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Abstract

The standard clinical method for the assessment of viability in ischemic small
intestine is still visual inspection and palpation. This method is non-specific
and unreliable, and requires a high level of clinical experience. Consequently,
viable tissue might be removed, or irreversibly damaged tissue might be
left in the body, which may both slow down patient recovery. Impedance
spectroscopy has been used to measure changes in electrical parameters
during ischemia in various tissues. The physical changes in the tissue at the
cellular and structural levels after the onset of ischemia lead to time-variant
changes in the electrical properties. We aimed to investigate the use of
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bioimpedance measurement to assess if the tissue is ischemic, and to assess the
ischemic time duration. Measurements were performed on pigs (n  =  7) using
a novel two-electrode setup, with a Solartron 1260/1294 impedance gainphase analyser. After induction of anaesthesia, an ischemic model with warm,
full mesenteric arterial and venous occlusion on 30 cm of the jejunum was
implemented. Electrodes were placed on the serosal surface of the ischemic
jejunum, applying a constant voltage, and measuring the resulting electrical
admittance. As a control, measurements were done on a fully perfused part
of the jejunum in the same porcine model. The changes in tan δ (dielectric
parameter), measured within a 6 h period of warm, full mesenteric occlusion
ischemia in seven pigs, correlates with the onset and duration of ischemia.
Tan δ measured in the ischemic part of the jejunum differed significantly from
the control tissue, allowing us to determine if the tissue was ischemic or not
(P  <  0.0001, F  =  (1,75.13) 188.19). We also found that we could use tan δ to
predict ischemic duration. This opens up the possibility of real-time monitoring
and assessment of the presence and duration of small intestinal ischemia.
Keywords: bioimpedance, impedance spectroscopy, ischemia, small intestine
(Some figures may appear in colour only in the online journal)
1. Introduction
Intra-operative assessment of intestinal viability is a critical part of surgery related to intestinal ischemia, and the standard clinical method is still visual inspection and palpation. After a
quick visual inspection, revascularization is performed as far as possible, before observation of
criteria such as odour, the return of peristalsis, muscle tone, pulsation, bleeding from peripheral arteries, and return to normal colour is used to predict intestinal viability. This method is
non-specific and unreliable, and it requires a high level of clinical experience (Urbanavicius
et al 2011). Viable intestine might appear non-viable and vice versa (Wyers 2010). Clinical
judgment based on visual criteria has a reported sensitivity of 78–89%, but this includes resection of a part of the viable bowel in a large percentage of cases (Bulkley et al 1981, Oldenburg
et al 2004). There is a risk of short gut syndrome if resection is performed too aggressively,
and a risk of anastomotic leakage if non-viable intestine is left in the patient (Herbert and
Steele 2007). The level of uncertainty sometimes results in the need for second-look laparotomy after 24 to 48 h (Bradbury et al 1995, Assar and Zarins 2008).
The measurement of impedance in living tissue (bioimpedance) has been utilized to investigate changes in electrical parameters during ischemia in various tissues (Kun and Peura 1994,
Gersing 1998, Schafer et al 1998, 1999, Casas et al 1999, Martinsen et al 2000, Gheorghiu
and Gersing 2002, Salazar et al 2004, Ivorra 2005, Asami 2007). Impedance is the opposition in a medium to the flow of current, when a voltage is applied across that medium. It is
a complex measure consisting of a real part (resistance), and an imaginary part (reactance).
Resistance [R] is the ‘friction’ part of the opposition to the flow of an electrical current, and
produces an in-phase voltage drop. Reactance [X] represents the ‘inertia’ part of the opposition to an electric current, and produces a voltage drop that is out of phase with the current.
Due to the resistive/capacitive properties of tissue and the polarization effects at the electrode
interface, the measured impedance is always frequency dependent.
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
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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. This is
followed by infarction of the crypt layer and transmucosal infarction (Takeyoshi et al 1996).
Mucosal necrosis will usually heal without surgery. To some extent, mural necrosis may heal
without surgery, while transmural necrosis inevitably ends with perforation (Chou et al 2006).
The physical changes in the tissue after the onset of ischemia lead to changes over time in
the R and X components of the impedance, dependent of the frequency of excitation. Several
mechanisms have been generally accepted by researchers as connections between changes in
electrical parameters and ischemia-related physical changes in the tissue. One early change is
the closing of gap junctions, with a corresponding increase in low frequency (LF) resistance.
Another early change is the shift in the ratio between extracellular and intracellular water, as
the cells start swelling due to osmosis when the function of the ionic pumps is reduced. The
decrease in extracellular water results in an increase in LF resistance (Grimnes and Martinsen
2015). A third change is the increasing permeability of the cell membrane due to its reduced
function, resulting in a gradual decrease in impedance (Schafer et al 1998). Other changes that
lead to a reduction in impedance are the formation of interstitial edema (Moore-Olufemi et al
2005), congestion of blood, and changes to vascularity. The beta dispersion (β) disappears as
the cell membranes collapse over time (Grimnes and Martinsen 2015). A reduction in tissue
temperature results in increased resistance. These mechanisms can appear to be easier to interpret in a large near-homogenous tissue structure such as the kidney, and more complicated in
small far-from-homogeneous and multi-layered tissue such as in the the small intestine.
There are several studies using bioimpedance measurements to investigate the development of electrical parameters during intestinal ischemia. Carey et al investigated the impedance of ischemic canine small intestine in 1964, using a three-electrode setup on the surface
of the intestine (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). 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). Matsuo et al investigated the viability of strangulated
rat small intestine (ileum) in vivo, using a coaxial two-electrode probe on the serosa (Matsuo
et al 2004). Radhakrishnan et al measured in vivo with two small wire electrodes on the surface of rat intestine to assess the effect of edema (Radhakrishnan et al 2007).
The aim of this experimental study is to test the following hypotheses:
1. Ischemia in the small intestine leads to changes in the electrical impedance parameters of
the local tissue.
2. The time development of electrical impedance parameters in ischemic small intestine can
be used to predict the ischemic duration.
2. Materials and methods
The experiment was approved by the local animal care committee at Oslo University Hospital
and conducted in accordance with national animal welfare guidelines.
2.1. Anaesthesia and monitoring

Anaesthesia was induced with intramuscular ketamine (Warner Lambert, Morris Plains, NJ)
15 mg kg−1, azaperone (Janssen-Cilag Pharma, Austria) 1 mg kg−1, and atropine (Nycomed
Pharma, Asker, Norway) 0.02 mg kg−1. Tracheotomy was performed, and anaesthesia was
maintained with isoflurane (Abbott Scandinavia AB, Kista, Sweden) (1–1.5%) and a mixture
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Figure 1. Porcine small intestinal (jejunum) ischemia model with full mesenteric

occlusion.

of N2O (30%) and O2 (70%). Fentanyl (Alpharma, Oslo, Norway) 160 mcg kg−1 h−1 was
administered as a continuous intravenous infusion. Ventilation was adjusted to a pCO2 of
5–6 kPa (37.5–45.0 mm Hg). A continuous infusion of 0.9% saline 20 ml kg−1 h−1 was administered as fluid replacement.
2.2. Surgery

Surgery was performed under sterile conditions. Tracheotomy was performed initially for
mechanical ventilation. The internal jugular veins were cannulated for blood sampling, measuring of central venous pressure and infusion of fluids. Arterial pressure was measured
through a catheter placed in a carotid artery. Rectal temperature was measured with a thermistor probe. The animals were placed on a heating pad adjusted to 38 °C. Arterial and venous
blood gases were measured regularly throughout the experimental period. The jejunum was
made accessible through midline laparotomy in the abdominal cavity.
2.3. Animals and experimental design

We conducted the study using seven Norwegian Landrace pigs, four females, weight range
26.5–30.0 kg. The study was conducted on one pig at a time, over a period of 3 months.
Each pig was used both as a case and as a control, by using one part of the jejunum for
an ischemia model and another part of the perfused jejunum in the same pig as a control
(a minimum of 30 cm between the control and the border of ischemic jejunum). Food was
withheld 12 h prior to surgery. Local ischemia was provoked by clamping the arteries and
veins of a segment of the jejunal mesentery (figure 1), resulting in a 30 cm central zone of
warm ischemia and two surrounding edge zones of marginal tissue hypoxia. The intestinal
walls remained intact so that there was some intramural collateral flow. The aim was to
model the acute ischemic insult that occurs from intra-abdominal adherences with strangulation of mesenteric vessels.
The visual changes in the ischemic jejunum can be observed in figure 2. At the end of
the experiment, the animals were sacrificed by a lethal dose of Pentobarbital (Pentobarbital
Sodium, Abbott Laboratories, Sweden) as described by Ruud et al (Ruud et al 2007).
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Figure 2. Ischemic jejunum in different stages of ischemia: (a) Before ischemia, (b) 2 h

ischemic, (c) 5 h ischemic (d) 6 h ischemic.

2.4. Electrical impedance measurements

For impedance measurements a Solartron® 1260 Impedance/gain-phase analyser (Solartron
Analytical, UK) was used with a 1294A interface. The Solartron was controlled, data logged
and measurements acquired by the Zplot® software (Scribner Associates, USA). A twoelectrode setup was used for the measurements. A pair of Quickels® (Quickels System AB,
Sweden) Ag/AgCl electrocardiography electrodes was preconditioned in saline 24 h before
the experiment, mounted on two pieces of plexiglass and connected to electrocardiography
banana plugs. The intestinal area under investigation was placed between the two electrodes
with a light pressure to exclude air between the intestinal surface and the electrodes (figure 3).
The two-electrode setup used in the experiment was chosen based on results from five initial pilot tests. In the pilot test, two-, three- and four-electrode setups with electrodes of various materials (Au, Ag/Cl, and stainless steel), and sizes (0.5 mm diameter–10 mm diameter),
were tested on the small intestine. The decision to use 9 mm diameter electrodes was made
after observing that the physical structure of the small intestine varies a lot on a small scale,
but there are repetitive patterns on the 2–3 mm scale. We estimate that by having an electrode
that covers several repetitions of the tissue patterns, we can measure an average effect in tissue
between the electrodes, and be less affected by the small-scale variations in tissue structure.
Also, as the electrodes are quite large, the contribution of electrode polarization impedance
(EPI) is relatively low (Schwan 1992). Both the Au and the AgCl electrodes performed well,
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3. Left: 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).

Figure

and the AgCl electrodes were chosen based on the availability. The reason for not selecting
a three-electrode (serial) setup was that the sensitivity area with this setup remained near the
surface due to the well conducting serosa, and the higher resistivity of the sub-serous layer.
To achieve the same estimated sensitivity through all the intestinal layers as the two-electrode
setup, we would have to have more space between the electrodes giving a larger electrode rig
than with the two-electrode setup. While the four-electrode setup at first looked promising, we
found that there were benefits from using a two-electrode setup. The four-electrode setup is
more vulnerable to errors than bipolar setups (Grimnes and Martinsen 2007). As we measure
the surface of the small intestine that is quite well conducting, the current easily shunts across
the surface of the pickup-electrodes, resulting in the potential of the pick up electrodes being
brought to a level which is closer to that of the current carrying electrodes. This leads to an
overestimation of the transfer impedance. It can also lead to measuring a positive phase. It is
a topic for further study to investigate a proper four-electrode setup for the small intestine.
With the two-electrode setup, the dominating part of the sensitivity area is estimated to
be in the tissue close to and between the electrodes (frequency dependent). The aim of the
surgeon is to remove all the non-viable tissue and as little of the viable tissue as possible. The
margins used at the present time vary with the type of ischemic damage on the small intestine.
In some cases, the damaged areas are easier to define, while in other cases the area can be very
hard to assess. The ischemic damage can sometimes be localized to one area, while in other
cases it can be spread in patches along the intestine. In some cases, several decimetres or more
of the intestine in question is removed to be on the safe side. Our aim with the current setup is
to localize the ischaemic tissue within a 1–2 cm margin.
Measurements on the ischemic model were conducted in the centre of the ischemic area,
while the control was measured on perfused intestine  >30 cm from the edge of the ischemic
area. The measurements were conducted with 15 min intervals, starting 10 min before the initiation of ischemia, and continuing 6 h after initiating ischemia. The jejunum was placed inside
the abdominal cavity between measurements in order to maintain a stable temperature, reduce
exposure to the environment and loss of humidity. A 50 mV AC RMS signal was applied
across the electrodes while sweeping the frequencies from 100 Hz to 1 MHz in 41 steps. The
resulting current was measured and the impedance calculated.
2.5. Electrical properties

The Solartron 1260/1294 setup was used to measure the impedance [Z] (1).
(1)
Z = (R2 + (XL − XC )2) [Ohm]
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Table 1. Notation explanation.

|Z|
Z′
Z″
j
ω
C0
ε(ω)
ε′(ω)
ε″(ω)
R
XL
XC

Impedance modulus
Real part of Z
Imaginary part of Z
Notation for an imaginary value. j2  =  −1
The angular frequency (2πf  )
The capacitance with no dielectric between the electrodes
Complex permittivity (absolute)
Dielectric constant. Lossless permittivity (ε′).
Loss factor. Dielectric loss (ε″).
Resistance
Inductive part of reactance
Capacitive part of reactance

|Z | is dependent on the cell-constant (geometric relation between electrode area and distance,
affecting the measured impedance) in the electrode setup. To get cell-constant independent
values one can either calibrate using the electrode setup in a medium with known resistivity,
or use ratio parameters like the ‘phase angle’ (tan ϕ) or the ‘loss angle’ (tan δ ) like we did in
this experiment. Based on a two-electrode setup, we use R and X(C, L) (table 1) to calculate the
components of complex permittivity (2)–(4) [ε].
ε(2)
(ω ) = ε′(ω ) − jε″(ω ) [F m−1]
−Z ″
′(ω ) =
[F m−1]
ε(3)
C 0 (Z ′ 2 + Z ″ 2 ) ω
Z′
[F m−1]
ε(4)
″ (ω ) =
C0(Z ″ 2 + Z ″ 2 )ω

Permittivity describes the ability of a material to be polarized by an external electric field. Tan δ
(5) is the ratio between the real and the imaginary part of the permittivity. As we see from
formulas (3) and (4), tan δ is also the ratio between Z′ and Z″ when using a two-electrode setup (5).
ε″
Z′
tan
δ=
=
[Dimensionless]
(5)
ε′
Z″

Tan δ describes the ability of the tissue to absorb some of the energy in the applied AC signal.
Note that δ is the ‘in-phase component divided by the out of phase component’ and that ϕ
is the ‘out of phase component divided by the in-phase component’. The ‘phase angle’ most
commonly used in immittance texts describe tan ϕ. The relationship between them can be
expressed as δ  =  90°  −  ϕ (Grimnes and Martinsen 2015).
2.6. Computer-based simulation

COMSOL Multiphysics 4.3 (Comsol Group, Sweden) was used to estimate the current density
distribution and thereby the sensitivity area of the two-electrode setup on the small intestine
in a 2D model. Initially a 3D model was chosen, but as the same result was achieved with a
2D model, with reduced computational complexity, we chose to present the 2D results. 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)
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Figure 4. Layer structure of the COMSOL Multiphysics 2D model of the small

intestine.

(Andreuccetti et al 2000), which uses data from Gabriel and Gabriel (Gabriel and Gabriel
1996). The layer structure of the computer-based model is shown in figure 4
2.7. Histology

To assess histopathologic ischemic changes, full-thickness biopsies (30 mm  ×  5 mm) were
taken after 6 h of ischemia from the ischemic area and control area from pig nos. 2 and 4. The
biopsies were fixated overnight in 10% formalin. The samples were then mounted in paraffin
wax, and histological sections were stained with haematoxylin and eosin (H&E) and reviewed
by one pathologist (HMR).
2.8. Statistical analysis

Of the total of 349 measurements from the seven pig experiments, 11 of the measurements
(3%) were removed from the dataset due to measurement error. The data set was analysed
by looking at the frequency dependent variation in the total data (both control and ischemic), investigating tan δ. Testing of hypothesis 1 was performed using a linear mixed effects
model (LME) to account for the effect of repeated measurements and longitudinal data
(Ma et al 2012). Factors: CASE (ischemic or not, Boolean fixed effect); TMIN (total duration
in minutes, scaled fixed effect); SEX (Boolean fixed effect); WEIGHT (scaled random effect);
and OP (pig subject, random effect). REP was used as the repeated measurements variable.
TAN_D (31.6 kHz) was used as the dependent variable. All possible interactions were included
in the model. The linear mixed model was run in SPSS version 20.0 (IBM Software, USA).
To assess the time intervals where the ischemic data starts to differ significantly from the
control data, pairwise multiple comparison with Sidak correction was used.
In order to test hypothesis 2 and assess the prediction interval, Matlab R2014b was employed
to fit an LME to the ischemic data. DURATION was used as the independent variable, TAND
as a fixed effect, and PIG as a random effect with random slope and intercept. The populationwise prediction and the 95% confidence interval was constructed using the predict() function
in Matlab, and 95% prediction intervals were determined using the observation-error variance
and the fixed and random effects covariance’s from the model fit.
3. Results
The animals were all hemodynamically stable during the 6h observation period in the seven
experiments.
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Figure 5. (X and Y axis in mm). 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.

3.1. Computer-based simulations

At 100 Hz most of the current passes along the serosa, while at 1 MHz most of the current
passes through the central part of the intestine (figure 5). At 31.6 kHz the current density is
highest in the outer layers, but some current is passing through the central part of the intestinal
model.
3.2. Impedance measurements

The mean measured impedance in the control intestinal tissue (figure 6) in the seven pigs has
a small increase initially during the first hour, before decreasing over time.
The mean impedance in the ischemic tissue increased during the first 30 min of ischemia,
before starting to decrease (figure 7). The decrease in overall impedance in the duration of the
experiment was larger in the ischemic tissue than in the control tissue. The largest variation
in impedance as a function of ischemic time was at the lower frequencies. There was little
change in the mean impedance from 3–5 h of ischemia.
The mean phase (ϕ) in the control tissue (figure 8) had little variation over the 6 h duration
of the experiment. The phase has a dispersion (frequency dependence according to relaxation
theory) centred around 1 kHz.
The mean magnitude of the phase in the ischemic tissue started to decrease in the 1 kHz
range, minutes after initiating ischemia (figure 9). At the lowest frequencies, we have an initial
drop in phase before a gradual increase. At the higher frequencies, we have an initial increase
before a gradual drop. The main contributor initially to the decrease in phase was the increase
in LF resistance, but over time, the increase in capacitance dominates.
Tan δ (control) has an initial dispersion around 11 kHz (figure 10). The control remains
around that characteristic frequency (  fc) for the 6 h duration of the experiment for all seven
pigs. There is a small gradual increase in the absolute value during the experiment, indicating
a drift.
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Figure 6. Impedance (| Z |) [ohm]—control. Each line shows the mean with 95%

confidence interval of seven measurements (one from each pig) in the same time
window (±8 min of the selected hour).

Figure 7. Impedance (| Z| ) [ohm]—ischemia. Each line shows the mean with 95%

confidence interval of seven measurements (one from each pig) in the same time
window (±8 min of the selected hour).

In figure 11 we see that the mean absolute value of tan δ in the ischemic tissue has an LF
increase, and a high frequency (HF) decrease during the first 30 min of ischemia. The fc drops
from 11 kHz to approximately 8 kHz during the first 30 min of ischemia. After 1 h of ischemia
the fc has dropped to approximately 6 kHz. For the duration of the experiment the fc and the
absolute value of tan δ is gradually increasing. There appears to be less change in the absolute
value of tan δ in the time interval of 3–5 h of ischemia. Compared to the evolution of impedance and phase ischemic data, the tan δ parameter showed a more linear relation to ischemic
duration, and therefore this parameter was used to assess the detection of ischemia and the
prediction of its duration.
Based on the initial analysis of variance as a function of frequency in the total dataset
(ischemia  +  control) we found that tan δ had the greatest variation over time around 31.6 kHz.
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Figure 8. Phase (ϕ) [deg]—control. Each line shows the mean with 95% confidence
interval of seven measurements (one from each pig) in the same time window (±8 min
of the selected hour).

Figure 9. Phase (ϕ) [deg]—ischemia. Each line shows the mean with 95% confidence
interval of seven measurements (one from each pig) in the same time window (±8 min
of the selected hour).

We compared the control and ischemia data (figure 12) at 31.6 kHz. We found a significant
difference between the tan δ of the control and ischemic small intestine after 2 h.
3.3. Hypothesis testing

Using LME to test hypothesis 1, the null hypothesis was rejected. The tan δ in the ischemic
tissue was significantly different from the control at 31.6 kHz ( p  <  0.0001). We found that
SEX and its interactions did not have an influence on the variation in the measured tan δ, while
WEIGHT had a small but not significant influence on the variation. Using LME with 95%
confidence intervals and 95% prediction intervals to test hypothesis 2, the null hypothesis was
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Figure 10. Tan δ (dimensionless)—control. Each line shows the mean with 95%

confidence interval of seven measurements (one from each pig) in the same time
window (±8 min of the selected hour).

Figure 11. Tan δ (dimensionless)—ischemic. Each line shows the mean with 95%
confidence interval of seven measurements (one from each pig) in the same time
window (±8 min of the selected hour).

rejected. Figure 13 shows the extent of prediction possible based on the current data set. While
the intercepts have little variation, there is more variation between the slopes, increasing the
uncertainty of the prediction.
3.4. Histopathology

Sections of the ischemic jejunum (figure 14, right), showed mucosal necrosis with hemorrhage and loss of surface and crypt epithelium, with some remaining, partly necrotic epithelial
cells in the basal portion of the crypts. The muscularis mucosae appeared mainly intact, but
the submucosa and subserosa appeared edematous. There were no definite morphological
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Figure 12. Tan δ—control versus Ischemic small intestine at 31.6 kHz. Each box plot

is based on the mean of seven measurements at the same frequency in the same time
window (±8 min of the selected time interval), and are presented as mean, quartiles and
range. Pairwise multiple comparison with Sidak correction was used to calculate the
p values. **p value  <  0.01, ***p value  <  0.001.

Figure 13. Ischemic duration versus tan δ for all seven pigs at 31.6 kHz. Based on an
LME model, the predicted duration is shown in the black line, with a confidence interval
of the mean (dashed lines), prediction interval of the fixed effects (dash-dot lines), and a
prediction interval including both the fixed and random effects variance (dotted lines).
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Figure 14. Left: cross section of perfused porcine jejunum wall with structures marked.

Right: cross section of porcine jejunum wall after 6 h of warm full mesenteric occlusion
ischemia, showing hemorrhage and loss of surface and crypt epithelium.

Figure 15. Left: perfused porcine subserosa (after 6 h experiment) with acute peritonitis

and edema in pig 2 (a) and pig 4 (c). Right: porcine subserosa after 6 h of full mesenteric
occlusion ischemia, showing edema in the subserous layer in pig 2 (b) and pig 4 (d).
(a) Control tissue. (b) Ischemia. (c) Control tissue. (d) Ischemia.

signs of ischemia or necrosis in the smooth muscle of the muscularis propria. Sections of
perfused (control) jejunum (figure 14, left) showed normal-appearing mucosa, submucosa and
muscular layers but there were signs of peritonitis with infiltration of neutrophils in the serosa
and subserosa. This is to be expected as a consequence of the surgical procedure, including the
induced ischemia in the nearby intestinal segment.
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The histological samples suggested more subserous edema in the ischemic segments compared to the perfused segments from both pigs (figure 15).
4. Discussion
We found that tan δ as a parameter can be used to indicate whether the jejunum is ischemic
or not, and that the time development of tan δ opens for the possibility of predicting ischemic
duration.
The serosa was selected as the site of measurement for three reasons. Firstly, we intended
to perform non-invasive measurements on the intestine, choosing a simpler approach than
having a probe inside the lumen. Secondly, we estimated that if the current passes through the
multi-layered thin structures of the small intestinal wall from one side of the intestine to the
other, the measurements can be sensitive to ischemic time-dependent changes in the various
layers, as these occur at different time intervals. Thirdly, it is estimated that approximately
70% of the blood flow in the intestinal tissue occurs in the mucosal and submucosal layers
(Gore and Bohlen 1977). Experimental studies have shown a strong correlation between submucosal and subserosal blood flow (Mishima et al 1979, Ahn et al 1985), and this has been
verified in human studies (Karliczek et al 2010). Extensive mucosal damage does not consistently result in bowel infarction (Brolin et al 1997). Brolin et al suggested that microcirculation
measurements should be conducted on the serosal side. According to Sleisenger et al from the
onset of ischemia the serosa and the underlying connective tissue will show early congestion
of blood (hyperaemia), with diffuse hemorrhage developing in conjunction with a variable
leukocyte infiltrate (Sleisenger et al 1993).
When comparing the tan δ of the control versus the ischemic tissue at 31.6 kHz, we found
that the difference was statistically significant (figure 12) after 2 h. At lower frequencies
(1 kHz) we found significant change as early as after 30 min of ischemia (figures 9 and 11).
The absolute value of tan δ started with an LF increase during the first 30 min of ischemia
(figure 11). Thus the LF resistance (R) is increasing more than LF reactance (X ). Possible
physiological causes can be the increase in LF resistance due to the closing of gap junctions
between the mesothelial cells of the serosa. This is a monolayer, where all cells have gap junctions to adjacent cells in the longitudinal plane. Another probable cause for early increases
in LF R is the narrowing of extracellular pathways, as the cells begin swelling after the onset
of ischemia (Grimnes and Martinsen 2015). During the first hour we see a decrease in tan δ
fc, before the fc starts increasing during the rest of the experiment. The absolute value of tan
δ continues to increase during the 1–3 h duration of ischemia. With the early degeneration of
the villi followed by necrosis of the low conductive mucosa (Gabriel and Gabriel 1996) we
estimate that it contributes to a decrease in HF X as the cross intestinal vascular permeability
increase with failing membranes in the villi. Between 3–5 h of ischemia there appears to be
a plateau where there is but a small increase in tan δ. From 5–6 h of ischemia there is a large
increase in tan δ. The plateau and sudden increase in tan δ indicates that after a period with
little physiological change from 3–5 h of ischemia, there is a physiological change that starts
after approximately 5 h of ischemia.
The effect of ischemia in the small intestine electrically result in variations in the ratio
between R and X, with R increasing early on more than X. Over time, the capacitance increases,
resulting in a drop in X. Thus tan δ is an ischemia relevant parameter. We found that we
could use the tan δ values to predict ischemic time duration (figure 13). The variation in tan δ
response to ischemic time between individual pigs (slope) is a major contributor to increased
uncertainty with higher absolute values of tan δ and increasing ischemic time. We estimate
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that having a larger dataset based on more experiments will allow us to predict ischemic time
with higher accuracy.
Assessing the impedance in comparison to the tan δ parameter (figure 7), we observe in
the ischemic tissue an initial increase for about 30 min, followed by a gradual drop during
the rest of the experiment over the whole frequency spectrum. One probable cause is congestion and the formation of extracellular edema. Ischemia promotes 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 extravascular fluid leakage. There are several parallels between tissue responses to ischemia and
acute inflammation (Eltzschig and Collard 2004). In acute inflammation, there is also a dilation of the microvasculature, blood pooling in main vessels (Guan et al 2009), and a gradual
increase in microvascular permeability over time (Gorey 1980). When studied by computed
tomography or angiography, an important indicator of ischemia in the small intestine is the
thickening of the intestinal wall (Macari and Balthazar 2001). As the intestinal wall remained
intact during the experiment, and the ischemic model only stopped mesenteric arterial and
venous flow (figure 1), there was some intramural collateral flow. The assumed effect is that
there is a trickle of circulated blood, and that the vascular mechanisms are not completely
shut off (Haglund 1994). This opens for the development of edema in the ischemic part of the
tissue. Radhakrishnan et al (2007) found the effect of small intestinal extracellular edema to
be a decrease in measured impedance. In more homogenous tissues such as skeletal muscle,
we expect to see a prolonged increase in LF impedance, due to the increase in resistance over
several hours as a function of ischemia, before the cell membrane functions are reduced to
the extent that the decreasing effect on the overall impedance is larger than the increasing
effect due to the narrowing of extracellular pathways (Schafer et al 1999). In the ischemic
small intestine, where there is some intramural collateral flow, the effects of ischemia are
first an abrupt increase in impedance (assumed to be the closing of gap junctions), followed
by a gradual drop in overall impedance (assumed to be due to the edema, and the increased
capacitance with cell swelling).
To the best of our knowledge, only two other studies have reported the use of bioimpedance
measurement in vivo on the serosal side of the small intestine. Carey et al (1964) measured
for 15 min after the onset of ischemia on the serosa in vivo on dogs, using a three-electrode
setup on one side of the intestine, on the serosa, and found an increase in impedance. The
initial increase in impedance corresponds to our findings. Matsuo et al (2004) used a twoelectrode probe on one side of the intestine of rats, measuring on a small part of the serosa.
They measured a gradual drop in the frequency dependent peak tan δ value during the 120 min
the experiment lasted. The reason why Matsuo et al measured a reduction in the tan δ peak
value might be related to the sensitivity volume of the coaxial probe they used. We used much
larger electrodes (9 mm diameter) and placed the intestine between them. In comparison to the
more homogenous skeletal muscle, the small intestine consists of thin multi-layered structures
with varying time responses to ischemia. The 2D COMSOL model of the frequency-dependent current distribution in the small intestine (figure 5), indicates that we have an estimated
frequency-dependent concentration of the current density that could allow us to select if we
want to investigate changes in the outer or inner layers of the small intestine. At LF the cur
rent mainly passes through the serosa and subserosa. At HF the current mainly passes through
the centre of the small intestine. When observing the initial change in LF tan δ during the
first hour of ischemia, and comparing it with the sensitivity contribution based on the 2D
COMSOL model, we get an indication that the early (0–30 min) physiological changes occur
in the outer layers of the small intestine.
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There was a drift in the impedance in the control tissue with a gradual reduction over time.
Histologically, the number of leukocytes in the subserosa of the control jejunum is consistent
with early acute peritonitis (figure 15, left). The inflammatory response leads to vasodilatation, increased capillary permeability, and edema (Sleisenger et al 1993). It is common to
find some degree of peritoneal inflammatory response, at least focally, in surgically removed
bowel segments. This inflammatory response is a probable cause for the drift in impedance
in the control tissue. Interestingly, there was only a very small corresponding drift in the tan
δ (figure 11), indicating that the relationship parameters (tan δ/tan ϕ) might be more stable as
in vivo parameters.
Due to peristalsis, the geometry in the tissue under measurement varies. The contractions
can be observed electrically as increases in impedance, and it is one source of variation in the
measurements. When the abdomen is first opened, the small intestinal surface is moist from
serous fluid. During the experiment, the abdominal cavity is filled with extracellular fluid. To
ensure that the intestines were moist, and not wet, during measurement, a sterile cloth was
pressed gently against the side of the intestine before measuring. Carey et al washed the small
intestine in fresh water before measuring to get more stable results, but we omitted this in
order to avoid additional irritation of the intestine and increased variation in measurements
(Carey et al 1964).
Porcine models simulate clinical practice more closely than smaller animals (Yandza
et al 2012). The small intestine appears to be one of the organs in the body that is designed to
withstand a certain extent of ischemic insult. We chose a 6h duration for the ischemia based
on similar experiments (Cheung et al 1992). According to Cheung et al, irreversible ischemic
damage to the small intestine in porcine models occurs after approximately 6 h (they used
piglets). Based on the macroscopic intra-operative assessment and the histological evaluation alone, it was not possible to determine whether the intestine might still be viable at 6 h
of ischemia. As a whole, the intestine appeared viable, as necrotic mucosa can regenerate.
However, the true degree of ischemic damage to the smooth muscle is difficult to assess,
as it may take many hours for the cells to develop morphological changes visible by light
microscopy. According to Gheorghiu and Gersing ‘it is proven that the limit of tissue viability,
though dependent on the temperature, tissue type and energy reserves, is far earlier than any
dramatic cellular changes’ (Gheorghiu and Gersing 2002).
To achieve irreversible ischemic damage to the small intestine, we estimate that we have
to increase the duration of the experiment to approximately 8 h with warm ischemia. To be
certain we would need a postoperative period of 48 h with monitoring and reassessment.
Additionally, we should investigate occluding the intramural blood supply, to investigate the
effect of intramural collateral flow on the impedance parameters. This could be done by creating a volvulus simulation. The end goal is to be able to assess intestinal viability, but further
testing is necessary in order to assess the electrical changes of the time-range where viable
tissue turns non-viable, and to investigate the time development of the electrical parameters
during reperfusion. We also plan a study using multivariate data analysis on a large dataset, to
assess the prediction ability for ischemic duration with tan δ as the dependent variable.
5. Conclusion
In the present study, we found that tan δ measured at 31.6 kHz on porcine jejunum can be used
to assess whether the tissue has been ischemic for more than 2 h when comparing perfused
jejunum versus control jejunum. Investigating other frequencies, we see changes in impedance parameters as early as 30 min after the onset of ischemia. Tan δ as a dependent variable
looks promising in predicting ischemic time duration.
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