VLS are:
1. A specific level of StO, with respect to tissue ischemia or viability limit has not
yet been defined (Urbanavicius et al., 2011).
2. The presence of intestinal contents affects the accuracy of the measurements and
the reproducibility of the results (Urbanavicius et al., 2011).
3. A 90° angle between probe and tissue is required for optimal measurements
(Myers et al., 2009).

With LDF, the principle (velocimetry) is to measure the frequency change of light when
reflected by moving objects such as hemoglobin. The output signal is then proportional to
the number of blood cells per minute moving in the tissue volume under measurement
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(Redaelli et al., 1998b). LDF has been investigated for prediction of anastomotic insufficiency,
with promising results (Vignali et al., 2000) (Seike et al., 2007). The limitations of LDF are:

1. In the tissue area under investigation, the velocity measurement represents the
average velocity in all adjacent vessels and does not consider the heterogeneity of
blood flow.

2. LDF measurement is sensitive to motion artefacts.

3. Large standard deviations of the flow parameters have been reported during
measurements (Singh et al., 2009, Singh et al.,, 2008) requiring continuous
measurement with a secure fixation of the probe (Seike et al., 2007).

4. LDF is sensitive to blood pressure changes (Seike et al., 2007).

5. LDF requires tissue contact and may disturb local blood flow (Karliczek et al.,
2010).

6. The cut-off levels indicating ischemia vary between studies and models (Humeau
et al., 2007, Kashiwagi, 1993).

Singh et al. compared VLS and LDF with surface and intraluminal catheter probes for
assessment of serosal and mucosal oxygenation and blood flow, and found that VLS can
accurately diagnose mucosal ischemia from the mucosal side, while LDF could be useful in
detecting ischemia from the serosal side (Singh et al., 2009). There appears to be no consensus
on which experimental method (Table 1) is most feasible with respect to the ideal viability
assessment requirements, (Horgan and Gorey, 1992, Urbanavicius et al., 2011) and many of
the experimental approaches seem better suited to detect the presence of ischemia, than for
the assessment of intestinal viability. So far, no method has surpassed palpation and visual
inspection performed by an experienced clinician, followed by a second-look laparotomy, as
the gold standard (Tilsed et al., 2016, Bala et al., 2017).

1.2 General introduction to electrical bioimpedance

One of the experimental approaches suggested for viability assessment is the use of electrical
bioimpedancel® measurements (Urbanavicius et al., 2011). Bioimpedance means measuring
the passive electrical properties of a tissue. For a thorough introduction to bioimpedance, the
book Bioimpedance and Bioelectricity Basics (Grimnes and Martinsen, 2015) is recommended.

1.2.1 Bioimpedance notation
Table 2. Bioimpedance notation

u Electric field [V]
I Current [A]
R Resistance, real part of impedance [Q]
X Reactance, imaginary part of impedance [Q]
Xr Inductive part of reactance [Q]
Xc Capacitive part of reactance [€2]
Z Impedance [Q]
| Z | Impedance modulus [Q]
Y Admittance [S]
z’ Measured real part of impedance, Re
z" Measured imaginary part of impedance, Im

10 When using the word ‘bioimpedance’ in this thesis, it is always referring to “electrical bioimpedance’

6



i Notation for an imaginary value. j2 = -1

® The angular frequency (27f)

Co The capacitance with no dielectric between the
electrodes [F]

€0 Vacuum permittivity: 8.854E-12 [F/m]

Er Relative permittivity [F/m]

&(w) Complex permittivity as a function of frequency
[F/m]

£'(w) Dielectric constant. Lossless permittivity. (g')
[F/m]

¢""(®)  Loss factor. Dielectric loss. (¢") [F/m]
tan &  Loss tangent/dissipation factor
tandm  Maximum tan 6 amplitude over a frequency

range

0] Phase angle [deg]

o Loss angle [deg]

T Pi, ratio of a circle’s circumference to its
diameter

T Time constant, Tau

Rs Low frequency resistance

Roo High frequency resistance

1.2.2 Impedance basics

The forces that create the phenomenon that we call electricity are based on repulsion
between similar charges and attraction between opposite charges. An electrical charge,
symbolized g, is a property of matter as to the ratio between electrons (negative) and protons
(positive), leaving three possible states; neutral, positive or negative.

The interaction between attractive or repulsive forces can create a force leading to a
movement of charge, which is known as electric current (I=dq/dt). Some materials have free
charge carriers (conductors), while other materials have only fixed charge -carriers
(dielectrics). In the electrical circuit (dry) the typical charge carrier is the free moving
electron, while in biological tissues and liquids the charge carrier is the ion!!. The ion is an
atom or molecule with an uneven number of electrons and protons. The ability of a charge to
move within/along a conductor depends on factors like the material properties and the
temperature of the conducting material, the geometry of the conductor and the properties of
the charge carrier.

The relationship between an applied alternating electric field and the resulting
alternating current is described as admittance (Y), with the reciprocal being impedance (Z),
meaning a quantification of the opposition to current flow. In many instances the
relationship between applied voltage (U) and resulting current (I) is linear, as described in
Qs law.

U=Z+1 1)

11 Such as Na*, Cl, K+ etc.



Z consists of two components, resistance (R) and reactance (X). With direct current (DC)
there is only resistive losses and no phase shift between the voltage and current (X = 0). With
alternating current (AC), part of the energy can be stored as charge buildup (polarization)
along and/or in dielectrics (opposing change in voltage) or as magnetic fields in inductors
(opposing change in current), in addition to the resistive losses. X can be negative;
capacitance (-Xc) and positive; inductance (Xt).

1Z] =J(R* + (X,—X0)?) (€] 2)

The introduction of Xc and X creates the need for another dimension, called the complex or
imaginary plane (Figure 2, left). R is a representation of in-phase energy loss, but when
energy is stored as Xc or Xi, the energy storage is not instant but is a relaxation process
(Grimnes and Martinsen, 2015), requiring time, causing a time delay between the voltage and
current, resulting in a phase-shift proportional to the capacitive or inductive properties of the
conductor (Figure 2, right). In a complex plane this phase shift can be described as an angle
between the imaginary (Im) and the real part (Re) of the complex impedance (Figure 2, left).

Im
Phase angle ¢ = atan (R—) [rad] 3)
e
Magnitude
Im .
Voltage
3 4 i 7l Current
|Z|
2 - v
'/,./ [ IMagn.|
/4/ Phase shift X Y | Imagn.|
Lt X /A - 352 ¢
e Pt 3 ~ -
R
2 1 1 2 3
i
.

Figure 2. Left: The real and imaginary components of two impedances (Z and Z) plotted in the complex
plane, with phase angles ¢. Right: Example of phase shift and magnitude difference between an applied
voltage and the resulting current.

123 tano

While many are familiar with the phase angle ¢, not all are familiar with the loss angle 6 and
the corresponding tan 6, used to describe loss in non-ideal capacitors. The phase angle ¢ is
the out-of-phase component divided by the in-phase component, while the loss angle ¢ is the
in-phase component divided by the out-of-phase component (Grimnes and Martinsen, 2015).
For an ideal capacitor, the current leads the voltage by 90°, while for an ideal resistor the
current and voltage are in-phase. In tissue there are no ideal resistors or capacitors, and ¢ is
the difference in angle from the ideal capacitor (Figure 3).

0=900-¢ (Grimnes and Martinsen, 2015) 4)
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Figure 3. A: The phase relationship between charging current (I) and applied voltage (V) in an ideal
capacitor. B: The phase relationship between charging current (I) and applied voltage (V) in a lossy
dielectric material.

tan 0, also known as loss tangent, dielectric loss or dissipation factor, is a measure of the loss
rate of oscillating electric energy. The energy lost is dissipated as heat. tan ¢ is often used
when describing the properties of dielectrics and is calculated as a ratio between the complex
components of permittivity. tan 6 is the ratio between the imaginary and real part of the

permittivity.
g(w) = &'(w) —je"(w) [F/m] ®)
£'(0) = sy [F/m] (6)
e'(w) = m [F/m] @)

As we see from equations (6) and (7), tan ¢ is the ratio between the real and imaginary part of
Z.

Ccos @ en Rx* ) )
tan 6 = cot ¢ = m = 2nfR*C* = ; = ; [Dimensionless]12 8)

As it is a ratio parameter, tan 6 may differ at similar values of Z. While Z is strongly
dependent on the distance between two electrodes, tan 6 will vary less with changes in
electrode distance, because it represents the relationship between the real and imaginary
components of Z (Heo and Jung, 2011).

12 R*, C*, X* are the equivalent series components.
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1.3 Tissue and tissue states versus electrical properties

1.3.1 The passive electrical properties of tissue
The passive electrical properties of tissue are given primarily by a combination of the
following factors (Grimnes and Martinsen, 2015):

Tonic concentration

o
~ ~—

Volume fraction of fluid
Distribution of fluid in the tissue structures

e

The ion-permeability of cell membranes and membrane structures
Polarization mechanisms

¢’
~—

Biological tissue is a very heterogenous domain with complex structures containing mazes of
liquid spaces and tunnels, separated by diverse membranes, often resulting in a combination
of serial and parallel paths where the electric current can travel depending on the frequency
of the applied signal. Biological tissue is neither an ideal conductor nor an ideal dielectric but
carry properties of both. Thus, the impedance of tissue is always frequency dependent.

The structural origins resulting in the electrical/dielectrical properties of the tissue is a
combination of microscopic structures (Figure 4) like cell membranes, intracellular space
with organelles, ion-channels and extracellular space, and the macrostructures of different
organs, the vascular system, connective tissue, membranes (like the serous or mucous), tissue
layers, tissue interfaces and the skin. The different tissue types have different cell structures,
varying in density, size, and connective layout. Some tissue structures, like myocytes'3, have
anisotropic properties, due to their shape and length.

In biological tissue the reactive properties are mainly capacitive (X; ~ 0) (Grimnes and
Martinsen, 2015). The dielectric structures behind the capacitive reactance are the low
conductive cell membranes (10¢ S/m) (Grimnes and Martinsen, 2015) and the membrane
structures surrounding most types of tissue. The cell membranes consist of thin lipid layers
that contain several types of ion-selective semi-permeable! channels related to cell function
and intercell communication. The cell membrane permeability is dynamic (Bischof et al.,
1995), depending both on the internal state in the cell and external variables.

When applying DC to biological tissue, current implies mass transport!5, and the
conducting paths are primarily movement of ions in the extracellular liquids between the
cellular structures, ion movement in the vessels of the vascular system and in the cell-to-cell
ion-channels. When applying AC, the cell membranes and other membrane structures act as
capacitors with charge building up along the dielectric structures, and the AC moves with
the frequency of the alternating polarization. Thus, at low frequencies the paths in the
extracellular space dominate, while at higher frequencies current paths are opened across
membrane structures (Figure 4). The effect is typically a reduction in measured impedance
with higher frequency.

13 Muscle cells
14 As some ions are allowed to pass, while others are not.
15 Movement of ions
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Figure 4. Left: An electrical model on the cellular level, with the current paths across the extracellular
space (resistor), and the current paths across the cell-membranes (capacitor | | resistor) and intracellular
space (resistor) (with permission, Antoni Ivorra) (Ivorra, 2005). Right: An example of the frequency
dependence of current paths across tissue. HF = High frequency current, LF = low frequency current.

As polarization requires a certain amount of time for the dipole moments to align with the
applied electric field, permittivity in tissue will decrease with increasing frequency. The
following six mechanisms are a summary of the theories with respect to exogenic
polarization in biological matter (Kumar, 2011, Grimnes and Martinsen, 2015, Polk and

Postow, 1996):

[
~—

Dipolar orientation

=

Macrostructural polarization
Ordering of water structure

e

Counter-ion polarization
Interfacial polarization

¢’
~—

Delocalization of electrons

—
N

The polarization mechanisms give rise to the dielectric dispersion areas (Schwan, 1957, Dean
et al., 2008) found in biological tissue (Figure 5):

Counter-ion effects near membrane surfaces, active cell
membrane effects, gap junctions, intracellular structures, ionic-
diffusion, dielectric losses.

Passive cell membrane capacitance, intracellular organelle
membranes, organic macromolecules.

ngle ¢

—————————— Dipolar mechanisms in polar media (water, salt, proteins).

Logyp| Z | [Ohm]

---- Phase a|

mHz-kHz kHz-10 MHz 10 MHz-GHz

Figure 5. An idealized representation of impedance modulus |Z | and phase angle ¢ as a function of
dispersion regions a, 8 and y in biological tissue.
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1.3.2 Ischemia/reperfusion and the effect on passive electrical properties of tissue
With ischemia, the delivery of oxygen, nutrients, and the removal of waste products, fails to
meet the demands of the tissue and the metabolism switches to anaerobic. The limited
supply of adenosine triphosphate combined with the accumulation of metabolic products,
calcium increase, and reduced pH, give rise to cellular ionic imbalance. This leads to
intracellular edema, mitochondrial alterations, calcium overload and changes to the cell
membrane (Gutierrez, 1991). Over time ischemia will lead to cell death if perfusion is not
restored.

Electric bioimpedance has been utilized to investigate changes in electrical parameters
during ischemia in various tissues (Gersing, 1998, Gheorghiu and Gersing, 2002, Schafer et
al., 1998, Martinsen et al., 2000, Salazar et al., 2004, Casas et al., 1999, Kun and Peura, 1994,
Asami, 2007, Schafer et al., 1999, Ivorra, 2005). Ischemia leads to physical alterations on
several levels in the tissue, resulting in changes over time in the electrical properties. Several
mechanisms have been generally accepted by researchers as connections between changes in
electrical parameters and ischemia-related physical changes in the tissue:

1. The closing of gap junctions leading to an increase in low frequency (LF) resistance
(Schwan, 1957, Foster and Schwan, 1989, Asami, 2007), and to changes in or
disappearance of the a dispersion (Schafer et al., 1998, Gersing, 1998).

2. The narrowing of extracellular pathways due to the gradual swelling of cells when
the pump function fails, leads to an increase in LF resistance (Gersing, 1998, Grimnes
and Martinsen, 2015).

3. Formation of extracellular edema leading to reduced impedance over the frequency
spectrum (Radhakrishnan et al., 2007, Moore-Olufemi et al., 2005).

4. A reduction in temperature in the tissue due to reduced circulation, resulting in an
increase in impedance (Grimnes and Martinsen, 2015).

5. The presence of the f§ dispersion (see figure 5) has been linked to the integrity of the
cell membrane. As the cell membranes lose integrity, the  dispersion will gradually
disappear (Pauly and Schwan, 1964, Peyman and Gabriel, 2005).

6. Reduced membrane resistance caused by the opening of ion channels and increasing
membrane permeability as it gradually fails due to prolonged ischemic exposure,
leads to a decrease in LF resistance. (Schafer et al., 1998, Grimnes and Martinsen,
2015).

7. Cell necrosis leads to a decrease in overall impedance (Martinsen et al., 2000).

A simplified approach is to view the real part of the measured impedance as reflecting the
relative contribution of fluid, and the imaginary part of the impedance to reflect the relative
contribution of cell membranes and membrane structures. Thus, a low phase angle ¢ (or a
high tan §) can be associated with decreased cell integrity or cell-death (Gupta et al., 2009),
and the disappearance of the Beta dispersion () as the cell membranes collapse (Grimnes
and Martinsen, 2015). Using a Cole model (Cole, 1940) with parameters for intracellular R
and extracellular R, as well as membrane capacitance, the rupture of cell membranes equals
removing a series capacitor, creating a more parallel system resulting in increasing
capacitance (Dodde et al., 2012). These mechanisms are easier to interpret in a large semi-
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homogenous tissue structure like the kidney or spleen, than in a more complicated,
multilayered and far-from-homogeneous tissue like the small intestine.

1.4 Previous work with bioimpedance and the small intestine

In order to approach the questions of estimation of injury to intestinal tissue and assessment
of viability, researchers have studied the electrical properties of the small intestine, using in-
vivo and ex-vivo models on various animals. The earliest report we have found about
electrical measurements on the in-vivo small intestine was made in 1964 (Carey et al., 1964).
The impedance of ischemic canine small intestine was measured over a 15 min ischemia
interval, using a 3-electrode setup on the surface of the intestine, reporting that ischemia led
to gradually increasing impedance (Carey et al., 1964).

Takeyoshi et al. measured in situ using the Ussing chamber technique on canine colon
and small bowel (Takeyoshi et al., 1996), reporting decreasing impedance across the small
intestinal wall during ischemia. Gonzales et al. measured in-vivo on 16 rabbits, using a four-
electrode probe inside the lumen on the mucosal side of the small intestine (Gonzalez et al.,
2003), reporting that initially there was an increase in impedance in the ischemic tissue
compared to the control, and that after longer duration of ischemia there was decreased
impedance compared to the control.

Matsuo et al. investigated the viability of strangulated rat small intestine (ileum) in-
vivo, using a coaxial 2-electrode probe on the serosa (Matsuo et al., 2004) introducing the use
of the tan 6 parameter. Radhakrishnan et al. measured in-vivo with two small wire electrodes
on the surface of rat intestine and found that intestinal edema led to decreasing impedance
(Radhakrishnan et al., 2007). Beltran et al. have done a lot of work related to experiments and
instrumentation using a four-electrode probe inside the intestinal lumen and have reported
the ability to detect mucosal injury (Beltran et al., 2007, Beltran et al., 2013b, Beltran and
Sacristan, 2015).

Bloch et al. however evaluated this method and reported that they were not able to
detect early changes in the electrical parameters of the alimentary tract during progressive
hemorrhage or re-transfusion (Bloch et al., 2017). The results of Bloch et al. show that the
previously reported results with detection of mucosal ischemia with the use of intraluminal
electrode catheters might be overrated. We have not found any bioimpedance method
providing a solution for assessment of intestinal viability.

1.5 The small intestine

The small intestine (Figure 6) has three distinct regions, the duodenum, jejunum and ileum
and is an organ performing several vital functions in the body, including:

1. Bile from the liver and enzymes from the pancreas are mixed with the food content in
the small intestine, through peristalsis.

2. The digestion of proteins, lipids and carbohydrates.

The absorption of nutrients, minerals and water.

4. Animportant part of the immune system, holding a large part of the gut bacterial
flora.

©®
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Figure 6. The small intestine with mesentery (vascular supply). The intestine shown in the picture is
from a pig.

The blood flow to the intestines is supplied by three arteries. The gastroduodenal artery
supplies the stomach and the duodenum. The superior mesenteric artery supplies most of
the small intestine and the proximal large intestine. The inferior mesenteric artery supplies
the rest of the large intestine. There are several anastomoses between the arteries, to prevent
interruption in blood flow to the intestines, and the arteries and veins branch into smaller
vessels that enter and exit the intestine through the mesentery. The complex vascular supply
is of benefit in certain cases of ischemia, as the blood can move via collaterals, but this also
complicates the task of assessing the scope of intestinal injury following ischemia. The
circular wall of the small intestine consists of a flexible multilayer structure (Figure 7).

Muscularis
Propria

Submucosa —

Mucosa —

Lumen Mesentery with

Villi vascular supply

Figure 7. A simplified overview of the layer structure of the small intestine

1.5.1 The pathology of ischemic injury in the small intestine

Histologically, early epithelial detachment at the villus tip can be observed after the onset of
ischemia, followed by extension of the sub-epithelial space and epithelial lifting along the
villus side, gradual denudation of villi, and loss of villi (Takeyoshi et al., 1996). In these first
stages, the ischemic damage occurs at the mucosal side, and the intestine is still viable. These
are followed by infarction of the crypt layer and transmucosal infarction (Takeyoshi ef al.,
1996). Mucosal necrosis will usually heal without surgery. Mural necrosis may to a certain
extent heal without surgery, while transmural necrosis ends with perforation, leading to
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peritonitis and sepsis (Chou et al., 2006). Formation of scar tissue following the healing of
ischemia/reperfusion injury can cause strictures to develop later (Swerdlow et al., 1981,
Mitsudo and Brandt, 1992).

1.5.2 Ischemia as a primer for reperfusion injury

There are several mechanisms occurring in ischemic tissue that make it susceptible to
ischemia reperfusion injury (IRI) when reperfusion is later introduced. Ischemia promotes
the expression of proinflammatory gene products and bioactive agents within the
endothelium, while repressing other gene products that have protective effects (Parks and
Granger, 1986, Carden and Granger, 2000). Adenine nucleotide catabolism gives rise to
intracellular accumulation of hypoxanthine (after more than 60 minutes of ischemia) (Linfert
et al., 2009), which is converted into reactive oxygen species (ROS) after reperfusion
(Kaminski et al., 2002, Parks and Granger, 1986). Resident polymorphonuclear leukocytes!6
(PMN) migrate from the intravascular space to the interstitium during hypoxia. This
migration might disrupt the endothelial barrier causing extravascular fluid leakage and
edema formation (Eltzschig and Collard, 2004).

1.5.3 Reperfusion injury

While there is a series of underlying etiologies!” that can result in intestinal ischemia, an
early part of the clinical treatment in all cases is the restoration of perfusion (Kalogeris et al.,
2012). While reperfusion is essential to prevent further tissue damage, it can in itself cause
both local and systemic responses that have the potential to induce injury far beyond the
direct damage caused by the ischemia (Eltzschig and Collard, 2004, Yandza et al., 2012, Parks
and Granger, 1986).

At the onset of reperfusion, the post-ischemic tissue experiences initial reactive
hyperemia (Dabareiner et al., 2001). An important cause for IRI is the accumulation of ROS in
the reperfused tissue, together with the reintroduction of molecular oxygen. At an early
stage after reperfusion, ROS are generated from hypoxanthine accumulated during ischemia
and the freeing of intracellular iron. At a later stage, more ROS is generated by PMN,
accumulating in the reperfused tissue as a part of the immune response (Yandza et al., 2012).

ROS can cause increased microvascular permeability, edema, thrombosis and cell death.
Other important causes for IRI are calcium overload, opening of the mitochondrial
permeability transition pore, endothelial dysfunction, and pronounced inflammatory
responses (Yellon and Hausenloy, 2007). The leakage of components from dying cells will
amplify the inflammatory response (Grootjans et al., 2010).

With small intestinal IRI the initial inflammation can be sterile, but as the microvascular
and structural permeability changes, the translocation of molecules and the passage of
microbes across the intestinal wall creates non-sterile inflammation. PMNs also release pro-
inflammatory cytokines that activate humoral protein cascades such as the coagulation and
complement systems (Kong et al, 1998). These activations can cause reduced
microcirculation and thrombosis. The combination of the many mechanisms occurring

16 White blood cells
17 Cause of disease
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during reperfusion, can create self-perpetuating systemic inflammation (Kong et al., 1998).
Thus, reperfusion is a complex phenomenon, with the potential of drastically increasing the
level of injury in intestinal tissue.
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2 Aim and objectives

The overall aim of this work is to develop new methods based on electrical bioimpedance
that can improve the accuracy and precision of intraoperative assessment of intestinal
viability. The potential benefits are a reduction in the frequency of short bowel syndrome
caused by excessive removal of suspicious bowel, a reduction in anastomotic leakage caused
by selection of unviable or irreversibly injured locations for resection margins and a possible
reduction in the occurrence of sepsis due to non-viable bowel being left in the patient. In
addition, an early assessment with high accuracy can reduce the surgical stress experienced
by a patient, if there is no need for second- or third-look operations. The motivation for this
work is based on the potential to reduce the high mortality and morbidity rates associated
with acute mesenteric ischemia (AMI).

To achieve the overall aim, we defined the following objectives:

1. To examine the feasibility of measuring the passive electrical properties of the
porcine small intestine.

2. To assess how the passive electrical properties of the porcine small intestine are
influenced by ischemia.

3. To examine the possibility of using an ex-vivo model instead of an in-vivo model for
AMIL

4. To assess how the electrical properties of the porcine small intestine are affected by
reperfusion.

5. To investigate the viability limit in a porcine model of intestinal ischemia, to provide
a reference.

6. To investigate methods to analyze the bioimpedance data in order to classify viability
and histological grade, following ischemia-reperfusion injury in porcine small
intestine.
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3 Methodological considerations

3.1 The pig as a model for intestinal ischemia (papers I-V)

We selected the pig model for viability assessment of the small intestine, as it has important
anatomical and physiological similarities to humans (Douglas, 1972), the pathophysiology of
ischemia/reperfusion in the porcine model is similar to humans, and because this model has
been suggested as a reference standard in intestinal transplantation research (Yandza et al.,
2012). The main differences between the human and pig small intestine are related to the
length, and some small differences in the structure of the vascular system in the mesentery
and in the intestinal villi (Ziegler et al., 2016).

3.1.1 Ethical approval

The animal protocols were designed to minimize pain or discomfort to the animals and
reduce the overall number of animals used. The experiments were approved by the
Norwegian Food Safety Authority (FOTS ID 5143, 8304, 12695) and conducted in accordance

Figure 8. Segmental mesenteric occlusion of a segment (A: 30 cm, whole line) of porcine
jejunum, creating two edge zones of marginal tissue hypoxia (B: 5 cm, dotted line) and a
central zone of warm ischemia (C: 20 cm, dashed line).

with Norwegian animal welfare guidelines (FOR-2015-06-18-761) and EU directive
(2010/63/EU).

3.1.2 Segmental mesenteric occlusion model (papers I-V)

The segmental mesenteric occlusion (SMO) model (Gonzalez et al., 2015, Noer and Derr,
1949) was selected as it provides a well-defined area of ischemic injury affecting the whole
intestinal wall in the occluded segment (Yandza et al., 2012), as opposed to the commonly
used intestinal ischemia model of occlusion of the superior mesenteric artery (Gonzalez et al.,

20



2015, Megison et al., 1990). The SMO model simulates ischemic injury as caused by
strangulation-obstruction. Ischemia was induced by atraumatic clamping (Figure 8) of the
arteries and veins of the jejunal mesentery on the selected segments!® (Chan et al., 1998,
Gonzalez et al., 2015). Reperfusion (papers III-V) was initiated by releasing the clamps and
verified by observing the return of color in the individual arteries and veins and in the
previously ischemic segment. The details of the surgical procedures, anesthesia and
monitoring are described in papers I-IV (Strand-Amundsen et al., 2016, Strand-Amundsen et
al., 2018a, Strand-Amundsen et al., 2017, Strand-Amundsen et al., 2018b).

3.1.3 Study population (papers I-V)
Table 3 shows an overview of the study population in the 3 experiments included in this
thesis.

Table 3. An overview of the study population

Experiment I Experiment IT Experiment ITI
Study I I 1I-V
Type of experiment In-vivo In-vitro In-vivo
Number of pigs 7 6 15
Sex [f/m] 4f 5f 11f
Weight [kg] 26.5 - 30.0 49.9 - 58.6 44.3-58.6
Control segments* 1 1 2
Ischemia only segments* 1 3 0
Ischemia/reperfusion segments* 0 0 5-6
Histology LM** LM** LM**/ TEM***
*in each pig
**Light microscopy

***Transmission electron microscopy

As can be observed in Table 3, with increasing experiment number, we increased the number
of parallel ischemic segments used in each pig. In addition to the study population of
experiments I-III, 5 pigs were used in a pilot experiment to assess different electrode setups
and materials (unpublished results).

3.1.4 Using several parallel ischemia/reperfusion models in the same pig (papers
I1-V)

A 50 kg pig has approximately 15 meters of small intestine (McCance, 1974), allowing for the

creation of several parallel SMO models (Chan et al., 1998, Cook et al., 2008, Moeser et al.,

2007, Yandza et al., 2012), reducing the total number of animals needed for the experiment.

However, there are some disadvantages with parallel ischemia/reperfusion models in the

same pig.

a) The cytokine levels are reduced for each repeated reperfusion in the same pig, due to
increasing tolerance levels (Cavaillon et al., 2003, Ruud et al., 2007).

b) Following the late reperfusion intervals, we observed systemic effects with periods of
increasing heart rate, decreasing blood pressure, fever, and increasing permeability of
the intestines. These effects are probably related to the release of increasing quantities
of harmful substances following the late reperfusion intervals (Willerson, 1997,
Carden and Granger, 2000).

18 In study I and II there was only one ischemic segment in each pig. In study III there were parallel
segments in the same pig.
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To assess how these effects influenced the state of the surrounding perfused jejunum, we
inspected the control tissue after 12 hours of experiment duration and found only light
changes using light microscopy and transmission electron microscopy (Strand-Amundsen et
al., 2018a). Microdialysis and histological grading systems did not indicate any changes in
the control specimens. So, although some minor changes could be observed in the control
intestine, we find it unlikely that this had any confounding effects on the outcome of the
experiments.

3.2 Bioimpedance

3.21 Instrumentation (papers I-1II, V)

For all experiments, a Solartron® 1260 Impedance/gain-phase analyzer (Solartron
Analytical, United Kingdom) was used with a 1294A interface. Solartron 1260 uses a single-
sine digital lock-in'? after sampling the signals with 16 bits ADC, and uses 3 frequency
dependent methods for lock-in. For frequencies above 65.5 kHz Solartron uses an analogue
phase locked loop for both output and reference signal. For 300 Hz - 65.5 kHz a digital
heterodyning process is used. Below 300 Hz the measurements were done directly by the
ADC (Grimnes and Martinsen, 2015). We used the Solartron to apply a controlled voltage,
while measuring the resulting current and calculating the admittance/equivalent
impedance. The Solartron was controlled, data logged, and measurements acquired by the
Zplot® software (Copyright © 1990-2015 Scribner Associates, USA). A 50 mV AC RMS signal
was applied across the electrodes while sweeping the frequencies from 1 Hz to 1 MHz in 61
steps.

3.2.2  Factors influencing the bioimpedance measurements

There are several factors in addition to the passive electrical properties of tissue that
influence bioimpedance measurements. These should be removed or compensated for before
analysis of data is performed, either during measurements in real-time or during post-
processing.

3.2.2.1 Tissue temperature

The ionic mobility in the tissue is affected by temperature, resulting in an approximate 2%
increase in conductivity per increased degree Celsius (Schwan HP and Foster KR, 1980). We
monitored the surface temperature of the small intestine using an IR-thermometer
(bosotherm medical, Bosch + Sohn, Germany).

3.2.2.2  Intrinsic properties of electrodes and the experimental setup

The electrodes have intrinsic electrical properties that are in series with the measured
electrical properties (two electrode setup). In addition, the instruments and wiring will affect
the measurements, especially with respect to stray reactance (Grimnes and Martinsen, 2015).
To compensate for this, the electrodes and experimental setup were characterized, and the
measured data compensated for the stray properties of the setup.

3.2.2.3  Electrode polarization impedance.

The electrodes are the interface between the biological tissue and the electronic measurement
system. When applying a voltage across metal electrodes placed in contact with tissue, there
is a charge carrier transition between the metal surface with free moving electrons, and the

19 Phase-sensitive rectifier
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tissue with ionic charge carriers. The innate properties of the metal and an applied voltage
across the electrodes, attracts ions of opposite charge. These ions form a charge layer
(polarization) near the surface of the electrode, which again attracts more ions resulting in a
double layer and a diffusion layer (Ishai et al., 2013). The effect of the polarization is an
unwanted frequency-dependent impedance in series with the electrodes. The contribution
from electrode polarization can be reduced by increasing the electrode surface, using non-
polarizable electrodes, or electrodes with rough surface structures (Kalvoy et al., 2011,
Schwan, 1968). Using 9 mm diameter (Area = 63.6 mm?2) non-polarizable Ag/AgCl electrodes
resulted in very low electrode polarization impedance, that started to dominate gradually
below 100 Hz.

3.2.2.4  Geometric effects

The measured electrical properties (conductance/resistance) are a function of the volume
independent specific electrical properties (conductivity/resistivity) of the tissue combined
with a parameter known as the cell constant K [cm], accounting for the geometric aspect.

Resistance

©)

- Resistivity

For a parallel plate electrode setup, the geometric properties d = distance between electrodes,
and A = electrode area, can be used with the specific resistivity to calculate the resistance and
capacitance:

. Resistivity «d
Resistance = — (10)

E0Erd

Capacitance = (11)

The cell constant is relevant for measurement of homogenous substances like liquids. In a
multilayered tissue like the small intestine, the specific electrical properties vary, and other
approaches (3.2.8) are more relevant to account for geometric effects.

3.2.2.5 Compression and displacement in soft tissues

When measuring on soft tissue like the small intestine, exerting pressure on the intestinal
walls not only affect the contact area, but can strongly influence the measured electrical
properties (Dodde et al., 2012, Dodde et al., 2015, Mogadam et al., 2015). Pressure can also
lead to mechanical displacement of the layered structures. When there is serosal or
submucosal edema, the intestinal wall is even more sensitive to pressure as a high pressure
will result in the excess liquid being squeezed out from the measurement area between the
electrodes, affecting the measurement. Studies on the electrical effect of tissue compression
(4-electrode test setup) has reported that for compression of tissue up to 50% of its original
volume, there is an increase in resistance, while for compression over 50% there is a decrease
in resistance (eq.10), and also an increase in capacitance (eq.11) (Dodde et al., 2012).

The size of the electrodes used influences the pressure sensitivity of the electrode
setup, with small electrodes resulting in larger variability due to pressure (Keshtkar and
Keshtkar, 2008). As the intestinal tissue is layered and heterogenous, it is difficult to
compensate for the effects of compression, and our approach was to use large electrodes and
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minimal pressure sufficient to ensure good electrical contact? without causing significant
compression. To verify the effects, pilot bioimpedance measurements were done with
various grades of compression, and on single, double and triple layers of intestine. We aimed
to avoid mechanical pressure higher than the capillary pressure of around 20 mmHg, as that
would cause local ischemia between the electrodes during the measurement period.

3.2.3 Electrode setup

3.2.3.1 Previous work

The most commonly used electrode setup to measure the electrical properties of the small
intestine has been to use an intraluminal 4-electrode ring setup (Bloch et al., 2017, Beltran et
al., 2005, Beltran et al., 2013a, Beltran et al., 2007, Beltran et al., 2013b, Beltran and Sacristan,
2015, Gonzalez et al., 2007, Gonzalez et al., 2003), sending a current between the outer
electrode rings, while measuring the voltage across the inner electrode rings, with the
assumption that some of the current passes through the mucosal layer affecting the
measured complex impedance (Figure 9).

Voltage measured between the inner electrodes

Current passing between the
outer electrodes

Figure 9. The most commonly found electrode setup for measurement of the electrical properties (of the
mucosal part) of the small intestine.

As the current with the intraluminal 4-ring electrode setup will only pass through a small
part of the mucosa, we estimate that this method is not usable with respect to assessment of
intestinal viability.

3.2.3.2  Selecting the electrode setup for measurement on the small intestine

A general problem in bioimpedance is the selection of measurement volume (Grimnes and
Martinsen, 2015). When utilizing bioimpedance, the researcher typically has some questions
in mind with respect to the electrical properties of some part of a tissue. Choosing a relevant
electrode setup is essential for the later results. A typical setup is to use a 2-electrode setup?!,
where a known sinusoidal voltage is applied across the electrodes, and the resulting current
is measured. A limitation for using the 2-electrode setup is the unwanted contribution
arising from electrode polarization impedance. A 3-electrode setup is inherently monopolar
and can be used to influence the depth of the measurement. A monopolar electrode setup
allows for the electrical properties near one electrode to dominate the measurement, as
opposed to a bipolar setup. A 4-electrode setup measures transfer impedance and allows for

20 Exclude air between the intestinal surface and the electrodes
21 Each electrode acting both as stimulating and pickup electrode
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measurement without the contribution of electrode polarization impedance. While a 4-
electrode setup can be relevant in many settings, it is also more vulnerable to errors than
with bipolar electrode setups (Grimnes and Martinsen, 2007).

With the aim of being able to assess intestinal viability, it is important that the electrode
setup is sensitive to the structural changes of the small intestine that occur as a function of
ischemia or reperfusion. The pathophysiological changes that occur in the small intestine as a
result of ischemia are starting at the villi tips of the mucosa, with a gradual development of
injury through the deeper layers of the intestine (Mitsudo and Brandt, 1992, Haglund et al.,
1987) (Figure 10). At the same time, it is important not to use an electrode setup that will
puncture the small intestine, as this can lead to increased risk of morbidity.

Cross section plane

A LU

Mucosa

+— Muscularis mucosae

«— Submucosa

<«— Circular muscle layer
+— Longitudinal muscle layer

§ Subserosa

Serosa

Figure 10. A cross section plane of the small intestine with layers. The red arrows show the general
direction of the time dependent development of ischemic injury through the layers of the small intestine.

For selection of an electrode setup, a series of different setups were evaluated during a series
of pilot tests on 5 pigs (unpublished work). We investigated a monopolar setup using needle
electrodes, as well as 2-, 3- and 4-electrode setups with various electrode materials
(Ag/ AgCl, stainless steel, Au), electrode sizes (Imm - 10mm) and electrode layouts (Figure
11). We tested measurement along the side of the intestine, versus trans-intestinal
measurements.

During the pilot tests, ischemia was induced in the small intestine of 5 pigs, and the
setup with two electrodes on opposite sides, perpendicular to the surface of the small
intestine (see Figure 11), was found to best capture the electrical properties of the whole
intestinal layer structure and was most sensitive to the changes that occur during ischemia
(unpublished work). As a voltage was applied across the electrodes and a small current
passed through the intestinal tissue between the electrodes, the measurements are trans-
intestinal.

The results from the needle measurements varied a lot with needle location and
peristalsis made it difficult to place the needle at the exact same spot each time. The reason
for not selecting an electrode setup with electrodes along the intestinal surface was that the
modelled sensitivity area (Finite Element Method modelling - COMSOL Multiphysics) with
this setup remained near the surface due to the well conducting serosa, and the higher
resistivity of the sub-serous layer.

25



The reason for not selecting a 4-electrode setup is that it is more vulnerable to errors
than bipolar setups (Grimnes and Martinsen, 2007), and due to challenges with optimal
electrode placement on the intestinal surface with respect to equipotential lines. As the
surface of the small intestine is quite well conducting, the current easily shunts across the
surface of the pickup-electrodes, resulting in the potential of the PU22 electrodes being
brought to a level which is closer to that of the CC2 electrodes. This leads to an
overestimation of the transfer impedance and can also lead to measuring a positive phase
angle (Grimnes and Martinsen, 2007).

H® Two electrodes along the surface

Large counter electrode g

Three electrodes along the surface  Four electrodes along the surface

cV 1V f py 4 4}

Figure 11. Principle sketches of various electrode setups tested on the small intestine (A-E). Red lines
are current paths.

3.24 FEM Modelling (paper I)

COMSOL Multiphysics 4.3 (Comsol Group, Sweden) was used to estimate the current
density distribution and thereby the sensitivity area of the many electrode setups used in the
5 pig pilot tests. Figure 12 shows an arrow plot of the proportional current density in a 2D
model of a cross-section of the small intestine, where an alternating voltage is being applied
between two opposing electrodes at low (100 Hz) and high (1 MHz) frequencies. The
parameters used for modelling the various layers of the small intestine are based on the
tissue data from the Italian national research council/Institute for applied physics/IFAC-
CNR (Andreuccetti et al., 2000), which uses the data from Gabriel & Gabriel (Gabriel and
Gabriel, 1996).

2 Pick Up
2 Current Carrying
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Figure 12. (From paper I, figures 4 and 5). Top: Layer structure of the COMSOL Multiphysics 2D model
of the small intestine. Bottom: COMSOL Multiphysics 2D model with a cross sectional view of the layers
of the small intestine with a pair of electrodes placed against the serosa. The red arrows show the
proportional current density distribution when applying voltage across the electrodes at 100 Hz and the
blue arrows show the proportional current density distribution at 1 MHz (Strand-Amundsen et al.,
2016). © Institute of Physics and Engineering in Medicine. Reproduced by permission of IOP
Publishing. All rights reserved.

With the 2-electrode setup, the dominating part of the sensitivity area is estimated to be in
the tissue close to and between the electrodes (frequency dependent). At low frequencies a
large part of the current moves in the outer layers of the intestine, while at higher
frequencies, the current moves through the deeper layers of the intestine.

3.2.5 Electrode size and material (paper I)

The decision to use 9 mm diameter electrodes was made after observing that the
microvascular structure and tissue structure of the small intestine varies a lot on small scale,
but there are repetitive patterns on the 2-3 mm scale (Figure 13). By having an electrode that
covers several repetitions of the tissue patterns, we get an averaging effect with respect to
small-scale variations in tissue structure between the electrodes. Both the Au and the
Ag/AgCl electrodes performed well and the Ag/AgCl electrodes were chosen based on the
availability, and due to the lower contribution of polarization impedance. With the steel
electrodes the polarization impedance dominated gradually below 20 kHz, even when using
10 mm diameter electrodes, reducing the usable frequency range in a 2-electrode setup.
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Figure 13. Image showing repetitive patterns of vascular structures visible through the semi-transparent
serosa on pig jejunum.

Ag/AgCl electrodes have a constant potential with respect to a similar reference
electrode and low impedance to DC and low-frequency signals. It has been shown that using
Ag/AgCl electrodes will exert toxic effects on smooth muscle in-vitro (Lukanov and
Atmadjov, 1979, Jackson and Duling, 1983) and induce pathological changes when
implanted in-vivo (Cote and Gill, 1987). The toxic effect is due to Ag+ interfering with
transmembrane Ca 2+ flux (Petering, 1976, Cote and Gill, 1987). It has been shown that when
injecting small amounts of Ag+ into an animal, the Ag+ will bind to plasma proteins,
resulting in no toxic effect (Klein, 1978). Thus, Ag+ toxicity remains a problem mainly in
small scale in-vitro settings, where the available free protein concentration is small. To
counter this effect, we stored the Ag/AgCl electrodes in plasma protein during the
experiments between the measurements, the exposure time between tissue and electrode was
reduced to a minimum, and we used only alternating voltages with no DC component.

3.2.6 Selected electrode setup (papers I-11I, V)

After investigating a series of electrode metals, setups and layouts, a 2-electrode setup
(Figure 14) with 9 mm diameter Quickels® (Quickels System AB, Sweden) Ag/AgCl
electrocardiography disc electrodes (intrinsic R = 0.18 Q, X = 0 ), was chosen for the
experiments (Strand-Amundsen et al., 2016, Strand-Amundsen et al., 2017, Strand-Amundsen
et al., 2018b). With the 2-electrode setup, the dominating sensitivity area (modelled by
COMSOL Multiphysics) is within 1 cm of the sides of the electrodes (at 100 Hz, and closer at
high frequencies).
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Figure 14. Left: (From paper |, figure 3). The Quickels® (Quickels System AB, Sweden) Ag/AgCl
electrocardiography electrodes. Right: The positioning of the electrodes (black), mounted on plexiglass (white),
showing the positioning of the electrodes with respect to a cross-section of the small intestine (red-brown) (Strand-
Amundsen et al., 2016). © Institute of Physics and Engineering in Medicine. Reproduced by permission of IOP
Publishing. All rights reserved.

3.2.7 Electrical properties of the small intestine and equivalent models

The electrical properties of the small intestine in the range between 1MHz and 10 GHz can be
found online (Andreuccetti et al., 1997) based on the measurements made by Gabriel and
Gabriel (Gabriel, 1996, Gabriel et al., 1996). Using 4 Cole-Cole (Cole and Cole, 1941)
expressions they provide modeled electrical permittivity parameters for the small intestine
over a range from 10 Hz to 10 GHz. The Cole expression is a relaxation model for the typical
dispersion regions found in biological tissue (Schwan, 1957, Cole, 1940), and describes a
depressed semicircle in a Nyquist plot (x = real, y = imaginary). The impedance (Z) of the
Cole expression is described as:

Rs—R
Z=Ry+——2 (12)
1+(Jwr)*

Rs =low frequency resistance, R = high frequency resistance, ® = 2rf, t = time constant, a =
dimensionless exponent.

The electrical properties of biological tissues are commonly modeled using a constant phase
element (CPE) (Jossinet et al., 1993, Grimnes and Martinsen, 2015).

Zcre=A (jﬁ))a (13)

A is pseudo capacitance, [Q2] if a = 0 and [F] if a = 1. a = describes how much the element
behaves like a capacitor or a resistor. a = 0 => ideal resistor, a = 1 => ideal capacitor.

Rigaud et al. reported the impedance and phase measured on 9 samples of in-vitro small

intestine excised from sheep (1 kHz to 10 MHz), and proposed a two-dispersion model for
intestinal tissue (Rigaud et al., 1995):
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Figure 15. Suggested model for the electrical properties of in-vitro small intestine (Rigaud et al., 1995). R
= resistors, and Zcpe = Impedance of a constant phase element.

Where
Z=R;+ — RZ_ + = Rs_ (13)
(ACPEl)(]w)“CPM 1+(ACPE2>(Jw)“CPE2
and
Zcpe1 = (j(:;f“% , Lcper = (j(:;i% (14)

We found this model to be adequate for the frequency range we used (1 Hz-1 MHz). We had
an additional dispersion at lower frequencies due to electrode polarization. Figure 16 shows
a comparison between the mean values of impedance and phase measured by Rigaud et al.
on in-vitro sheep intestine (100 Hz was the lower limit) and the typical impedance and phase
measured we measured on in-vivo pig small intestine.
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Figure 16. Impedance and phase of small intestine. A comparison between our results on pig intestine
and the results reported by Rigaud et al. on sheep intestine (Rigaud et al., 1995). © Institute of Physics
and Engineering in Medicine. Reproduced by permission of IOP Publishing. All rights reserved.

3.2.8 Selection of ischemia/reperfusion sensitive electrical parameters (paper I, III)
The intestinal wall consists of multiple layers of dissimilar tissue types, and these have
dissimilar dielectric properties (Gabriel et al., 1996). At the membrane interface between two

30



dissimilar tissue layers we can expect a build-up of charge giving rise to interfacial
polarizations (Pethig, 1987). In addition, peristalsis in the small intestine makes the
assumption of a specific thickness of the intestinal wall invalid. Just by touching the wall of
perfused intestine, a response contraction is triggered. Amplifying this effect is the
hyperperistalsis with spastic movement for a period of time at the onset of ischemia.

It has been suggested that the loss angle, tan ¢ (or alternatively the phase angle) is a
good parameter for the evaluation of the electric properties of tissue, as it is not dependent
on the distance between the electrodes (two-electrode setup) (Heo and Jung, 2011). This
includes an assumption about the tissue being isotropic, which is clearly not the case with
the small intestine. To increase the degree of homogeneity by averaging over a relatively
large tissue area, we used large electrodes (9 mm diameter) and trans-intestinal
measurements. We found that the ratio parameters like the phase angle (tan ) or the loss
angle (tan 6) varied less between subjects than the parameters Re, Im, and Z, while being
sensitive to changes caused by ischemia and reperfusion (Figure 17 and Figure 22).
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Figure 17. (From paper I, figures 6-9). Electrical parameters of ischemic versus control small intestine. Top:
Impedance (|Z|) [©2]. Bottom: Phase (¢) [deg] - Left: Control. Right: Ischemia. Each line shows the mean with
95% confidence interval of 7 measurements (one from each pig) in the same time window (+/- 8 min of the selected
hour) (Strand-Amundsen et al., 2016). © Institute of Physics and Engineering in Medicine. Reproduced by
permission of IOP Publishing. All rights reserved.

When choosing between tan ¢ or tan 6, we found that tan 6 was more linearly sensitive to the
changes during ischemia and reperfusion, as the denominator X decreases relatively more
during ischemia than the numerator R (Figure 22).
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3.3 Microdialysis (paper IV)

When investigating the use of bioimpedance to measure the electrical properties of the small
intestine at various tissue states and durations, we wanted to simultaneously use other
methods to monitor the state of the small intestine, to act as reference for tissue injury and a
verification of tissue state. We used intraluminal microdialysis to assess how changes in
metabolic substrate levels changed with ischemia and reperfusion, and to assess if
microdialysis could be used to assess intestinal tissue viability.

Ischemia-reperfusion related changes in local substrate concentration can be measured
using microdialysis (Tenhunen et al., 1999, Pischke et al., 2012, Solligard et al., 2005). The
principle is to place a tubular microdialysis membrane?* with a diameter < 1 millimeter in
the tissue of interest, pump a slow steady flow of isotonic?> colloid? fluid through the inside
of the membrane and on to a sampling vial. The tubular membrane will act like a small
capillary blood vessel, and the low mass hydrophilic substances in the area surrounding the
probe will diffuse through the porous membrane due to differences in concentration
gradient (Sommer, 2005). The selectivity of the method is based on the pore size of the
membrane, preventing larger molecules like proteins to enter the dialysate. The
microdialysis sample thus gives a representation of the local average substrate concentration
in the tissue near the probe, during the sample time-interval (Figure 18).

For the small intestine, intraluminal microdialysis has been shown to be more reliable
than intramural microdialysis (Emmertsen et al.,, 2005, Sommer and Larsen, 2004). With
intramural microdialysis there are issues with fixating a microdialysis membrane within a
spastic and thin multi-layered intestinal wall, local injury to the tissue and irritation caused
by the membrane (Anderson et al.,, 1994), and in addition, the lactate production in the
various layers of the small intestine may differ due to redistribution of perfusion within the
layers (Vallet et al., 1994, Cassuto et al., 1979).
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Figure 18. The microdialysis catheter in an extracellular environment with sources of glucose (diffusing
from the blood vessels), pyruvate (glycolysis or metabolized lactate), lactate (dehydrogenase) and
glycerol (disintegrating cell membranes).

2 Hollow fiber membrane with pore size determining cut-off.
% Fluid that will not upset the osmotic balance with respect to the tissue/cells.
26 Large molecules of one substance, dispersed in a second substance.
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The substrates of interest using intraluminal microdialysis in the small intestine are
primarily lactate and glycerol. Lactate is an end-product of anaerobic metabolism that with
increasing permeability of the mucosal barrier passes into the lumen (Solligard et al., 2008),
and glycerol is released from disintegrating cell membranes (Edsander-Nord et al., 2002).

Glucose and pyruvate can normally not pass into the lumen (Waelgaard et al., 2012),
and ischemia/reperfusion experiments have shown that intraluminal microdialysis
measurements of these substrates can be unreliable (Hogberg et al., 2012, Sommer and
Larsen, 2004).

3.4 Visual inspection (paper IV)

While return of color and peristalsis does not correlate uniformly with intestinal viability
(Horgan and Gorey, 1992, Glotzer et al., 1962), these are still the most common criteria in the
clinical assessment of intestinal viability (Tilsed et al., 2016).

Figure 19. (From paper IV, figure 1). Jejunum at selected intervals of ischemia and reperfusion. 0:
Perfused jejunum at the start of the experiment. I-1: 1 hour of ischemia. I-8: 8 hours of ischemia. I-12: 12
hours of ischemia. I-16: 16 hours of ischemia. I-1 R-8: 1 hour of ischemia and 8 hours of reperfusion. I-3
R-8: 3 hours of ischemia and 8 hours of reperfusion. I-6 R-8: 6 hours of ischemia and 8 hours of
reperfusion. I-8 R-8: 8 hours ischemia and 8 hours of reperfusion (Strand-Amundsen et al., 2018a). ©
Baishideng Publishing Group Inc. All rights reserved. Reproduced by permission of Baishideng
Publishing Group Inc.

We wanted to compare these criteria with the use of bioimpedance to assess intestinal
viability.
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The presence of peristalsis in the bowel segments was monitored by visual observation and
palpation, and registered hourly for the duration of the experiments. We photographed the
intestinal segments hourly to monitor alterations in color (Figure 19).

3.5 Histology (papers I-V)
In order to investigate and provide a reference for the structural and cellular changes in the
small intestine as a function of tissue state (perfused, ischemic, reperfused), and to observe
how these changes associate with changes in electrical parameters, we collected biopsies for
histology. See Table 3 for an overview of the experiments and type of histological analysis.
Visualization of parameters or structures of interest is done through staining, and
inspection and analysis are done using light microscopy (LM), scanning electron microscopy
or transmission electron microscopy (TEM). With LM the changes in cell morphology and
tissue structures are observed, while TEM is used for the study of changes on a cellular and
subcellular level (Figure 20).
3.5.1 Light microscopy - methodology (papers I-V)
We collected intestinal full-thickness biopsies from pigs (experiment I-III) for LM at selected
time intervals from control jejunum, ischemic jejunum and reperfused jejunum. The sections
were reviewed with LM by two pathologists (HMR & FPR) and pathological changes in each
layer of the intestine were assessed.

3.5.2 Transmission electron microscopy methodology (papers IV-V)

In experiment III, biopsies were collected at selected time intervals, and a series of ultrathin
sections were created from each sample. The sections were examined by TEM by one
pathologist (FPR). The focus was on cellular and subcellular changes as a basis of estimating
tissue viability in the muscularis propria.

3.5.3 Cell viability - histology

If a cell receives sufficient injury during IRI, necrotic, necroptotic, apoptotic or autophagic
pathways will be triggered (Kalogeris et al., 2012). In the pathway of necrosis, irreversible
cellular damage occurs when the depletion of energy results in the inability to maintain
cellular integrity. Possible mechanisms include cellular acidosis, loss of adenine nucleotides
from the cell, generation of oxygen free radical species, increases in concentration of
metabolic products and degradation of membrane phospholipids (Gutierrez, 1991).

With necrosis, typical cell changes observable by LM and/or TEM are the swelling of
the cytoplasm and organelles, pyknosis of the nucleus, organelle dissolution, disruptions of
the plasma membrane, leakage of cellular content into the extracellular space and adjacent
inflammation (Negroni et al., 2015). With apoptosis, typical cell changes are cell shrinkage
and fragmentation into nucleosome-size fragments with intact plasma membrane containing
structurally intact organelles, and no adjacent inflammation (Elmore, 2007).
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Figure 20. Top: Light microscopy of jejunum biopsies sampled at selected time intervals of ischemia.
Images are indexed with a number showing ischemic duration in hours. Bottom: Transmission electron
microscopy of jejunum (muscularis propria) sampled at selected time intervals of ischemia and
reperfusion. Images are indexed with I = ischemia hours and R = reperfusion hours. I-3/R-3: Focal multi
cell necrosis (N), interstitial inflammation (I), vacuolization of sarcoplasm (small white dots in cells). I-5
R-3: Vacuolization of sarcoplasm (V), swollen, partly vacuolated mitochondria (M).

¥

3.5.4 Histological grading systems (papers IV-V)

We aimed to apply histological grading systems as an aid in the assessment of the viability
state of the tissue. There is presently no standard classification method for the histological
assessment of ischemia/reperfusion damage in the gut (Quaedackers et al., 2000) and several
approaches have been proposed, focusing on different aspects of the damage process
(Swerdlow et al., 1981). Many previous studies related to intestinal viability have
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concentrated on mucosal injury (Chiu et al., 1970, Parks and Granger, 1986, Ahren and
Haglund, 1973, Clark and Gewertz, 1991, Weixiong et al., 1994). A commonly used
histological classification system for ischemic mucosal lesions is based on the grading system
proposed by Chiu et. al (Chiu et al., 1970), including modifications proposed by Park et al.
(Park et al., 1990) to include evaluation of damage in the deeper layers of the intestine.
Swerdlow et al. developed a classification system with more focus on the pathological
changes in the deeper layers of the small intestine (Swerdlow et al., 1981). This classification
system has later been modified (Plonka et al., 1989, Hegde et al., 1998). In experiment III we
used and compared the two above mentioned histological grading systems. See Figure 21 for
a comparison of the two.

Modified Swerdlow et al. : Park/Chiu*:

0. No pathological change ﬂ, Porcine jejunum — Depth of intestinal wall injury ﬂ, 0. Normal mucosa

1. Development of subepithelial
space, usually at the apex of the
villus; often with capillary congestion
2. Extension of subepithelial

space with moderate lifting

1. Focal loss of
surface epithelium

2. Mucosal infarction
(Extensive loss of surface epithelium,
loss of variable amounts of lamina
propria, sparing of basal glands, intact
muscularis mucosae)

3. Submucosal infarction
(Variable necrosis of submucosa,
complete mucosal necrosis, intact
muscularis mucosae)

4. Mural infarction I

(Loss of muscularis mucosae,
complete necrosis of mucosa and
submucosa)

5. Mural infarction IT
(Involvement of inner layer of
muscularis propria, complete
necrosis of mucosa and submucosa)

6. Transmural infarction ﬂ
(Complete necrosis of the bowel wall)

3. Massive lifting down sides of
villi, some denuded tips

2 ﬁ 4. Denuded villi, dilated capillaries

3 5. Disintegration of lamina propria

6. Crypt layer injury

7. Transmucosal infarction

8. Transmural infarction

*0-5 Chiu et al. 5-8 Park et al.
Figure 21. Comparison of modified Swerdlow (Swerdlow et al., 1981, Plonka et al., 1989, Hegde et al.,
1998) and Park/Chiu (Park et al., 1990, Chiu et al., 1970) systems for grading of histological damage on
the intestine.

3.6 Data analysis and classification performance (papers I-V)

Bioimpedance measurements (chapter 3.2.1) gives a series of real and complex components
of impedance as a function of the selected frequency range and number of measurement
points. These components can be used to calculate a variety of immittance parameters?”. We
chose the tan 0 parameter as it was found to be sensitive to changes in the ischemic intestine,
while being not very sensitive to electrode distance (Strand-Amundsen et al., 2016).

In order to assess the hypotheses related to the aims in this work (chapter 0), we used
linear mixed effects models (LME) to model and investigate the time development of tan 6 as
a function of ischemia or perfusion (Strand-Amundsen et al., 2016). A linear mixed-effects
model (LME) has been suggested as a relevant tool for analysis of repeated measurements
and longitudinal data (Ma et al., 2012), allowing for both random and fixed effects. Repeated
measurements ANOVA was used to investigate at which time points the differences between
electrical parameters occur between the ischemic and perfused intestine (Strand-Amundsen
et al., 2017, Strand-Amundsen et al., 2018b). Repeated measurements ANOVA is less flexible

%7 Resistance, reactance, conductance, susceptance, phase angle, loss angle etc.
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with the structure of random effects compared to LME, requires an equal number of timed
effects, and cannot handle missing data or time-dependent covariates. RM ANOVA was also
used with the microdialysis data to perform comparisons of the intraluminal lactate and
glycerol levels between the control and ischemia/reperfusion segments of jejunum (Strand-
Amundsen et al., 2018a).

Using LME and RM ANOVA we found that there was a statistically significant
association between tan 6 and time in the ischemic intestine, that was significantly different
from tan 6 in the control intestine (Strand-Amundsen et al., 2016). When investigating the
effects of reperfusion, we found that the time development of tan 0 and taném during
ischemia/reperfusion was difficult to separate as there were non-linear patterns (Figure 23).
Thus, we decided to investigate the use of machine learning, specifically neural networks, to
evaluate classification performance of bioimpedance data related to viability and histological
tissue state.

3.6.1 Machine learning and bioimpedance (paper V)

Repeated bioimpedance measurements give a series of longitudinal datasets consisting of
several base-parameters?, each as a function of frequency. With the possibility of
transforming these base-parameters into a series of immittance parameters at different
frequencies and adding the complexity of non-linear patterns in the time development of the
bioimpedance data during events like ischemia/reperfusion, machine learning appears as a
relevant approach.

Machine learning is a powerful tool that can be used to investigate associations, learn
patterns and develop classification models from large sets of complex data. A simple way to
introduce machine learning is to picture someone with near perfect patience and with a vast
ability to structure, remember and assess data, going through the data methodically, creating
layers of algorithms to compare and assess the data, evaluating every possible combination
of the data between the layers, in order to learn associations that are hard to find by
conventional statistical methods. The algorithms in machine learning are designed to learn
directly from the data without requiring a predetermined equation to model the data. With
supervised machine learning, the aim is to finds patterns using both input data and output
data. And the patterns that are learned are used to develop predictive models.

Methods for classification? learning have been increasingly available over the last few
years, along with increases in accessible computing power. Many of the popular
classification learning algorithms are well suited for capturing non-linear relations between
many input features and a target, such as artificial neural networks (ANN). Artificial neural
networks consist of layers, where each layer consists of a series of nodes. Each node can be
connected to all nodes in the next layer.

Feed forward neural networks3? (FFN) are networks where the data only moves in one
direction from the input layer and ending in the output layer, without any loops. Recurrent
neural networks on the other hand are networks where there are feedback loops and data
can be kept in “memory”.

With respect to bioimpedance measurements, recurrent neural networks (RNN) are of
interest because of the possibility of learning temporal patterns and non-linear associations

28 Real and imaginary component of impedance
2 With classification, as opposed to regression, the output variables are organized into groups.
30 One of the first and simplest types of ANN’s
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in multivariate time-series during events such as ischemia and reperfusion. A limitation with
RNNs is the problem with learning long term dependencies resulting in vanishing or
exploding gradients (Hochreiter and Schmidhuber, 1997, Bengio et al., 1994).

One particular type of RNN introduced by Hochreiter and Schmidhuber in 1997,
overcame this problem by using a more nuanced structure of hidden layers and changing the
dynamics of back propagation. The new units that were introduced were called long short-
term memory (LSTM) units. Adding LSTM units to RNN proved very successful for learning
time-series patterns (Hochreiter and Schmidhuber, 1997).

We investigated and compared the classification abilities of two types of ANN:
1. Using end-point bioimpedance measurements with FNN.
2. Using LSTM-RNN with bioimpedance data history over different periods of
time.

The targets for classification were “intestinal tissue viability’®! and “histological injury’32. We
used the results from the previous viability assessment and histological grading on jejunal
tissue biopsies (Strand-Amundsen et al., 2018a) as a reference. Prediction of tissue viability
was assessed for different data points and segments, based on estimation of clinical
application and relevance of the method. Classification using all or clinically relevant
intervals of history of repeated measurements with different labels, was compared to
classification using single measurement points at selected intervals, employing suitable
machine learning approaches for both cases (Strand-Amundsen et al., 2018c).

As with all powerful tools, the possibility and limitation of overfitting is always present.
To reduce the probability of overfitting we implemented machine learning with reduced bias
from hyperparameter tuning, by applying repeated double cross-validation (Filzmoser et al.,
2009) with selection of the hyperparameter set within an inner 5-fold cross-validation (CV)
loop, and prediction in an outer 5-fold CV loop.

The final hyperparameter set was determined by finding the most frequent optimal
hyperparameter set over all runs and outer fold iterations (Filzmoser et al., 2009). The final
prediction performance was determined by extracting the outer loop predictions belonging
to the final hyperparameter set and calculating its mean and standard deviation over all runs
and outer folds.

31 Binary
32 According to histological grading method
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4 Results

The results section first gives a brief summary of results from each published paper,

followed by a topical overview of results.

41 Summary of main results from published works

411

41.2

4.1.3

Paper I (In-vivo characterization of ischemic small intestine using
bioimpedance measurements)

The 2-electrode setup with trans-intestinal measurements is sensitive to ischemia
related changes in the small intestine.

There are statistically significant changes in the electrical parameters of intestine as a
function of tissue state (ischemia/ perfusion).

The overall trend in electrical parameters measured using a 2-electrode trans-
intestinal setup on the jejunum of 7 pigs shows a distinct time development as a
function of ischemia, significantly different from those in perfused small intestine,
when comparing the results at hourly intervals.

There is less variation between the individual pigs when using the ratio parameters
like tan 6, than when using resistance/reactance/impedance.

Histology from samples of in-vivo ischemia and in-vivo perfused intestine show a
series of distinct structural changes as a function of ischemia that can be associated
with the measured changes in electrical parameters.

Paper II (Ischemic Small Intestine - In-vivo versus Ex-vivo

bioimpedance measurements)

The time development of electrical properties in ischemic small intestine ex-vivo
differs significantly (p<0.0001) from the electrical properties in ischemic small
intestine in-vivo at several time intervals, when comparing them to the baseline and
between in-vivo and in-vitro at select timepoints.

The difference may be explained by the formation of edema in the in-vivo model, as
suggested by histological findings.

With the ex-vivo model we observed a time development of electrical properties
matching the typically reported impedance behavior in ischemic tissue, while with
the in-vivo model the formation of edema appears to partly mask this behavior.

Paper III (Small Intestinal Ischemia and Reperfusion - Bioimpedance
measurements)

When comparing the tan 6 parameter in ischemic and control jejunum, we found that
it was significantly different (p<0.016) after the onset of ischemia, and for the
duration of the experiment (16 hours), showing that trans-intestinal bioimpedance
measurements can be used to assess whether small intestine is ischemic or not.
Comparing the control tissue 30 cm from the ischemic area with the control tissue 60
cm from the ischemic tissue, we found that the mean tan 6 amplitude in the frequency
range (3900-6300 Hz) was significantly higher (p< 0.036) in the control tissue closer to
the ischemia/reperfusion area after 10 hours of experiment duration. This indicates
that trans-intestinal bioimpedance measurements might have a usefulness for
detecting inflammation in intestinal tissue.
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4.1.5

Following reperfusion, the time development of taném amplitude and frequency
overlapped and periodically increased above the tandm in the ischemic intestine,
showing that not only does reperfusion cause changes in the electrical parameters,
but that these changes can be larger than the changes caused by ischemia itself.
Valuable information for viability assessment could be provided by looking at the
time-development of the tan 6 parameter following reperfusion.

Paper IV (Ischemia/Reperfusion Injury in Porcine Intestine - Viability
Assessment)

In the porcine model with segmental occlusion of the jejunal mesentery, the intestinal
tissue was judged (histology) to be probably irreversibly damaged when exposed to =
4 hours of ischemia and then reperfused.

Using microdialysis to monitor intraluminal lactate and glycerol allowed us to closely
monitor the onset and duration of ischemia, and the onset of reperfusion, but we
were unable to find enough association between tissue viability and metabolic
markers to be clinically relevant.

The sequence of ischemia/reperfusion injury using the SMO model does not
completely follow the outwards direction from the mucosa to the outer muscular
layer, as most current histological grading and classification system suggest.
Evaluation of intestinal viability based on the return of color and the presence of
peristalsis did not match well with histologic assessment of tissue viability.

Paper V (Machine learning for intraoperative prediction of viability in
ischemic small intestine)

Good prediction of porcine small intestinal tissue viability is possible based on a
single bioimpedance measurement. This measurement should be made just before the
onset of reperfusion.

Employing LSTM-RNN on repeated bioimpedance measurements during reperfusion
allows an even better prediction of intestinal viability and also results in improved
accuracy in classifying the level of histological grade.

LSTM-RNN is a promising tool for classification of multivariate time series of
bioimpedance data.
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4.2 Bioimpedance - Results
421 tan 6 and ischemia (paper I and III)

tan 6 measured on the jejunum (control) showed an initial dispersion around 11 kHz (Figure
22, top). tan 0 measured on the control remained around that characteristic frequency (f.) for
the duration of the experiments.
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Figure 22. (From paper III, figures 1 and 2). tan 6 measured hourly over a duration of 10 hours on
porcine small intestine. Top: Control jejunum Bottom: Ischemic jejunum. Plot shows the median (n =11
pigs). The black dotted arrows show the general time development direction of the maximum tan 6
amplitude (fandém). The confidence bands show the 95% CI of the median (Strand-Amundsen et al.,
2018b). © Institute of Physics and Engineering in Medicine. Reproduced by permission of IOP
Publishing. All rights reserved.
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In the ischemic3? jejunum the absolute value of tan 6 showed a low frequency increase and a
high frequency decrease, during the first hour of ischemia (Figure 22, bottom). For the
duration of the experiment the f. and the absolute value of tan 6 gradually increased.

4.2.2 In-vivo versus in-vitro (paper II)

In order to investigate the possibility of using an ex-vivo model instead of an in-vivo model,
with the implicit benefit of reducing the resources needed to conduct an experiment, we
resected 3 (15 cm) jejunum samples from 6 pigs, giving a total of 18 samples. The resected
samples were kept in an air-tight container with 2 mL of saline (Ringer-acetate, B. Braun),
placed in a temperature-controlled bath at 38°C3* for 10 hours, and bioimpedance
measurements were performed every 30 minutes.

We found significant differences in the measured electrical parameters, when doing
baseline- and time-interval- comparisons between the ex-vivo and in-vivo results (Strand-
Amundsen et al.,, 2017). The trend was that after the start of ischemia in-vitro a time
development with higher impedance was measured than in the in-vivo intestinal tissue.

Li et al. (mouse muscle), Halter et al. (breast tumor), and Haemmerich et al. (porcine
liver), all reported the same trend, when comparing results from in-vivo with ex-vivo
bioimpedance measurements, where ex-vivo they measured higher resistivity and higher
reactance than in ischemic in-vivo tissue (Li ef al., 2014, Halter et al., 2009, Haemmerich et al.,
2002). The main associated histopathological difference between the in-vivo and ex-vivo
samples that we observed was the gradual formation of edema in the in-vivo tissue. This
indicates a cause for the difference in electrical parameters, as the formation of edema in
tissue is reported to result in a reduction in measured impedance (Radhakrishnan et al.,
2007). Towards the end of the experiment (10-hour duration) the development of electrical
parameters was converging (Strand-Amundsen et al., 2017). This might be because a large
part of the cells in both models are necrotic by the end of a 10-hour experiment

4.2.3 Electrical properties and reperfusion (paper III)

When investigating the effects of reperfusion on the electrical properties of the small
intestine, we observed that in the reperfused intervals there was an abrupt increase in tanom
for some hours after reperfusion (Figure 23). The tendency was that a longer period of
ischemia followed by reperfusion resulted in a larger initial increase in tandém amplitude.

33 Mesenteric full occlusion warm ischemia.

34 Normal bowel temperature in healthy pigs
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Figure 23. (From paper III, figure 4). Mean fanom values plotted versus time. Solid lines are intended
only as guides. Top: A-series in experiment III (n=11 pigs). Bottom: B-series in experiment III (n=4 pigs).
Coloured arrows show time points for start of reperfusion. The confidence band show the 95% CI of the
mean. For better readability, we scaled the Y-axis without showing the top parts of the CI band from the
last two hours of the 8-hour ischemic/8-hour reperfusion, as well as the last hour of the 16-hour
ischemic tissue (Strand-Amundsen et al., 2018b). © Institute of Physics and Engineering in Medicine.
Reproduced by permission of IOP Publishing. All rights reserved.
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d)

Summary of associations between pathological changes and electrical
properties (papers I, I1I, IV)

The irritation caused by handling of the small intestine was estimated to cause a
small decrease in the impedance of the control tissue (Strand-Amundsen et al., 2016).
A comparison between two groups of control tissue (30 cm distal vs 60 cm distal) to
the ischemia/reperfused segments was associated with significant changes in tan 6 in
the 3900-6300 Hz range (Strand-Amundsen et al., 2018b), indicating that changes in
electrical parameters caused by inflammation can be measured using bioimpedance.
The very early change in low frequency phase after 15-30 minutes of bioimpedance
was associated with the closing of gap junctions (Strand-Amundsen et al., 2016).

With transmission electron microscopy we observed the early swelling of muscle cells
(Figure 24) during ischemia (Strand-Amundsen et al., 2018a). As the function of the
ionic pumps is reduced by ischemia, there is a shift in the ratio between extracellular
and intracellular liquid in the muscle cells, where some of the extracellular liquid is
being drawn into the cells by osmosis. The early swelling results in an increase in low
frequency resistance (Gersing, 1998, Schaefer et al., 1998). This is probably the
dominating phenomenon explaining why the tanom is shifted to a significantly lower
frequency after 1 hour of ischemia (combined with the very early effect from the
closing of gap junctions (c)).

Figure 24. (From paper IV, figure 5). Transmission electron microscopy of jejunum (muscularis propria).
A - Perfused: Showing intact muscle. B - Ischemic for 1 hour: Showing mild intercellular edema, with
increased variation in the electron density in the muscle cells. Some minimal fat vacuoles are visible
(Strand-Amundsen et al., 2018a). © Baishideng Publishing Group Inc. All rights reserved. Reproduced
by permission of Baishideng Publishing Group Inc.
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e) In-vivo, the early formation of intracellular edema was followed by the gradual
formation of extracellular edema. This change associated with a gradual decrease in
impedance in the ischemic tissue (Strand-Amundsen et al., 2016).

f) As the duration of ischemia increases, the surface epithelium of the mucosa is lost,
and deeper layers of the intestinal wall are gradually injured, increasing the ion
permeability in the tissue. The associated effect on electrical properties was a
decreasing impedance (Strand-Amundsen et al.,, 2016), where the reactance is
decreasing more relative to resistance, observable as an increased amplitude of tanom.

g) The large increase in extracellular edema following reperfusion, and the series of IRI
related effects (1.5.3), was associated with a large decrease in impedance (Strand-
Amundsen et al., 2018b). This was associated with the increase in taném for some
hours following reperfusion, above the taném amplitude of the ischemic tissue, with a
higher increase for reperfusion at later stages (Figure 23) (Strand-Amundsen et al.,
2018b).

h) As opposed to in-vivo, in the in-vitro intestinal tissue there is no gradual formation of
extracellular edema, and thus ischemia causes the impedance to increase more and
stay higher for a longer time in-vitro (Strand-Amundsen et al., 2017).

4.3 Microdialysis - Results (paper IV)

Using microdialysis to measure intraluminal lactate and glycerol, we were able to closely
monitor the onset and duration of ischemia, and the onset of reperfusion (Figure 25). In the
segments that were reperfused after > 6 hours of ischemia, we observed increasing leakage of
fluid from the intestines into the abdominal cavity and increasing amounts of fluid
accumulating inside the lumen. Granger et al. reported a doubling of vascular permeability
during ischemia and a fourfold increase in vascular permeability after reperfusion (Granger,
1988).

This probably dilutes the luminal lactate and glycerol concentrations, reducing the
ability to estimate the metabolic state of the tissue when using intraluminal microdialysis
during prolonged ischemia/reperfusion experiments (Haglund, 1994). The phenomenon is
expressed by a gradual decrease in lactate and glycerol levels in the ischemic intestine past
the 6-hour duration.

After the start of reperfusion, there appears to be no clear difference in the time
course of metabolic marker concentration between reversibly and irreversibly damaged
tissue, indicating that prediction of viability based on intraluminal microdialysis alone is
unreliable. The present results confirm that intraluminal microdialysis has high specificity
and sensitivity for detecting and monitoring ischemia in the small intestine, but poor
specificity for predicting viability.
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Figure 25. (From paper 1V, figure 2). Intraluminal microdialysis in pig jejunum. Top: Intraluminal
lactate. Bottom: Intraluminal glycerol. Both: Plots show median with 95% CI bands of the median.
Measurements starts with a baseline 30 minutes before the initiation of ischemia at t = 0. Colored arrows
show time points for start of reperfusion. Ischemia followed by reperfusion at 1, 3- and 5-hours n = 14.
Ischemia followed by reperfusjon at 4, 6- and 8-hours n = 4. Control n = 5 (Strand-Amundsen et al,,
2018a). © Baishideng Publishing Group Inc. All rights reserved. Reproduced by permission of
Baishideng Publishing Group Inc.

4.4 Visual inspection - Results (paper IV)

The only change in color from 2-9 hours of full occlusion ischemia was a small variation in
the nuance of darkness, showing that intestinal color alone is a poor indicator of viability.
The later change in appearance from dark (8 hrs), to patchy colored (11-12 hrs), to overtly
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necrotic (15-16 hrs), indicates the time window between the initiation of full occlusion warm
ischemia and the presence of pronounced necrotic bowel in the SMO model.

We observed return of color and peristalsis (Table 4) in intestine that histologically
contained areas of probably irreversible damage (Figure 26). Following reperfusion, the
increase in time before return of color associated with an increase in ischemic exposure,
indicating that the time before return of color is affected by the level of tissue injury.
However, confounding effects such as internal bleeding and edema in the intestinal wall
may have reduced the accuracy of the return of color assessment after the long reperfusion
intervals.

Table 4. (From paper 1V, table 2). Clinical parameters during ischemia/reperfusion in porcine jejunum
(Strand-Amundsen et al., 2018a). Images in Figure 19. © Baishideng Publishing Group Inc. All rights
reserved. Reproduced by permission of Baishideng Publishing Group Inc.

Ischemia Observations Minutes after Observable Reperfusion Observations on the # of
[hrs] on the reperfusion before peristalsis  [hrs] reperfused jejunum: pigs
ischemic color has returned in # of pigs
jejunum: [mean + SD]
0 Normal color 15
1 Purple 09+0.1 15 of 15 8 Edema 15
2 Darker purple 2+0.1 20f2 8 Eder'na, slight fibrinous 2
coating
3 Darker purple 4+03 13 of 13 8 Edema, fluid droplets, 13

slight fibrinous coating

Edema, fluid droplets,
4 Darker purple 6+0.7 4of4 8 fibrinous coating, 4

darker internal hue

Edema, fluid droplets,
5 Darker purple 15+1.6 11 of 11 8 fibrinous coating, 11
darker internal hue
Edema, fluid droplets,
fibrinous coating,

6 Darker purple 26+3.3 3o0f4 8 deeper red color, darker 4
internal hue
Edema, fluid droplets,
fibrinous coating,

*

8 Black 499 0of 4 8 deeper red color, darker 4
internal hue

12 Patches of 4

paler color
16 Necrotic 4

* There was a lot of internal bleeding in the jejunum, so determination of the time before return of color was
difficult.

4.5 Histology results (paper IV)

451 Light microscopy - Results (paper IV)

LM of cross-sections of jejunum showed gradually increasing signs of injury in the ischemic
tissue over time, and more pronounced injury following reperfusion. There was some
variation in the pattern and extent of pathological changes between different samples from
the same time point, and between different areas within the same samples, but the lesions
were reproducible. A simplified overview of the predominant findings at each time point is
shown in Figure 26.
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Figure 26. Simplified overview of main findings from light microscopy of 128 biopsies from 5 pigs at
selected intervals of ischemia/reperfusion time. The background images represent a cross section of the
small intestine, while the left column names the layer structures. The arrows (indexed on the right side
of the figure) are used to show general location of injury and/or regeneration at selected durations of
ischemia and reperfusion. The cells headers are color indexed: green = probably still viable, red =
probable irreversible injury.

The samples of jejunal tissue exposed only to ischemia were considered irreversibly injured
by ischemia after 6 hours of exposure, based on the observations of a total loss of crypt
epithelium and pronounced smooth muscle cell shrinkage in the muscle layers. Samples that
were exposed to both ischemia/reperfusion were considered irreversibly damaged after 4
hours of ischemia followed by more than 2 hours of reperfusion, based on the observations
of a total loss of crypt epithelium, extensive shrinkage and loss of myocytes in the outer layer

of the muscularis propria (Figure 26 and Figure 27).
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Figure 27. (From paper IV, figure 3). Light microscopy of selected structures of the jejunum after 4 hours
of ischemia and 8 hours of reperfusion. Top: Mucosa and submucosa (HE, x10), showing necrotic villi,
total loss of crypt epithelium, shrinkage of myocytes in the muscularis mucosae, and edema in the
submucosa. Bottom left: Longitudinal (outer) layer of the muscularis propria, showing edema and
extensive shrinkage and loss of myocytes (HE, x60). Bottom right: Circular (inner) layer of the
muscularis propria, showing edema and extensive myocyte damage (HE, x60) (Strand-Amundsen et al.,
2018a). © Baishideng Publishing Group Inc. All rights reserved. Reproduced by permission of
Baishideng Publishing Group Inc.

4.5.2 Histological grading - Results (paper IV)

The predominant findings at each time point are shown in Figure 28. The highest score in
both grading systems was reached after 8 hours of ischemia, while more than 3 hours of
ischemia gave a full score in both grading systems within two hours following reperfusion
(Figure 28).
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Figure 28. (From paper 1V, figure 4). Histological grading of pathological damage (5 pigs, n=128 biopsies
total) at selected ischemia/reperfusion intervals (Strand-Amundsen et al., 2018a). Colored arrows show
time points for start of reperfusion. Stippled lines show progression of injury following reperfusion.
Top: Modified Swerdlow (Swerdlow et al., 1981, Plonka et al., 1989, Hegde et al., 1998). Bottom:
Park/Chiu (Park et al., 1990, Chiu et al., 1970). © Baishideng Publishing Group Inc. All rights reserved.

Reproduced by permission of Baishideng Publishing Group Inc.

453 Transmission electron microscopy - Results (paper IV)

Using TEM on the muscularis propria and serosa we observed a gradual increase in injury to
the cell structures during ischemia (Table 5, left columns), with probable irreversible injury
in the muscularis propria after 5 hours of ischemia. Interestingly, even at 7 to 8 hours of
ischemia, focal areas of muscle cells still appeared viable, illustrating heterogeneity in the

development of ischemic damage to the muscularis propria.
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Table 5. (From paper IV, table 4). Summary of main findings from transmission electron microscopy of
porcine jejunum at selected intervals of mesenteric occlusive ischemia and reperfusion (Strand-
Amundsen et al., 2018a). Changes in the muscularis propria and serosa are described (3 pigs, a total of 58
samples). The table cells with results are color indexed; green = normal/light changes, yellow = visible
cell damage, but still probably viable, red = probably irreversible cell damage. © Baishideng Publishing

Group Inc. All rights reserved. Reproduced by permission of Baishideng Publishing Group Inc.

. Ischemia/
Ischemia . K .
[hrs]: Observations: reperfusion Observations:
) [hrs/hrs]:
Intact musculature. Some variation in the electron
0 density in the muscle cells, focal swollen
mitochondria with vacuolized matrixes
Intact musculature. Discrete intercellular edema. Inflammation, cell
Lymphocytes in the interstitial space. Increased death, sparse fine-
1 variation in the electron density in the muscle cells. 1/3 vacuolization of the
Some cells have increased electron density (darker). sarcoplasm, slightly
Some of the mitochondria are more prominent. swollen mitochondria
Some minimal fat vacuoles are visible.
Inflammation, cell
More prominent variation in electron density death, more
between muscle cells. Increased number of vacuoles, comprehensive fine-
2 some of them are fat vacuoles. Focal edema, 2/3 vacuolization of the
thickening of the mitochondrial cristae. Some sarcoplasm, slightly
lysosomes with membrane fragments. swollen mitochondria.
Inflammation, cell
death, more
. .. hensive fine-
Same results as at 2 hours, but a few more interstitial compienensive e
. .. vacuolization of the
immune response cells are visible. Monocytes, )
3 . 3/3 sarcoplasm, slightly
macrophages, and a few granulocytes. Vacuoles in . .
. . . swollen mitochondria,
the sarcoplasm. Slightly swollen mitochondria. .
focal single cell
necrosis, swollen cell
nuclei
Pronounced cell
Same changes as at 3 hours, but the changes are o
2 . I shrinking/cell death,
more prominent as the cells with higher electron .
4 ; 4/3 swollen cell nuclei,
density are more condensed, and there are more .
] . loss of cohesion,
vacuoles around the mitochondria. . .
interstitial edema
Focal edema, variations in electron density, Increased cell
thickening of the mitochondrial cristae, vacuoles in shrinking/ cell death,
5 the sarcoplasm, swollen mitochondria, interstitial 5/3 swollen cell nuclei,
lymphocytes/monocytes/ granulocytes, loss of loss of cohesion,
plasma-membrane and coherence, focal single cell interstitial edema
necrosis
Increased cell
shrinking/cell death,
6 Necrosis, focal large vacuoles in some mitochondria 6/3 swollen cell nuclei,
loss of cohesion,
interstitial edema
7 Necrosis with macrophages. Non-necrotic cells
appear like the cells at time intervals 3-6 hours.
8 Like the results at 7 hours
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There was reperfusion-induced inflammation and cell death of varying degrees in all
the tissue that had been subjected to ischemia. After 4 hours of ischemia and 3 hours of
reperfusion (Table 5, right), there was pronounced cell shrinking/death, swollen cell nuclei,
loss of cohesion, substantial interstitial edema and the muscle tissue no longer appeared
viable.

4.6 Machine learning and bioimpedance - Results (paper V)

The classification performance using FNN and RNN-LSTM with bioimpedance data (Strand-
Amundsen et al., 2018c), to predict intestinal tissue viability and histological grading based
on the reference data (Strand-Amundsen et al., 2018a) indicates that good binary prediction
of tissue viability is possible based on one bioimpedance measurement before reperfusion
and an FNN model. When using the whole time-course of repeated bioimpedance

measurement during the experiments a significantly higher accuracy was obtained by
utilizing LSTM-RNN (Figure 29).

Classification of intestinal viability and histological grading

1004 I 7 B Total history (ischemiatreperfusion) (LSTM)
90+ I l I B 5 hours of reperfusion history (LSTM)
804
= 70 l l I B 2 hours of reperfusion history (LSTM)
X
E‘ 60+ l B Last point before reperfusion (FNN)
E 507
% 40 B Point taken 2h after reperfusion (FNN)
3] =
B 30+ B Point taken 5h after reperfusion (FNN)
207 O  Last point of experiment (FNN)
101
0_ - o -
< & &>
<& & <
S q} N~
® R 2
] @

Figure 29. (From paper V, figure 3). Classification of intestinal viability (binary) and histological grading
of injury using LSTM-RNN and FNN (Strand-Amundsen et al., 2018c). Mean accuracy with SD are
shown as bars with error bar on top. For “Total history’, “Last point before reperfusion” and “Last point of
experiment’ n = 79, for the rest n = 64. © Institute of Physics and Engineering in Medicine. Reproduced
by permission of IOP Publishing. All rights reserved.
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5 Discussion

In chapter 3, “Methodological considerations” some discussion related to details in the
methodology was included. In this chapter, the discussion is focused on the aims of the
thesis.

51 Comparison with relevant work

For a description of previous work with respect to experimental approaches for assessment
of the viability of bowel exposed to ischemia/reperfusion, see chapter 1.1.2. For a description
of what has been previously done with bioimpedance and the small intestine, see chapter 1.4.

51.1 Bioimpedance - Viability assessment of the small intestine

To the best of our knowledge, the present work is the first to use trans-intestinal
measurements to assess intestinal viability. Recent studies related to bioimpedance and the
small intestine have mainly been focused on intraluminal catheters for assessment of changes
in the electrical properties of the mucosa, to detect the presence of ischemia (Gonzalez et al.,
2007, Gonzalez et al., 2003, Beltran et al., 2005, Beltran et al., 2013a, Beltran et al., 2007, Beltran
et al., 2013b, Beltran and Sacristan, 2015). The 4-electrode ring catheter method has been
shown to be unreliable (Bloch et al., 2017).

Comparing the intraoperative use of bioimpedance to the two most commonly used
experimental approaches VLS (Karliczek et al., 2010) and LDF (Humeau et al., 2007), we
observe that bioimpedance measurements appear as a promising experimental approach for
the detection of ischemia and the assessment of intestinal viability. While VLS and LDF
assess parameters associated with blood flow, bioimpedance assesses parameters associated
with structural changes. The presence or lack of presence of blood flow in itself does not
indicate whether a tissue is viable or not. Lack of sufficient blood flow for a certain length of
time, however, will ultimately result in irreversible ischemic injury to the affected tissue.
While the return of blood flow is used as a parameter related to assessment of intestinal
viability (Horgan and Gorey, 1992, Hobson et al., 1979), we observed that there was return of
color and thus blood flow to intestinal segments, even after 6-8 hours of ischemia, where
histological inspection showed irreversible injury to all layers of the intestine (Figure 26).

While VLS and LDF both can detect the presence of ischemia with high accuracy, the
reported accuracies with respect to their use for assessment of tissue viability is lower. Ando
et al. reported an accuracy of 76% and a sensitivity of 88% for assessment of bowel viability
using a non-contact laser tissue blood flowmeter (Ando et al., 2000). The lower accuracy
might be related to the observation that return of blood flow can occur in tissue that is
irreversible injured (Table 4). A reason to why measurement of bioimpedance has the
potential to be more specific with respect to ischemia/reperfusion injury, is that the electrical
properties of the small intestine are directly tied to the intestinal layer structure.
Ischemia/reperfusion causes significant changes to these structures (Figure 26 and Figure 28)
directly affecting the electrical properties.

When using machine learning to classify bioimpedance data (Strand-Amundsen et al.,
2018c) versus the reference viability level based on histological inspection (Strand-
Amundsen et al., 2018a), the data point just before the initiation of reperfusion yielded the
highest accuracy (91.5%) when classifying single measurement points. This is probably due
to the non-linear time development of the tan 6 parameter following the initiation of
reperfusion.

When employing LSTM-RNN on the whole dataset from the experiment including
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both ischemia and reperfusion phases, we achieved mean accuracies that were higher
(95.7%) than what has previously been reported for the clinical assessment of intestinal
viability (Bulkley et al., 1981, Redaelli et al., 1998a). 5 hours of reperfusion history® also
resulted in a very high mean accuracy (92.4%). The accuracies achieved when using
bioimpedance measurements on a pig model, combined with the value of having an
objective tool available for the surgeon, indicate that bioimpedance has a potential as a
clinically relevant method for assessing intestinal viability.

5.1.2 Microdialysis - Small intestine

While microdialysis is a promising technology with respect to real time assessment of the
local metabolic state of tissues, the technological development appears to have been at a
standstill for some years. The development of continuous rapid sampling microdialysis
instruments, while eagerly awaited, remains for the time being at the experimental stage
(Bhatia et al., 2006, Deeba et al., 2008, Rogers et al., 2013).

Our results support the suggested use of intraluminal microdialysis for detecting or
monitoring ischemia/reperfusion (Deeba et al., 2008, Solligard et al., 2005, Tenhunen et al.,
1999). We were able to detect both the presence of ischemia and the presence of reperfusion
(Figure 25) with high accuracy (Strand-Amundsen et al., 2018a).

In comparison to previous experiments using intraluminal microdialysis in
ischemia/reperfusion of the small intestine in pigs (Tenhunen et al., 1999, Tenhunen et al.,
2001, Sommer and Larsen, 2004, Solligard et al., 2004, Hogberg et al., 2012), we monitored the
intestine over a longer time period and investigated a series of ischemia/reperfusion
intervals. We did this to gather microdialysis data over the interval of time when irreversible
injury to the small intestine occurs, with the hope of finding levels or patterns in the collected
parameters that could support using microdialysis for viability assessment. In the few time
intervals we found where others have conducted experiments of a similar length, the results
were similar (Solligard et al., 2008) (intraluminal lactate, glycerol) to ours. When
investigating the use of microdialysis as a method of assessing intestinal viability, we could
not find sufficient correlation between tissue viability and metabolic markers to indicate that
the method was clinically relevant.

Using state-of-the-art instruments for microdialysis can be perceived as somewhat
cumbersome, due to the many steps needed to conduct the measurements and the many
potential sources of error. The effect might be that the current technology is favored more in
experimental approaches, than for large scale implementation in the clinic. There has been
some implementation of microdialysis into clinical practices (Haugaa et al., 2013, Haugaa et
al.,, 2012a, Haugaa et al., 2012b). Still microdialysis appears to be unrivalled in that it
provides a real-time window to local tissue metabolism, and we recommend using
microdialysis for monitoring of intestinal ischemia and reperfusion.

5.1.3 Histology - Small intestine

Histology has been used quite extensively related to ischemia/reperfusion in the small
intestine, and our work adds to this knowledge by a systematic approach to the pathological
changes in ischemic and reperfused small intestine. When investigating what others have

351 measurement every hour, for 5 hours following reperfusion
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reported, with respect to a viability limit in the porcine jejunum, little information was
found. In most papers discussing viability in the small intestine, observations are reported as
histological grading scores or as morphological observations (Quaedackers et al., 2000), but
few contain explicit statements about viability. The most common time duration reported for
porcine intestine related to viability is that it takes approximately 8 hours of full ischemia to
induce transmural necrosis (Amano et al., 1980, Chiu et al., 1970). We observed the same
result in the present study (Figure 28).

Irreversible injury in porcine jejunum?3 has been reported to occur after 6.5 hours of
ischemia followed by reperfusion (Chan et al., 1998). Chan et. al based this estimation on the
observation (n=2 pigs) that this was the time of ischemic exposure that the jejunum can take
before the mucosa no longer will regenerate. We acknowledge that mucosal necrosis will
heal completely in most cases and speculate that the mucosa can regenerate on injured
segments of intestine that do not develop into transmural infarction. However, such
segments may develop persistent injury with a large degree of fibrosis and stricture
formation (Swerdlow et al., 1981). The formation of stricture will lead to the patient later
experiencing a new set of problems, including the need for new operations and further
removal of intestine. We suggest that mucosal generation might be just one of several
parameters on which to base evaluation of intestinal viability.

Our results support what others have reported in that the effects of reperfusion appear
to cause additional injury to the small intestine. When accounting for both the effects of
ischemia and reperfusion we found that (when using a SMO model) the porcine jejunum
appeared probably irreversibly damaged after 4 hours of ischemia followed by more than 2
hours of reperfusion. We generally observed slightly higher levels of injury than Blikslager et
al. reported in a similar model used on the ileum in pigs (Blikslager et al., 1997), and Chan et
al. in a similar model on the jejunum in two piglets. As the ileum is more resistant to
ischemic damage than the jejunum (Chan et al., 1998) the slightly higher level of injury in the
jejunum as compared to Blikslager et al. was to be expected.

When comparing the electrical properties of in-vivo versus in-vitro ischemic small
intestine, we observed, as previous researchers have reported, that there was a trend towards
higher resistivity and reactivity in the in-vitro samples (Li et al., 2014, Halter et al., 2009,
Haemmerich et al., 2002). Upon histological inspection of samples from ischemic in-vivo and
in-vitro jejunum (Strand-Amundsen et al., 2017), we observed a difference involving the
gradual formation of extracellular edema in the ischemic in-vivo small intestine.

In-vivo tissue ischemia promotes the expression of certain pro-inflammatory genes and
bioactives, while repressing other "protective" gene products and bioactive agents. This
results in a pro-inflammatory state that induces edema and extra-vascular fluid leakage
(Kong et al., 1998). The inflammatory response leads to increased vascular permeability and
extracellular fluid volume, resulting in edema, especially in the edge zones of marginal tissue
hypoxia between the ischemic and perfused intestine (Figure 8). This affects the hydrostatic
and oncotic pressure between the ischemic and perfused area, with the possibility of a trickle
of intramural collateral flow towards the ischemic area (Haglund, 1994).

In the ex-vivo intestine segment, on the other hand, there is no resupply of liquid in the
extracellular space and thus the trans-intestinal resistance is higher for a longer period. These

% Irreversible injury defined as lack of mucosal regeneration in samples taken 24 hours after
reperfusion
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observations give context to the interpretation of data from in-vitro measurements of the
electrical properties of the small intestine, as compared to in-vivo and describe why there are
differences.

An interesting observation from the present study was that the sequence of
ischemia/reperfusion injury using the SMO model did not necessarily follow the outwards
direction from the mucosa to the outer muscular layer, as most grading and classification
systems suggest (Quaedackers et al., 2000, Haglund et al., 1987). We observed a development
of tissue injury in the outer layer of the muscularis propria during ischemia, while the inner
muscular layer still appeared viable (Figure 26). We have not found similar reports in
literature. We can speculate that this is because either we have focused in more detail (TEM)
on changes in all layers of the small intestine during the early stages of ischemia, or this
could be something related to the SMO model that we used. The results suggest that there
are mechanisms related to the development of ischemia/reperfusion injury in the two layers
of muscularis propria that should be investigated further, and we will monitor this in our
upcoming experiments.

5.1.4 Deep recurrent neural networks with LSTM units and bioimpedance data

To the best of our knowledge, an LSTM network has not previously been used for
classification based on bioimpedance measurements, and there are only a limited number of
other studies on this method for the classification of tissue status based on other biomedical
sensors. Otte et al. applied bidirectional LSTM networks for classification of lung tumor
tissue based on optical coherence tomography, outperforming other RNN architectures (Otte
et al., 2013).

Given the promising results for this first study applying an LSTM network on
bioimpedance measurement, it is likely that the method could be useful in other applications
as well, using repeated measurement of bioimpedance spectra. The relationship between the
biological processes and electrical changes are rarely completely stationary and linear,
reaching either a saturation level or changing in direction as the process evolves (Chester et
al., 2014, Spottorno et al., 2008), thus becoming reliant on memory and the history of
measurement in order to discriminate between the various stages of the process.

5.2 Validity and advantages

521 Bioimpedance and viability
We evaluated the use of bioimpedance measurements with the 5 requirements® of “the ideal
viability test” (Horgan and Gorey, 1992).

1) Bioimpedance measurements can be facilitated using a small medically approved
handheld sensor unit with communication to a small display unit. This allows for availability
during laparotomy, and with a miniaturized unit also during laparoscopy. Only a small front
end is required, allowing for a large degree of freedom with respect to scalability and design.

2) Measurements can be performed by placing a suspect segment of intestine between
the electrodes of the handheld sensor unit and measure for a few seconds at selected
frequencies, or by repeated measurements at selected intervals over a period of time. The
method will depend on the need for accuracy versus the available clinical time-frame. With
respect to when bioimpedance data can be collected in a clinical setting, we estimate the

37 See page 3 for the requirement list
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time-frame to be between the identification of the putatively® injured bowel segments
during laparotomy, to the closing of the incision in the abdominal wall. There is sufficient
time available in a typical laparotomy to perform bioimpedance measurements without
increasing the duration of the surgery. The measurements require no specialization and the
evaluation will be done in the software.

3) Higher accuracies than the current clinical method can be achieved using a single
bioimpedance measurement before reperfusion, or by analyzing repeated measurements
over a period of time before and/or after reperfusion. In the appendix to paper V, we show
an overview of the false positive and false negative rates for the different cases and methods
that were compared. The results indicate that it is possible to achieve very low false positive
rates, especially when using LSTM-RNN over a series of measurements (paper V, appendix,
Table A7, A9).

4) The technique is objective as the estimation is made by a computer algorithm. With
respect to reproducibility, this has to be investigated, as the question remains with respect to
how translatable these results will be to a model with human intestine.

5) Bioimpedance measurement technology is low-cost, while development of any
medical device is expensive due to the regulatory process.

If we include assessment of the two additional suggestions (a, b) that we made in the end of
section 1.1, bioimpedance allows for clear results, and, depending on whether one
measurement or a series of measurements over time is used, a relatively quick result (as
compared to second- or third-look operations). In addition, bioimpedance measurements do
not require complex or time-consuming calibration.

Our results indicate that bioimpedance measurements combined with machine learning
have the potential to be used as a relevant tool for intraoperative assistance to the surgeon.
The evaluation based on assessing the requirements made by Horgan and Gorey regarding
the use of bioimpedance measurements, supports this. The potential benefits include a
reduction of the need for second- or third-look surgery, which will reduce the surgical stress
for the patient. A method with higher accuracy than the present standard has the potential to
reduce the frequency of the two most feared post-operative complications, sepsis and short
bowel syndrome.

5.2.2 Bioimpedance measurement and neural networks using LSTM units (paper V)
Classification of bioimpedance data from ischemic small intestine injury is complex, as both
the ischemic and reperfusion phases show similar characteristics with overlapping electrical
parameter values at certain points during the ischemia/reperfusion course (Figure 23).
Classification using one measurement point (FNN) relies only on discrimination using the
feature space of the current input, with no feedback into the model based on the time-
development of tanom.

A standard RNN is able to learn some temporal patterns, but with increasing difficulty
as the duration of the dependencies to be captured by the RNN increases (Bengio et al., 1994).
The LSTM units overcome this problem by the inherent memory function (input, output and
forget gates), allowing recollection of values at arbitrary time intervals and classification of
time-series of variable length and lags between important events (Hochreiter and
Schmidhuber, 1997). The ability to learn temporal patterns of tanom related to the

3 Supposed
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development of ischemia/reperfusion explains the improved accuracy with the LSTM-RNN
model compared to the FNN model.

Training a dataset using LSTM-RNN can be relatively time- and resource-consuming,
especially because of the use of repeated-double cross validation, where models with all
hyperparameter combinations are trained and validated in the inner loop, which is necessary
to avoid overfitting. The time used for the classification training presented in (Strand-
Amundsen et al., 2018c) was approximately 90 24-hour periods of calculation on a regular
laptop. This can be done over a short time period when utilizing a series of cores on a
supercomputer cluster. It is also important to remember that the classification training is a
one-time occurrence, and that after the classification training, the output coefficients can be
used with real-time bioimpedance measurements to perform calculations taking less than
seconds in order to determine the viability of intestinal tissue.

5.3 Limitations

5.3.1 Translation of bioimpedance results from the porcine SMO model

We have only investigated the changes using a SMO model in pigs. While similarities have
been reported between pig and human bowel, and the pathology of ischemia in the bowel,
still the validity of applying results with pigs onto a human model remains unknown. This
remains the focus in an upcoming study.

The SMO model mimics the ischemic injury mechanisms in just one of several different
ischemia/reperfusion related pathologies in the small intestine. We have not investigated the
changes in electrical properties during non-occlusive ischemia, SMA occlusion, arterial and
venous thrombosis/emboli etc. We speculate that these mechanisms might result in differing
developments in electrical parameters, especially the mechanisms of non-occlusive ischemia
and venous thrombosis. Thus, while we have observed promising results with the SMO
model in pigs, a lot of work remains with respect to the other models, before assumptions
about general translational use can be made.

We have only investigated the use of bioimpedance measurements in a laparotomy
setting and have not investigated the use of bioimpedance measurements in a laparoscopic
setting. While a tool can be developed that will allow for laparoscopic trans-intestinal
bioimpedance measurements, there are several questions that need to be investigated in
order to assess the feasibility of such an approach. These are related to the miniaturization of
electrode setups, fixation during measurements and the application of pressure.

5.3.2 Bioimpedance measurements

In the process of placing bioimpedance electrodes against the jejunal wall, small variations in
mechanical pressure were a potential source of variation in the bioimpedance measurements.
While we tried to control the pressure, the related effects cannot be excluded as a source of
variation. Another potential source of variation was the handling and exposure of the
intestine to foreign materials during the course of the experiment, which can lead to tissue
irritation (Torre et al., 2002).

For the experiments with long duration (16 hours), we observed the gradual formation
of visible irritation on perfused segments of intestine close to the ischemic areas. These
effects were even larger following reperfusion of the ischemic segments. A limitation to the
studies where we used multiple ischemia/reperfusion models in the same pig (Table 3), was
the possible confounding effects from the reperfusion of several segments of previously
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ischemic intestine in the same pig. This can possibly result in effects on adjacent segments,
influencing the measured bioimpedance data.

5.3.3 Microdialysis

The effects related to intraluminal leakage and dilution reduced the quality of the results
after 5-6 hours duration of the experiment. More accurate results might have been achieved
if we had sealed off the lumen of each segment of the small intestine to reduce the effect of
dilution. However, sealing of each luminal segment appears to be not feasible from a clinical
perspective, and we aimed to have models that were clinically relevant. If a method could be
developed where accurate placement of a microdialysis catheter within the intestinal wall
were possible, this might be relevant for a model to avoid the effects of intraluminal leakage.
Alternatively, fixation of a microdialysis catheter between the bowel loops can be used, but
this approach will rely on changes on the serosal side of the intestine.

5.3.4 Histology

Evaluation of tissue viability based on histological assessment is difficult (Hillman, 2000), as
the samples are small and lesions are heterogeneous in composition and distribution
(Dabareiner et al., 2001) with areas of viable and necrotic tissue in the same tissue sample
(Strand-Amundsen et al., 2018a).

Although we histologically observed injury to the jejunal wall that was considered
irreversible, the ability to regenerate is likely to vary with the total volume of damaged
tissue, making exact assessments from tissue samples difficult. Total loss of crypt epithelium,
for example, might regenerate if the affected area is small, but if the affected area is large the
loss can be irreversible®. We acknowledge that there is some uncertainty related to the
accuracy of the histology-based viability reference that we used, and that follow up studies
should be conducted to verify the accuracy of the reference. In the ideal world, we should
conduct long term pig experiments where we not only could evaluate whether there was
regeneration of mucosa after some days, but where we also could monitor later developing
morbidities like stricture or adhesion. But this can be challenging as a) it is difficult to
maintain animal welfare when they are to experience bowel related morbidities, and b) it
requires a lot of resources.

When comparing the morphological changes with the models for histological grading,
we found that the sequence of ischemia/reperfusion injury when using a SMO model did
not completely follow the outwards direction from the mucosa to the outer muscular layer,
as most grading and classification systems suggest [16, 20]. This observation affects the
accuracy of the methods used with this model to grade histological injury (Park/Chiu,
modified Swerdlow), as sometimes the classification categories would not be covering the
observable morphology.

5.3.5 Machine learning
We could have tuned the classification model further by using a finer grid with more choices
for each hyperparameter in the grid search, but a compromise had to be made between the
grid size and the execution time of the repeated double cross-validation loops (The presently
used loops took a month to run, spread on 3 computers).

When utilizing LSTM-RNN or other types of deep learning, there is a “black box”
factor. The algorithms and complex node matrix are such that it is difficult to determine

39 Much like the loss of skin
60



exactly which properties and temporal dependencies are captured from the training data. It
is difficult to determine whether there is information specific to the experiments in this study
that is different or not available in other measuring situations. Thus, further testing of the
method should be performed before conclusion about its clinical usefulness can be made.

Still, LSTM-RNN is a powerful tool, that is able to capture temporal associations that
can be hard to find with other methods. As with all powerful tools such as deep learning, the
possibility and limitation of overfitting is present. To reduce the probability of overfitting we
made sure to utilize a number of independent parameters that was much lower than the
number of data points, and we implemented repeated double cross-validation, which has
been reported as a relevant method to avoid overfitting (Filzmoser et al., 2009).
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6 Conclusions

This thesis describes the onset and progression of a work focused on using bioimpedance for
intestinal viability assessment following ischemia/reperfusion injury. So far, the work has
shown that bioimpedance is a promising method for intraoperative assessment of intestinal
tissue. At the same time, the work is still far from finished with respect to providing a
product as a medically certified tool for the surgeon. The next steps are described in chapter
7. To summarize the conclusions (compare with the objectives described in chapter 2):

1.

We can capture the trans-intestinal electrical properties of the porcine small intestine
using a 2-electrode setup for bioimpedance measurements.
The time development of the passive electrical properties of the small intestine differs
when comparing perfused versus ischemic intestine, using a segmental mesenteric
occlusion model in a pig.
There are significant differences between the time development of electrical parameters
in an in-vivo segmental mesenteric occlusion model in a pig versus an ex-vivo model.
One cause for the difference is related to the gradual formation of edema in the in-vivo
segments.
After reperfusion, the time development of tanom amplitude and frequency overlap and
periodically increase above the tandém in the ischemic intestine, showing non-linear
patterns dependent on pre-reperfusion ischemic duration.
Using a segmental mesenteric occlusion model with warm intestinal ischemia in pig, the
jejunum can be expected to be irreversibly damaged when exposed to = 4 hours of
ischemia before reperfusion.
With machine learning% we were able to classify histological tissue injury and viability
based on bioimpedance data, with accuracies similar to or better than what is reported by
using the present clinical method.

a. LSTM-RNN's appears to be a promising tool for classification of multivariate time

series of bioimpedance data.

40 FNN and RNN-LSTM
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7 Future work and perspectives

1. The trans-intestinal electrical properties of the human small intestine.

0 We are in process of starting a project where jejunal resections from patients
undergoing Whipple’s procedure will be investigated using bioimpedance, in
order to assess the electrical properties of the human intestine, using trans-
intestinal measurements. The Regional Committees for Medical and Health
Research Ethics (REC) recently approved our application. The aim is to
compare the electrical properties of pig versus human intestine, in order to
assess the translational value of the results from the SMO pig model.

2. Investigation of the trans-intestinal electric properties during non-occlusive ischemia,
SMA /SMV occlusion, arterial and venous thrombosis/emboli.

0 To assess the usefulness of using bioimpedance with respect to assessment of
intestinal viability, all of the more common bowel ischemia pathologies must
be investigated. In order to assess the total usefulness of this method with
patients, we need to have bioimpedance data from all the relevant
pathological scenarios.

3. Investigate if it is possible to improve the in-vitro model to a level where it can be
used to model selected in-vivo problems with respect to ischemia/reperfusion
studies in the small intestine.

0 We have recently started a work where we are continuing to investigate the
use of an in-vitro model.

0 Using sutures, clamps and stapling to keep all the blood and liquid in the
resected intestinal segments.

0 Using protein solutions like albumin to store the resected segments in an
environment closer to the in-vivo setting.

4. Synergies from other experimental approaches.

0 Several other experimental approaches to assessment of intestinal viability
have been reported as promising. When performing bioimpedance
measurements, there is the possibility of performing other measurements in
parallel with the same equipment, that can provide further relevant
information to the surgeon. For example, while measurement of electrical
bioimpedance is a measure of the passive electrical properties of the intestine,
measurement of basal electrical rhythm (the active electrical signals produced
by peristalsis) can be implemented using the same equipment.
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Abstract

AIM
To investigate viability assessment of segmental small
bowel ischemia/reperfusion in a porcine model.

METHODS

In 15 pigs, five or six 30-cm segments of jejunum
were simultaneously made ischemic by clamping the
mesenteric arteries and veins for 1 to 16 h. Reperfusion
was initiated after different intervals of ischemia
(1-8 h) and subsequently monitored for 5-15 h. The
intestinal segments were regularly photographed
and assessed visually and by palpation. Intraluminal
lactate and glycerol concentrations were measured
by microdialysis, and samples were collected for light
microscopy and transmission electron microscopy. The
histological changes were described and graded.

RESULTS

Using light microscopy, the jejunum was considered
as viable until 6 h of ischemia, while with transmission
electron microscopy the ischemic muscularis propria
was considered viable until 5 h of ischemia. However,
following = 1 h of reperfusion, only segments that had
been ischemic for < 3 h appeared viable, suggesting
a possible upper limit for viability in the porcine
mesenteric occlusion model. Although intraluminal
microdialysis allowed us to closely monitor the onset
and duration of ischemia and the onset of reperfusion,
we were unable to find sufficient level of association
between tissue viability and metabolic markers to
conclude that microdialysis is clinically relevant for
viability assessment. Evaluation of color and motility
appears to be poor indicators of intestinal viability.

CONCLUSION

Three hours of total ischemia of the small bowel
followed by reperfusion appears to be the upper limit
for viability in this porcine mesenteric ischemia model.

Key words: Viability; Histology; Reperfusion; Ischemia;
Microdialysis; Jejunum; Porcine model

© The Author(s) 2018. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Research on experimental methods to improve
the surgeon’s assessment of viability of ischemic bowel
with higher accuracy than currently possible, requires
an accurate reference model. We investigated viability
assessment in a porcine model of warm ischemia
on jejunum with mesenteric occlusion, followed by
reperfusion. Our aim was to determine the time point
of irreversible damage, to provide a reference model.

Baishidenge ~ WJG | www.wjgnet.com

We created parallel segmental models on the jejunum
in 15 pigs and compared the results from visual
inspection with histology and microdialysis. Three hours
of ischemia followed by reperfusion appeared to be the
upper limit for viability in this model.

Strand-Amundsen RJ, Reims HM, Reinholt FP, Ruud TE, Yang
R, Hogetveit JO, Tennessen TI. Ischemia/reperfusion injury in
porcine intestine - Viability assessment. World J Gastroenterol
2018; 24(18): 2009-2023 Available from: URL: http://www.
wjgnet.com/1007-9327/full/v24/i18/2009.htm DOI: http://dx.doi.
org/10.3748/wjg.v24.118.2009

INTRODUCTION

Evaluation of intestinal viability is essential in surgical
decision-making in patients with acute intestinal ische-
mia'"?, but can be challenging as the appearance of the
ischemic or reperfused intestine can be deceptive'. The
standard clinical method for intraoperative assessment
of intestinal viability is evaluation of color, motility and
bleeding of cut ends”. This method is not very specific
and requires a high level of clinical experience'*?.,

There is a risk of short bowel syndrome if resection is
performed too extensively, and on the other hand, a risk
of peritonitis, sepsis and death if non-viable intestine is
not removed®. The gold standard for determination of
bowel viability is a second-look laparotomy (within 48 h)
to reinspect areas of questionable viability!”. Up to 57%
of patients need further bowel resection at a later time,
and this number includes patients undergoing second
look surgery (40% of the patients)™®.

The intestinal wall consists of several tissue layers
that have varying ability to tolerate ischemic insults.
While the mucosa has a lower tolerance for ischemic
damage than the muscularis propria, the mucosa has a
very potent ability for rapid regeneration and repair*®’.
When the muscularis propria and the muscularis
mucosae are damaged, peristalsis and the movement
of the villi will be lost. Regenerated scar tissue might
not uphold sufficient peristalsis, and may lead to later
stricture!®.

While intestinal ischemia may have a number of
underlying causes, an early and essential element
of the clinical treatment in nearly all cases is the
restoration of perfusion™. However, it may cause
both local and systemic responses, potentially creating
damage far beyond the direct ischemic injury***.. The
extent of ischemia/reperfusion injury is variable and
dependent on the underlying mechanisms, the duration
of ischemia, the length of the affected segment and
hypoxic tolerance of the tissue!'>*¥,

Experimental studies on intestinal viability have
reported that the time before irreversible damage
occurs varies between species, between anatomical
locations (e.g. jejunum, ileum, or colon), and between
the ischemia models used™ "), Rat intestine is reported
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to be irreversibly damaged after 45 min of ischemia™,

whereas in juvenile pig jejunum irreversible damage
to mucosal regeneration has been reported after 6.5 h
of ischemia™. To judge the accuracy of clinical and
experimental methods in the assessment of intestinal
viability, histological analysis and/or patient outcome
approaches have been used as the standard for com-
parison'®.,

There is presently no standard classification method
for the histological assessment of ischemia/reperfusion
damage in the gut'® and several approaches have
been proposed, focusing on different aspects of the
damage processt!. Many previous studies of intestinal
viability have concentrated on mucosal injuryt**?2?,
A commonly used histological classification system for
ischemic mucosal lesions is based on the grading system
proposed by Chiu et a/®®, including modifications
proposed by Park et a/®® to include evaluation of
damage in the deeper layers of the intestine. Swerdlow
et al®'! proposed a classification system, suggesting
that mixing etiologic and morphologic terms should
be avoided. This classification system has later been
modified’*®,

Microdialysis has been suggested as a way to
monitor bowel ischemia®”, and can be used to measure
changes in local metabolic substrate concentrations
related to ischemia/reperfusion injury®*>?. The principle
is to place a tubular microdialysis membrane in the
tissue of interest, to pump a slow and steady flow of
isotonic fluid through the inside of the membrane and
on to a sampling vial. The tubular semi-permeable
membrane will allow low molecular weight substances
in the area surrounding the probe to diffuse through the
porous membrane due to differences in concentration
gradient™., When using intraluminal microdialysis in the
small intestine, the substrates of interest are primarily
lactate and glycerol. The anaerobic metabolism in
the ischemic cells leads to an increase in lactate, and
glycerol is released as cell membranes deteriorate.
Ischemia/reperfusion experiments have shown,
however, that intraluminal microdialysis measurements
of glucose and pyruvate can be unreliable®**,

In this study, we compared the results from visual
inspection, intraluminal microdialysis and histology (light
and transmission electron microscopy) with the aim
of assessing the viability of porcine jejunum following
segmental mesenteric occlusion with warm ischemia
and further reperfusion. We evaluated the injury
occurring in all layers of the intestinal wall. The overall
aim was to determine when irreversible damage occurs,
and to establish a reference for use with experimental
approaches of viability assessment on the porcine
jejunum.

MATERIALS AND METHODS

Animals and experimental design
The animal protocol was designed to minimize pain or

Raishidenge ~ WJG | www.wjgnet.com

discomfort to the animals and reduce the overall number
of animals used. The experiment was approved by the
Norwegian Food Safety Authority (FOTS ID 8304 and
12695) and conducted in accordance with Norwegian
animal welfare guidelines (FOR-2015-06-18-761) and
EU directive (2010/63/EU). We conducted the study
on 15 Norwegian Landrace pigs, with a weight range
44.3-58.6 kg, 11 were females. Food was withheld
12 h prior to surgery. We used a segmental mesenteric
occlusion (SMO) model utilizing several small bowel
segments in the same pig'******”, selecting 30 cm
segments of the jejunum, starting 30 cm distal from
the duodenum. More than 30 cm free intervals were
maintained between the segments. Local ischemia was
induced by atraumatic clamping of the arteries and veins
of the jejunal mesentery on the selected segments™’*9,
resulting in a 20-cm central zone of warm ischemia
and two surrounding approximately 5 cm edge zones
of marginal tissue hypoxia®®. Reperfusion was initiated
by releasing the clamps and verified by observing the
return of color in the previously ischemic segments. We
conducted a series of ischemia/reperfusion intervals
(ischemia 1-16 h, reperfusion for 5-15 h post 1-8 h
of ischemia, control 1-16 h) in order determine the
occurrence of irreversible injury. At the end of the
experiment, the animals were sacrificed by a lethal dose
of potassium chloride (100 mmol).

Anesthesia and monitoring

Anesthesia was induced with intramuscular ketamine
(Warner Lambert, Morris Plains, NJ, United States) 15
mg/kg, azaperone (Janssen-Cilag Pharma, Austria)
1 mg/kg, and atropine (Nycomed Pharma, Asker,
Norway) 0.02 mg/kg. Tracheotomy was performed,
and anesthesia was maintained with isoflurane (Abbott
Scandinavia AB, Kista, Sweden) (1%-1.5%) and
a mixture of air and Oz to obtain an FIO:2 of 30%.
Morphine (Alpharma, Oslo, Norway) 0.4-0.7 mg/kg/h
was administered as a continuous intravenous infusion.
Ventilation was adjusted to a pCO: of 5-6 kPa (37.5-45.0
mmHg). A continuous infusion of Ringer acetate 10-30
mL/kg/h was administered as fluid replacement.

Surgery

Surgery was performed under sterile conditions.
Tracheostomy was performed initially for mechanical
ventilation. The left internal jugular vein was cannulated
with a triple lumen catheter for blood sampling,
measuring of central venous pressure and infusion
of fluids. Arterial pressure was measured through a
catheter placed in a carotid artery, the urinary bladder
temperature was measured with a thermistor probe.
Arterial and venous blood gases were regularly
measured throughout the experimental period. Pulse
oximetry, heart rate, respiratory rate and expiratory
pCO: were continuously monitored. The jejunum was
made accessible through midline laparotomy. The
mesentery of the selected jejunal segments were
marked and clamped using Satinsky clamps®®.,
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Table 1 Comparison of modified Swerdlow ez a/2""*”**! and Park/Chiu ez a/*>**! systems for grading of histological damage on the

intestine

Grade Modified Swerdlow Park/Chiu

0 No pathological change Normal mucosa

1 Focal loss of surface epithelium Subepithelial space at villus tips

2 Mucosal infarction (extensive loss of surface epithelium, loss of variable amounts of lamina  Extension of subepithelial space with moderate
propria, sparing of basal glands, intact muscularis mucosae) lifting

3 Submucosal infarction (variable necrosis of submucosa, complete mucosal necrosis, intact Massive lifting down the sides of the villi, some

muscularis mucosae)

4 Mural infarction (loss of muscularis mucosae, complete necrosis of mucosa and submucosa)
5 Mural infarction (involvement of inner layer of muscularis propria, complete necrosis of

mucosa and submucosa)

6 Transmural infarction (complete necrosis of the bowel wall)

denuded tips
Denuded villi, dilated capillaries
Disintegration of lamina propria

Crypt layer injury
Transmucosal infarction
Transmural infarction

Peristalsis and color

The presence of peristalsis in the bowel segments was
monitored by visual observation and palpation, and
registered hourly for the duration of the experiments.
We photographed the intestinal segments hourly to
monitor alterations in color.

Microdialysis

CMAG65 Custom made Microdialysis Catheter (65CMC)
with 30 mm membrane length, 100 kDa cut-off
(M Dialysis AB, Stockholm, Sweden) was perfused
with 60 mg/mL Voluven (Fresenius Kabi Norge AS,
Halden, Norway) for 30 min, before being inserted
into the lumen of the selected jejunal segments, with
a split-needle technique. The flow rate was adjusted
to 1 puL/min using CMA 107 microdialysis pumps
(CMA Microdialysis, Stockholm, Sweden). A baseline
measurement was obtained (30 min) before the
initiation of ischemia, and then for every hour during
the experiment duration. An ISCUSflex Microdialysis
Analyzer (M Dialysis AB, Stockholm, Sweden) was used
to analyze the samples continuously after sampling,
using Reagent set A (M Dialysis AB, Stockholm,
Sweden). The reagent set was used to analyze glucose,
lactate, pyruvate and glycerol. The ISCUSflex was set
to normal linear range, 0.1-12 mmol/L (lactate) and
10-1500 pmol/L (glycerol). After a period of ischemia
our results reached values above the linear range.
Seven of the microdialysis catheters failed to operate
normally and were excluded from the study.

Histology

We collected a total of 128 intestinal tissue samples
from 5 pigs for light microscopy (LM) at selected time
intervals from control jejunum, ischemic jejunum and
reperfused jejunum. The biopsies were fixed overnight
in buffered 10% formalin. The samples were then
processed according to a routine protocol and embedded
in paraffin wax, and 2-3 histological sections from each
sample were stained with hematoxylin and eosin. The
sections were reviewed with LM by two pathologists (HMR
& FPR) and pathological changes in each layer of the
intestine were assessed. The intestinal tissue damage
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was also classified using a system devised by Antonioli
and Swerdlow, as modified by Hegde et ai**® and a
modification of the grading system devised by Chiu®®?,
proposed by Park et af*®! (Table 1).

In addition, 58 samples at selected time intervals
from 3 pigs were collected and fixed in a phosphate-
buffered mixture of 2% glutaraldehyde and 0.5%
paraformaldehyde overnight. From each sample, four
specimens were subsequently embedded in an epoxy
resin according to a standard protocol. Toluidine blue-
stained semi-thin sections were used to select areas of
interest and ultra-thin sectioning of one block. The ultra-
thin sections were examined by transmission electron
(TEM) microscopy by one pathologist (FPR). The focus
was on cellular and subcellular changes as a basis of
estimating tissue viability in the muscularis propria.

Statistical analysis

The microdialysis data was analyzed for distribution,
skewness, kurtosis and homogeneity of variance to
assess distribution. Continuous data were described
with mean and SD and categorical data with counts and
proportions. Comparisons of the intraluminal lactate
and glycerol levels between the control and ischemia/
reperfusion segments of jejunum were made using
two-way repeated measures analysis of variance (RM
ANOVA). For the ANOVA's the responses of interest were
lactate and glycerol level, and the factors used were
“case” (control, ischemic, reperfusion) and time duration
[h]. P-values were adjusted for multiple comparisons
using Holm-Sidak’s correction. The ANOVA's were run
using GraphPad Prism version 7.00 (GraphPad Software,
United States).

RESULTS

All the animals (n = 15) were hemodynamically stable
during the experiments. 10-20 min after reperfusion
was initiated in a segment of the jejunum after a
period of ischemia, there was an increase in heart rate
(+20 to 60 beats per minute) that lasted for 5 to 30
min (increasing with the late reperfusion intervals),
and there was also an initial decrease in mean arterial
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Table 2 Clinical parameters during ischemia/reperfusion in porcine jejunum

Ischemia (h) Observations on the Minutes after Observable Reperfusion (h) Observations on the reperfused jejunum No. of pigs
ischemic jejunum reperfusion before peristalsis in
color has returned No. of pigs
(mean + SD)
0 Normal color 15
1 Purple 09+0.1 15 of 15 8 Edema 15
2 Darker purple 2+0.1 20f2 8 Edema, slight fibrinous coating 2
3 Darker purple 4+03 13 of 13 8 Edema, fluid droplets, slight fibrinous coating 13
4 Darker purple 6+0.7 4of4 8 Edema, fluid droplets, fibrinous coating, darker 4
internal hue
5 Darker purple 15+1.6 11 of 11 8 Edema, fluid droplets, fibrinous coating, darker 11
internal hue
6 Darker purple 26+3.3 3of4 8 Edema, fluid droplets, fibrinous coating, 4
deeper red color, darker internal hue
8 Black 49+9' 0of 4 8 Edema, fluid droplets, fibrinous coating, 4
deeper red color, darker internal hue
12 Patches of paler color 4
16 Necrotic 4

'There was a lot of internal bleeding in the jejunum, so determination of the time before return of color was difficult. Images in Figure 1.

blood pressure (5-25 Torr) lasting for 5-15 min, before
returning to normal after increased fluid administration.
Sp0: (measured at the pig tail) was above 98% in
all animals during the entire experiment. Mean body
temperature increased from 38.5C at the start of the
experiments to 40.5 'C by the end of the experiment.

Peristalsis and color

After initiating ischemia of a bowel segment, we
observed a period of hyperperistalsis that lasted for
approximately 30-40 min. Ischemia leads to a change in
color of the involved tissue (Figure 1 and Table 2), and
edema is the hallmark of reperfusion. Upon reperfusion,
peristalsis was visible in all jejunal segments that had
been ischemic for < 5 h and most of the segments
that had been ischemic for 6 h. We observed an initial
hyperemia, and a return of color even in the jejunum
that had been ischemic for 8 h. In the samples that had
been ischemic for = 2 h there was a gradual formation
of a fibrinous exudate on the serosa after reperfusion.
Following reperfusion, we observed the formation of
small fluid droplets on the surface of the samples that
had been ischemic for = 3 h, which was associated
with a gradual increase in peritoneal fluid. We observed
a darker “internal hue” in the samples that were
reperfused after = 4 h of ischemia.

Microdialysis

Levels of the intraluminal lactate increased significantly
during the first hour of ischemia (P < 0.001) from
mean (SD) 0.65 (0.28) to 8.54 (3.43) mmol/L, peaking
around 4-5 h of ischemia compared to the control (Figure
2). Following reperfusion after 1 h of ischemia, the
intraluminal lactate level showed little change during
the first hour of reperfusion with 10.42 (1.97) mmol/L
compared to 13.69 (2.33) mmol/L in the ischemic
tissue. In the second hour of reperfusion the lactate
levels decreased significantly to 4.64 (1.36) mmol/L
compared to 15.43 (2.47) mmol/L in the ischemic
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tissue (P < 0.001). In the series with ischemia duration
> 1 h, the lactate levels decreased over the first hour
following reperfusion. In the tissue that was ischemic
for the whole duration of the experiment there was
a gradual decrease in lactate level from mean (SD)
17.22 (3.48) mmol/L at 6 h of ischemic duration to
12.96 (2.01) mmol/L by the end of the experiment.
Only in the jejunum that was reperfused after 1 hour of
ischemia, did the lactate values approach pre-ischemic
levels during the experiment. There was no significant
change in arterial lactate throughout the experiment
(data not shown).

The intraluminal glycerol level increased significantly
from mean (SD) 5.7 (2.0) to 554.1 (215) ummol/L
during the first hour after the initiation of ischemia (P
< 0.001), peaking around 6-8 h of ischemia compared
to the control (Figure 2). In the segments that were
reperfused after 1-3 h of ischemia, the glycerol
levels continued to increase during the first hour of
reperfusion, while decreasing during the first hour of
reperfusion following longer ischemia intervals. The
glycerol levels in the lumen of the reperfused intestinal
segments approached the control level after 6 to 7 h of
reperfusion, regardless of previous ischemic exposure.
In the tissue that was ischemic for the duration of the
experiment, there was a gradual decrease in glycerol
level from mean (SD) 3180.4 (382.8) ummol/L at 7 h
of ischemia to 2780.2 (471.0) ummol/L by the end of
the experiment.

Histopathology

Light microscopy: LM of cross-sections of jejunum
showed gradually increasing signs of injury in the
ischemic tissue with time, and more pronounced injury
following reperfusion. There was some variation in the
pattern and extent of pathological changes between
different samples from the same time point, and
between different areas within the same samples, but
the lesions were reproducible and the predominant
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Figure 1 Jejunum at selected intervals of ischemia and reperfusion. 0: Perfused jejunum at the start of the experiment. I-1: 1 h of ischemia. I-8: 8 h of ischemia. I-12:
12 h of ischemia. |-16: 16 h of ischemia. I-1 R-8: 1 h of ischemia and 8 h of reperfusion. I-3 R-8: 3 h of ischemia and 8 h of reperfusion. I-6 R-8: 6 h of ischemia and 8
h of reperfusion. I-8 R-8: 8 h ischemia and 8 h of reperfusion. See Table 1 for description.
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Figure 2 Intraluminal microdialysis in pig jejunum. A: Plots show intraluminal lactate median with 95%Cl bands of the median. B: Plots show intraluminal glycerol
median with 95%ClI bands of the median. Both: Measurements starts with a baseline 30 min before the initiation of ischemia at t = 0. Colored arrows show time points
for start of reperfusion. Ischemia and reperfusion at 1, 3 and 5 h n = 14. Reperfusion at 4, 6 and 8 h n = 4. Control n = 5.

findings at each time point are shown in Table 3. Based
on the observations of total loss of crypt epithelium
and pronounced smooth muscle cell shrinkage in the
muscle layers, the samples from tissue exposed only
to ischemia were considered irreversibly damaged by
ischemia at 6 h exposure.
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After one hour of ischemia and 8 h of reperfusion,
there was increased apoptosis in the crypt epithelium,
mild inflammation with neutrophils mainly in capillaries
in all layers of the intestine, edema in the subserosa
and submucosa and signs of focal injury to the outer
layer of the muscularis propria. After 3 h of ischemia
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Table 4 Summary of main findings from transmission electron microscopy of porcine jejunum at selected intervals of mesenteric

occlusive ischemia and reperfusion

Ischemia (h) Observations Ischemia/reperfusion (h/h) Observations
0 Intact musculature. Some variation in the electron density in
the muscle cells, focal swollen mitochondria’s with vacuolized
matrixes'
1 Intact musculature. Discrete intercellular edema. Lymphocytes 1-3 Inflammation, cell death, sparse fine-

in the interstitial space. Increased variation in the electron
density in the muscle cells. Some cells have increased

electron density (darker). Some of the mitochondria are more

prominent. Some minimal fat vacuoles are visible’

2 More prominent variation in electron density between muscle

cells. Increased number of vacuoles, some of them are fat

vacuoles. Focal edema, thickening of the mitochondrial cristae.

Some lysosomes with membrane fragments”
3 Same results as at 2 h, but a few more interstitial immune

response cells are visible. Monocytes, macrophages, and a few

granulocytes. Vacuoles in the sarcoplasm. Slightly swollen
mitochondria®

4 Same changes as at 3 h, but the changes are more prominent as
the cells with higher electron density are more condensed, and

there are more vacuoles around the mitochondria®
5 Focal edema, variations in electron density, thickening
of the mitochondrial cristae, vacuoles in the sarcoplasm,
swollen mitochondria, interstitial lymphocytes/monocytes/
granulocytes, loss of plasma-membrane and coherence, focal
single cell necrosis’
6 Necrosis, focal large vacuoles in some mitochondria’

7 Necrosis with macrophages. Non-necrotic cells appear like the

cells at time intervals 3-6 h®
8 Like the results at 7 h’

vacuolization of the sarcoplasm, slightly
swollen mitochondria®

2-3 Inflammation, cell death, more comprehensive
fine-vacuolization of the sarcoplasm, slightly
swollen mitochondria®

3-3 Inflammation, cell death, more comprehensive
fine-vacuolization of the sarcoplasm, slightly
swollen mitochondria, focal single cell
necrosis, swollen cell nuclei”
4-3 Pronounced cell shrinking/ cell death, swollen
cell nuclei, loss of cohesion, interstitial edema®

5-3 Increased cell shrinking/ cell death, swollen
cell nuclei, loss of cohesion, interstitial edema’

6-3 Increased cell shrinking/ cell death, swollen
cell nuclei, loss of cohesion, interstitial edema®

Changes in the muscularis propria and serosa are described (3 pigs, a total of 58 samples). The results are indexed by a superscript number by the end of
each sentence. 'Normal/light changes, *Visible cell damage, but still probably viable, *Probably irreversible cell damage.

Figure 3 Light microscopy of selected structures of the jejunum after 4 h of ischemia and 8 h of reperfusion. A: Mucosa and submucosa (HE, x 10), showing
necrotic villi, total loss of crypt epithelium, shrinkage of myocytes in the muscularis mucosae, and edema in the submucosa. B: Longitudinal (outer) layer of the
muscularis propria, showing edema and extensive shrinkage and loss of myocytes (HE, x 60). C: Circular (inner) layer of the muscularis propria, showing edema and

extensive myocyte damage (HE, x 60).

Transmission electron microscopy: Using TEM
on the muscularis propria and serosa we observed
a gradual increase in damage to the cell structures
during ischemia (Table 4, left columns), with probably
irreversible damage in the muscularis propria after
5 h of ischemia. Interestingly, even at 7 to 8 h of
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ischemia, focal areas of muscle cells still appeared
viable, illustrating heterogeneity in the development of
ischemic damage to the muscularis propria.

There was reperfusion induced inflammation and
cell death of varying degrees in all the tissue that had
been subjected to ischemia. After 3 h of ischemia and 3
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A Modified Swerdlow grading of pathological damage
—&— Ischemia
o -{}- Reperfusion after 1 h ischemia
£ --A-- Reperfusion after 2 h ischemia
g -7-- Reperfusion after 3 h ischemia
s -<- Reperfusion after 4 h ischemia
@ -4~ Reperfusion after 5 h ischemia
% --o-- Reperfusion after 6 h ischemia
T --H-- Reperfusion after 8 h ischemia
--k-- Control
0 1 1 1 1 1 * 1 1 1 1 1 * 1 1 1 1
01 2 3 45 6 78 9 1011121314 151
t/h
B Park/Chiu grading of pathological damage
v
8- ,<>~’g»~
7 .- el - - - -- LA ST v
v/ i —©— Ischemia
= 6 X -{}- Reperfusion after 1 h ischemia
‘g 5l ofm-& 2 Ak a --A-- Reperfusion after 2 h ischemia
o 1y -7~ Reperfusion after 3 h ischemia
,713 4+ -<-- Reperfusion after 4 h ischemia
é’ 5L L T --d-- Reperfusion after 5 h ischemia
kil -~ Reperfusion after 6 h ischemia
T 2k -~ Reperfusion after 8 h ischemia
---- Control
1
0 1 1 1 1 1 * 1 1 1 1 1 * 1 1 1 1
01 2 34 56 7 89 1011 12 13 14 15 16
t/h

Figure 4 Histological grading of pathological damage (5 pigs, n = 128 biopsies total) at selected ischemia/reperfusion intervals. Colored arrows show time
points for start of reperfusion. Stippled lines show progression of injury following reperfusion. A: Modified Swerdiow et a”**"*%. B: Park/Chiu et af**.,

Figure 5 Transmission electron microscopy of jejunum (muscularis propria) sampled at selected time intervals of ischemia and reperfusion. Images
are indexed with | = ischemia hours and R = reperfusion hours. 0: Intact muscle. I-1: Mild intercellular edema, with increased variation in the electron density in the
muscle cells. Some minimal fat vacuoles are visible. I-1 R-3: Focal/single cell necrosis with inflammatory response, low grade fine-vacuolization of the sarcoplasm.
-3 R-3: Active interstitial inflammation, swollen muscle cell nuclei. I-4 R-3: Severe interstitial edema and loss of coherence among muscle cells. Swollen nuclei and
focal, mostly single cell necrosis. I-5 R-3: Focal multi cell necrosis, interstitial inflammation, vacuolization of sarcoplasm. I-4 R-3*: Swollen nucleus (A), vacuolated
sarcoplasm (B) and swollen mitochondria (C). -5 R-3*: Necrotic muscle cell adjacent to a more intact cell with some vacuoles (B) and slightly swollen mitochondria (C).
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h of reperfusion (Table 4, left), there was inflammation,
cell death, slightly swollen mitochondria, and swollen
cell nuclei, and the muscle tissue appeared to be
approaching irreversible damage. After 4 h of ischemia
and 3 h of reperfusion (Table 4, right), there was
pronounced cell shrinking/death, swollen cell nuclei,
loss of cohesion, substantial interstitial edema and
the muscle tissue no longer appeared viable. Figure 5
shows TEM images with typical observations described
in Table 4.

DISCUSSION

The viability of ischemic small bowel is determined in
a clinical setting by observation of color, peristalsis and
bleeding from cut ends. As this method is not very specific
and requires a high level of clinical experience™, there is a
need for increased accuracy of the viability assessment!”..
Intraoperatively, decision on the resection margin is
the most important factor contributing to postoperative
mortality and morbidity™*>*". We approached the question
of viability assessment in ischemic and reperfused porcine
jejunum by using microdialysis and by histological
assessment of pathological changes. Microdialysis allowed
monitoring of metabolic changes related to ischemia
and reperfusion. Presumed irreversible tissue damage
was detected after shorter duration of ischemia using
TEM than with LM. Subsequent reperfusion aggravated
ischemic damage to the jejunum. Likely irreversible
damage (when indluding the effects of reperfusion) occurs
between 3 and 4 h of full mesenteric warm ischemia in
the porcine jejunum, indicating a time limit for viability in
the model.

Visual inspection
While return of color and peristalsis does not correlate
uniformly with intestinal viability'>*?, these are the
most common criteria in the clinical assessment of
intestinal viability'®!. A small variation in the nuance of
darkness was the only change in color from 2-9 h of
full occlusion ischemia, showing that intestinal color
alone is a poor indicator of viability. The later change in
appearance from dark (8 h), to patchy colored (11-12
h), to necrotic (15-16 h), indicates the time window
between the initiation of full occlusion warm ischemia
and the presence of pronounced necrotic bowel in the
SMO model.

We observed return of color and peristalsis (Table
2) in intestine that histologically contained areas of
probably irreversible damage (Table 3). Following
reperfusion, the increase in time before return of color
associated with an increase in ischemic exposure,
indicating that the time before return of color is affected
by the level of tissue injury. However, confounding
effects such as internal bleeding and edema in the
intestinal wall may have reduced the accuracy of the
return of color assessment after the long reperfusion
intervals.
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Macroscopically, fibrin exudate was seen on the
serosal surface (Table 2) on the segments that had
been ischemic for more than 1 hour. In addition to being
triggered by ischemia/reperfusion”, the formation
of fibrinous exudate on the serosa was probably exa-
cerbated by handling and exposure of the intestine to
foreign material during the course of the experiment™*",

Microdialysis

Using microdialysis to measure intraluminal lactate
and glycerol, we were able to closely monitor the onset
and duration of ischemia, and the onset of reperfusion
(Figure 2). In the segments that were reperfused after
= 6 h of ischemia, we observed increasing leakage of
fluid from the intestines into the abdominal cavity and
increasing amounts of fluid accumulating inside the
lumen. Granger et al** reported a doubling of vascular
permeability during ischemia and a fourfold increase in
vascular permeability after reperfusion. This probably
dilutes the luminal lactate and glycerol concentrations,
limiting the accuracy of intraluminal microdialysis
during prolonged ischemia/reperfusion experiments*®.,
The phenomenon is expressed by a gradual decrease
in lactate and glycerol levels in the ischemic intestine
past the 6-h duration.

Intraluminal lactate and glycerol levels have been
reported to mirror the permeability (polyethylene
glycol 4000) of the intestinal mucosa after ischemia,
and lactate more precisely so than glycerol™”. The
lactate and glycerol levels started to decrease before
reperfusion and dropped after reperfusion even in
severely ischemic intestine (8 h), where we observed
histological damage to all layers (Table 3). This suggests
that the relationship between permeability and lactate/
glycerol levels may be valid only after shorter periods of
ischemia, and that our late results may be confounded
by the dilution effect of leakage into the lumen.

In comparison to previous experiments using intra-
luminal microdialysis in ischemia/reperfusion of the
small intestine in pigsP®3****! we have monitored
the intestine over a longer period of ischemic time
and over more ischemia/reperfusion intervals than
previously reported. Interestingly, Solligard et a/**”’
monitored a single clamp for 9 h of reperfusion after 1 h
of ischemia with similar results as ours.

After start of reperfusion, there appears to be no
clear difference in the time course of metabolic marker
concentration between reversibly and irreversibly
damaged tissue, indicating that prediction of viability
based on intraluminal microdialysis alone is unreliable.
Ideally, placement of microdialysis catheters into
the intestinal wall would be preferable, as this would
circumvent the late ischemia/reperfusion effects
related to intraluminal leakage and dilution. Still, intra-
luminal microdialysis has been recommended over
microdialysis catheters inserted into the intestinal
wall, because of the reported poor reliability of the
latter method®*******3] The present results confirm
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that intraluminal microdialysis has high specificity and
sensitivity for detecting and monitoring ischemia in the
small intestine.

Histology and grading

LM (Figure 3, Table 3) and TEM (Figure 5, Table 4)
showed a gradual increase in injury in the ischemic
tissue with probable irreversible damage appearing
around 6 h and 5 h, respectively, indicating that the
pathological changes related to viability are visible
somewhat earlier on the ultrastructural level than
with LM. Tissue that still appeared viable after 4 h
of ischemia was considered irreversibly injured after
subsequent 3 h of reperfusion, indicating the limit of
viability in the model.

When investigating what others have reported with
respect to a viability limit in the porcine jejunum, we did
not find much information. In most papers discussing
viability in the small intestine, observations are reported
as histological grading scores or as morphological
observations™®”, but few contain explicit statements
about viability. The most common time duration
reported for porcine intestine related to viability is that
it takes approximately 8 h of full ischemia to induce
transmural necrosis’®**, We observed the same result
in the present study (Table 3, Figure 4).

Chan et al''®, reporting that irreversible damage
in porcine jejunum, defined as lack of mucosal re-
generation in samples taken 24 h after reperfusion,
occurred after 6.5 h of ischemia followed by re-
perfusion"®’, We acknowledge that mucosal necrosis
will heal completely in most cases, except in cases with
necrosis of long mucosal segments with substantial
damage to the crypt layer, where there is a risk of
complications due to hemorrhage and fluid loss™?!, The
mucosa can regenerate on injured segments of intestine
that do not develop into transmural infarction. However,
such segments may develop persistent injury with large
degree of fibrosis and stricture formation®!!. The ex-
acerbation of injury following reperfusion indicates that
reperfusion is @ major contributor to injury in the porcine
SMO model.

As the Park/Chiu grading system was created to be
sensitive to early mucosal changes, the initial grading
after one hour of ischemia is 3, indicating that a finer
resolution than 1 h of ischemia should be used to
utilize its potential. The grading system may have been
designed for assessment of inflammatory diseases and
the status of cold preserved tissue for transplantation,
rather than with respect to overall viability. The
Swerdlow grading system has a more evenly distributed
resolution with respect to injury in the whole intestinal
wall, including two levels of injury with respect to
mural infarction. Nevertheless, both systems arrive at
similar results, as the structures are similar. We agree
with Quaedackers et al®” that a better description of
the last grades of the Park/Chiu system would further
strengthen its suitability.
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We found that more than 3 h of ischemia gave a
full score in both grading systems within two hours
following reperfusion (Figure 4). This indicates that to
assess jejunal viability using histology after an ischemic
event of unknown duration, at least two hours of
reperfusion is needed before the histological sampling
will accurately illustrate the outcome. We generally
observed slightly higher levels of injury than Blikslager
et al*® in a similar model used on the ileum in pigs, and
Chan et ai™ in a similar model on the jejunum in two
juvenile pigs. As the ileum is more resistant to ischemic
damage than the jejunum we expected a slightly higher
injury grade in the jejunum.

In the samples from the reperfused tissue that had
been exposed to only one hour of ischemia, there was
visible regeneration of the epithelial cells after 3 h of
reperfusion, with a large degree of regeneration after 6
h. This is similar to what has been reported previously
both in humans™® and pigs™*".

An important observation from the present study is
that the sequence of ischemia/reperfusion injury using
the SMO model does not necessarily follow the outwards
direction from the mucosa to the outer muscular layer,
as most grading and classification systems suggest™®*®,
Rather, the ischemic damage may be patchy and
somewhat unpredictable, as we observed tissue
damage in the outer layer of the muscularis propria
while the inner muscular layer still appeared viable.
This is illustrated when comparing Figure 4 (histological
grading) with Table 3 (morphologic observations).

Evaluation of tissue viability based on histological
assessment is difficult’®™, as the samples are small
and lesions are heterogeneous in composition and
distribution™’ with areas of viable and necrotic tissue
in the same tissue sample. Predicting the healing
potential of the various intestinal layers after ischemia/
reperfusion is also challenging. Although we observed
injury to the jejunal wall that we considered irreversible,
the ability to regenerate is likely to vary with the total
volume of damaged tissue, making exact assessments
from tissue samples difficult. With respect to the
observation of heterogeneous injury, Guan et a/®”
speculated that this may be related to difference in the
flow in the mesenteric versus antimesenteric side of the
small intestine.

The model

We selected the pig model for viability assessment
of the small intestine, as it has important anatomical
and physiological similarities to humans!®!, the
pathophysiology of ischemia/reperfusion in the porcine
model is similar to humans'*?, and because the pig
model has been suggested as a reference standard in
intestinal transplantation research. The SMO model™”!
was selected as it provides a well-defined area of
ischemic injury affecting the whole intestinal wall in the
occluded segment!*?!, as opposed to the commonly used
intestinal ischemia model of occlusion of the superior

May 14, 2018 | Volume 24 | Issue 18 |



Strand-Amundsen RJ et a/. Viability assessment in porcine jejunum

mesenteric artery!’”’®?), The SMO model simulates

ischemic injury as caused by strangulation-ileus.

A 50 kg pig has approximately 15 meters of small
intestine’®!, allowing for the creation of several parallel
SMO models*®?%?”! reducing the total number of
animals needed for the experiment. However, there
are some disadvantages with parallel ischemia/
reperfusion models in the same pig. Previous studies
have shown that the cytokine levels are reduced when
reperfusion of segments is continued in the same pig,
due to increasing tolerance levels'®*®*, In addition, we
observed periods of increasing heart rate, decreasing
blood pressure, fever, and increasing permeability of
the intestines, following the late reperfusion intervals.
Increased heart rate, decreased blood pressure and
fever may be systemic responses related to the release
of increasing quantities of harmful substances following
the late reperfusion intervals®®®®’l, The increasing
permeability!** was visible as fluid droplets on the
surface of the reperfused segments and increasing
amounts of peritoneal fluid.

Inspection of the control tissue after 12 h gave an
indication of the systematic effects on the surrounding
perfused jejunum. LM showed mild reactive and
inflammatory changes (Table 3), while TEM of the
muscularis propria and serosa showed cells with some
swollen mitochondria with vacuolated matrices. The
microdialysis results and the histological grading systems
did not indicate any changes in the control specimens.
So, although some minor changes could be observed in
the control intestine, we find it unlikely that this had any
confounding effects on the outcome of the experiments.
Thus, the observed ischemic changes in each occluded
segment in the same pig are likely independent of
systemic effects until the onset of reperfusion.

In conclusion, in the present porcine model with
segmental occlusion of the jejunal mesentery, the
intestinal tissue was judged to be probably irreversibly
damaged when exposed to = 4 h of ischemia and then
reperfused. Using microdialysis to monitor intraluminal
lactate and glycerol allowed us to closely monitor
the onset and duration of ischemia, and the onset of
reperfusion, but we were unable to find sufficient level
of association between tissue viability and metabolic
markers to be clinically relevant. The sequence of
ischemia/reperfusion injury using the SMO model does
not follow the outwards direction from the mucosa to
the outer muscular layer, as most current histological
grading and classification system suggest. Evaluation
of intestinal viability based on return of color and the
presence of peristalsis did not match well with histologic
assessment of tissue viability.

ARTICLE HIGHLIGHTS

Research background
The clinical gold standard used on humans for assessment of intestinal viability
is still based on palpation, visual inspection, bleeding from cut ends and the use
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of second look operations. The high mortality rates related to acute mesenteric
ischemia have not been reduced drastically since the 1980’s.

Research motivation

We are investigating methods to improve the accuracy of intraoperative
surgical decision making with respect to assessment of the viability of ischemic/
reperfused intestine. To assess the accuracy of these methods we need a
reference for the limits of intestinal tissue viability. As the pathophysiology of
ischemia/reperfusion in the porcine model is similar to humans, and because
the pig model has been suggested as a reference standard in intestinal
transplantation research, we decided to investigate the jejunal viability limit
in a pig model. Our hypothesis is that the results with a pig model can have
translational relevance for humans.

Research objectives

We investigated viability assessment in a porcine model of warm ischemia
on jejunum with mesenteric occlusion, followed by reperfusion. Our aim was
to determine the time point of irreversible damage, to provide a reference for
experimental approaches to intestinal viability assessment.

Research methods

We created parallel segmental models on the jejunum in 15 pigs, by clamping
the mesenteric arteries and veins for 1 to 16 h. Reperfusion was initiated after
different intervals of ischemia (1-8 h) and subsequently monitored for 5-15 h.
We compared the results from visual inspection with histology (light microscopy
and transmission electron microscopy) and intraluminal microdialysis. The
intestinal injury was graded using Park/Chiu and modified Swerdlow grading.

Research results

Only jejunal segments that had been ischemic for < 3 h appeared viable
(following = 1 h of reperfusion). The jejunal segments that had been ischemic
for 4 h showed (following = 1 h of reperfusion) a total loss of crypt epithelium,
extensive shrinkage and loss of myocytes in the outer layer of the muscularis
propria. Intraluminal microdialysis allowed us to closely monitor the onset
and duration of ischemia and the onset of reperfusion. We observed return of
color and peristalsis in intestine that histologically contained areas of probably
irreversible damage. The sequence of ischemia/reperfusion injury using the
SMO model does not follow the outwards direction from the mucosa to the outer
muscular layer, as most current histological grading and classification system
suggest.

Research conclusions

In the present porcine model with segmental occlusion of the jejunal mesentery,
the intestinal tissue was judged to be probably irreversibly damaged when
exposed to = 4 h of ischemia and then reperfused. Three hours of ischemia
followed by reperfusion appeared to be the upper limit for viability in this model.
We were unable to find sufficient level of association between tissue viability
and metabolic markers to conclude that microdialysis is clinically relevant
for viability assessment. Evaluation of color and motility appears to be poor
indicators of intestinal viability.

Research perspectives

Segmental mesenteric occlusion provides reproducible injury in porcine
jejunum and appears to be a relevant model for studies on viability assessment.
Future studies should consider viability assessment in settings where the
various etiologic factors related to acute mesenteric ischemia (emboli, arterial
and venous thrombus and nonocclusive ischemia) can be evaluated, as good
reference models are needed for each etiology.
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