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Abstract

Ischemia is a condition of decreased tissue viability caused by a lack of perfusion
which prevents the delivery of oxygen and nutrients to biological tissue. Ischemia
plays a major role in many clinical disorders, yet there are limited means by which
tissue viability can be assessed. The long-term objective of this research is to de-
velop a non-invasive or non-contact instrument for quantifying human tissue ischemia.
Skeletal muscle ischemia is evaluated at this stage because skeletal muscle is easily
accessible, its ischemia represents a clinical problem, and it can endure short periods
of ischemia without su ering permanent injury. The ischemia monitor designed for
this study is based on impedance spectroscopy, the measurement of tissue impedance
at various frequencies. This study had three major goals.

The rst goal was to improve upon the design of an existing ischemia monitor to
achieve optimal system performance in a clinical environment. Major considerations
included electrode sterility, instrument mobility, and electrosurgical unit interference.

The second goal was to collect both impedance and pH data from human subjects
undergoing tourniquet surgeries that induce skeletal muscle ischemia and result in
changes of the tissue’s pH and impedance. The average recorded pH during ischemia
was 0.0053 pH units/minute and the average change in Ry was -0.1481 /minute.

The third goal was to establish a relationship between parameters of tissue imped-
ance and pH utilizing neural networks. This goal was accomplished in three stages.
First, the optimal neural network type for classifying impedance data and pH val-
ues was determined. Based on the results, the backpropagation neural network was
utilized for all subsequent work. The input parameters of the neural network were
optimized using previously collected data. The number of inputs to the previously
developed neural network were reduced by 35% (13/20) with a maximum of a 3%
reduction in neural network performance. Finally, the neural network was trained
and tested using human impedance and pH data. The network was able to correctly
estimate tissue pH values with an average error of 0.044 pH units.

As a result of this research the ischemia monitor was improved, a methodology
for the use of the instrument in the operating room was developed, and a preliminary
relationship between parameters of impedance spectra and pH was established. The
results of this research indicate the feasibility of the instrument to monitor both
pH and impedance in a clinical setting. It was demonstrated that impedance data
collected non-invasively could be used to estimate the pH and level of ischemia in
human skeletal muscle.
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Chapter 1

Problem Identi cation

Ischemia is a condition of decreased tissue viability caused by a lack of perfusion lim-
iting the delivery of oxygen and nutrients to the tissue. This causes both physiological
and biochemical changes in the tissue. Ischemia plays a major role in many clinical
disorders, yet there are limited means by which tissue viability can be accurately
assessed. Methods available for ischemia determination include pH measurements,
magnetic resonance imaging, laser Doppler, uorescin staining, tissue temperature,
visual inspection and other techniques that will be discussed in Chapter 4. However,
none of these methods meet the criteria of an \ideal" ischemia monitor which would
be [1]:

Harmless to the patient Harmless to the tissue
Simple Portable

Stable Accurate and Reliable
Quanti able Rapid response time
Universally applicable Inexpensive
Continuous mode capable Discrete mode capable

Devices that monitor ischemia and tissue viability would be valuable during sur-
gical procedures as well as for regular diagnostic purposes.

1.1 Medical Conditions

There are numerous cases both in surgical and non-surgical situations where skeletal
muscle ischemia may occur. Surgical situations in which skeletal muscle ischemia
may occur include \bloodless™ hand surgeries, microvascular transplantation of free
aps, and cardiac catheterization. Some non-surgical instances in which skeletal
muscle ischemia may occur include compartment syndrome and diabetic foot. In
many of these cases irreversible tissue damage may occur due to the lack of medical
instrumentation capable of early detection/monitoring of ischemia level.



Bloodless Hand Surgery

The soft tissues of the hands and feet are extremely well perfused. Therefore, when
surgery is performed on either the hands or feet, it is advantageous to limit the blood

ow to the tissue during the operation so that \bloodless surgery' can be conducted.
During \bloodless™ hand surgery, a tourniquet is applied to the upper arm to restrict
blood ow and provide a \bloodless" eld for the surgical procedure. The application
of the tourniquet for short periods of time induces mild reversible ischemia, but if left
in place for too long, permanent tissue damage can result. Therefore, if the surgery
lasts longer than an hour and a half, the surgeon has to de ate the tourniquet and
reestablish blood ow to the limb. Then, after a period of approximately fteen
minutes, the surgery can be resumed. Many studies have been conducted in order to
determine the appropriate length of time that the tourniquet can be left in place, but
no time limit has been universally accepted [2]. In order to prevent permanent tissue
damage and ensure appropriate use of the tourniquet while enabling the surgeon to
extend the duration of the procedure to the safe maximum, an instrument that could
quickly, conveniently, and continuously monitor ischemia throughout any procedure
in which a tourniquet was employed would be of great value.

Microvascular Transplantation of Free Flaps

In the microvascular transplantation of free aps (removing tissue from one part of the
body to another for purposes of reconstruction [3]), a healthy tissue ap is removed
from its original site, and attached in the area of reconstruction. The arteries and
veins from the tissue ap are then connected to those in the area of reconstruction
to ensure proper blood supply to the tissue. There is, however, a chance that an
artery or a vein will become occluded and ischemia will ensue. Ischemia occurs in
approximately 5 to 15 percent of surgeries, causing failure of the transplant in the
majority of these cases. If ischemia is detected early, corrective measures can be taken
and an estimated 75% of these aps can be saved [4], yet an inexpensive, reliable, and
e ective ischemia monitoring device that could detect the early onset of ischemia in
these cases is not yet clinically available. Preliminary work described in Section 1.2
has produced excellent results but requires an indwelling invasive probe.

Cardiac Catheterization

Cardiac catheterization is a common procedure by which a catheter is inserted into
the femoral artery and then threaded through the aorta into the heart. The catheter,
however, can cause problems by obstructing or slowing down the blood ow to the leg
especially in a patient with a swollen or partially obstructed femoral artery [5]. The
obstruction of blood ow may induce ischemia in the leg and during long procedures
can lead to tissue degradation. Presently, due to the complexity of the operation
and dangers associated with cardiac catheterization, almost no attention is paid to
the condition of the leg, so problems due to ischemia in the leg frequently go unde-
tected. There is no ischemia detection/monitoring device which will detect the onset



of ischemia in the leg during cardiac catheterization.

Compartment Syndrome

Compartment syndrome results from an increase in pressure within a con ned space
that leads to micro-vascular compromise, ischemia, and ultimately cell death [6].
Compartment syndrome can occur wherever there is a compartment that restricts the
tissues ability to swell outward, resulting in increased pressure and reduced perfusion
within the compartment. Regions of the body susceptible to compartment syndrome
are: hand, forearm, upper arm, abdomen, buttock, and entire lower extremity [7].
If compartment syndrome remains untreated, it leads to tissue necrosis and may
necessitate amputation of the a ected tissue. An ischemia monitoring device could
facilitate the early detection of compartment syndrome allowing measures to be taken
to correct the problem.

Diabetic Foot

Diabetic foot is a condition found in diabetics where decreased peripheral circulation
and nerve sensation leads to chronic foot ulceration and bacterial infection. There
are three main factors which contribute to diabetic foot: neuropathy, ischemia, and
infection [8]. Twenty- ve percent of diabetic individuals su er from diabetic foot,
and 1 in 15 have problems necessitating amputation [5]. Presently, diabetic foot
is monitored strictly by visual and tactile observations. There is no quantitative
evaluation of ischemia that would enable more accurate monitoring and improved
care for patients su ering from diabetic foot.

These examples illustrate a few of the clinical situations that could bene t from
a non-invasive, inexpensive, quantitative, small, and accurate ischemia measure-
ment/detection device.

1.2 Previous Contributions

This project is part of an ongoing collaboration between Worcester Polytechnic In-
stitute (WPI) and the UMass Memorial Medical Center (UMMC). One manner in
which tissue viability and ischemia can be detected is by monitoring tissue pH. George
Gumbrell, a WPI M.S. student, developed and tested a device in clinical studies that
monitors tissue pH [9]. There are two drawbacks of the pH monitoring device, are
that invasive techniques are used (surgical implantation) and problems with stability
reduce the accuracy of the readings. Borislav Ristic, a WPI Ph.D. student, developed
an ischemia monitoring device based on impedance spectroscopy and tested it on rab-
bits using needle electrodes [5]. Ristic’s device relates tissue impedance parameters
to pH so that results are quanti able and easy to understand. Ristic’s experiments
with non-invasive electrodes were not successful. Analysis of his results led to an
investigation to determine a measuring methodology and the best electrodes for use



in clinical situations where a non-invasive system is desirable. A measurement and
calibration protocol was developed and non-invasive electrodes were identi ed that
minimized the system’s noise and maximized the bandwidth [10]. Despite all of the
advancements towards the goal of developing a non-invasive ischemia detection de-
vice, a number of problems still need to be addressed. This thesis will focus on the
following problems:

Problem 1:

Measurements using impedance spectroscopy have been used to estimate skeletal mus-
cle ischemia in animal studies using needle electrodes. However, it has not yet been
proven e ective for non-invasive ischemia monitoring of skeletal muscle in humans.

Problem 2:

Systematically and non-invasively recorded impedance spectra and simultaneous tis-
sue pH recordings during long term ischemia studies on humans are unavailable. Such
data is necessary to further develop an understanding of skeletal muscle response to
ischemia.

Problem 3:

Quantitative correlations between parameters of human tissue impedance spectra and
tissue pH have not been established. While testing di erent types of non-invasive
electrodes on human subjects it was observed that the relationship between the pa-
rameters of impedance spectra and pH, established during the animal studies, were
inadequate for human tissue analysis.



Chapter 2
Speci ¢ Aims

The long term goal of this research is to develop a non-invasive instrument for quan-
tifying human tissue ischemia based on impedance spectroscopy. Previously, a real
time continuous ischemia monitor was designed and tested on rabbit models. The
instrument and measurement methodology, however, were not developed for practi-
cal clinical applications. The project focused more on proving the basic principles
and hypotheses of the research and less on achieving fully accurate instantaneous
clinical ischemia measurements [5]. The present goal of this project is to solve the
most important problems that relate to the use of the instrument for practical clin-
ical applications. The aims of this Master’s thesis research are to conduct clinical
studies, collect data, and develop an algorithm based on arti cial neural networks
that will estimate the tissue pH based upon real-time non-invasive tissue impedance
measurements. In more detail, the speci ¢ aims are:

Prepare the instrument for clinical studies:

1. Identify and perform software and hardware modi cations to ensure ability
to collect pH and impedance spectra (simultaneously) in a clinical envi-
ronment.

2. Determine appropriate pH electrodes and sterilization techniques, as well
as calibration procedures.

3. Make the instrument compatible with clinical and safety standards.
Conduct clinical studies and collect data:

1. Develop a protocol for data collection.

2. Record pH and impedance spectra data from a minimum of 15 \bloodless"
surgeries conducted at the UMass Memorial Medical Center.

Analyze the data:

1. Develop signal/data preprocessing (smoothing, Itering and data extrac-
tion) algorithms as necessary.

2. Determine the optimal set of impedance inputs for neural network analysis.



3. Determine the type of neural network that will provide the best relation-
ship between predicted pH and actual pH based upon input impedance
parameters.

4. Train the neural network.

5. Test the neural network on data di erent from that which was used for
training.

The achievement of the above aims will result in a novel algorithm for muscular
tissue pH estimation based on impedance measurements and extraction of impedance
spectra parameters. This will constitute a signi cant advancement towards the goal of
developing a non-invasive real-time ischemia measurement device based on impedance
spectroscopy.



Chapter 3

Hypotheses and Research
Approach

Tissue pH is highly correlated with levels of ischemia and tissue viability [11,12,13,14].
Thus, devices have been made that monitor levels of ischemia by directly determining
the tissue pH. Unfortunately, pH monitoring involves invasive procedures that require
the implantation of a pH probe into the tissue. In addition, such measurements only
e ectively measure local pH values which are a ected by the implantation and are
not necessarily representative of large regions of tissue. A device has been designed
to monitor ischemia based on the measurement of tissue impedance parameters [5].
This method, however, has only been utilized to monitor ischemia in rabbit muscular
tissue using invasive needle electrodes. During that study, a qualitative relationship
was determined between the parameters of impedance spectra and the pH in skeletal
muscle during ischemia.

3.1 Major Hypotheses

The central hypotheses of this research are that:

1. Bloodless extremity surgeries provide a good model for studying the e ects of
ischemia on skeletal muscle tissue.

During bloodless surgeries a tourniquet is employed to cut o circulation to the
extremity and induces controlled ischemia.

2. Tissue ischemia can be monitored using non-invasive impedance measuring tech-
niques.

Our preliminary studies [10] indicate that with proper non-invasive electrodes
and calibration we can achieve impedance measurements with accuracies similar
to those seen using invasive techniques.

3. There is a stable and consistent relationship between pH and parameters of
impedance spectra of human skeletal muscle.



This hypothesis is supported by the work done by Borislav Ristic where he
demonstrated a relationship between pH and impedance of rabbit skeletal mus-
cle using invasive techniques [5].

. Arti cial neural networks can be utilized to generate algorithms for estimating

the pH of the tissue based on parameters of tissue impedance spectra.

This hypothesis is supported by an abundance of literature on medical appli-
cations for arti cial neural networks [15]. As well as by the success of Ristic’s
work with animal models [5].

3.2 Research Approach

The hypotheses will be investigated and the aims evaluated by following a well de ned
research approach. This research approach is illustrated in Figure 3.1 and explained
in detail below.

1.

Explore relevant research: The rst step is to determine what the previous
researchers in the elds of both impedance spectroscopy and pH monitoring
have accomplished. In addition, a general review of research relative to the
eld of interest will be conducted.

. Problem identi cation: Based on the research of previous investigators as well as

available literature, determine the speci ¢ problems that exist in the identi ed
eld. Refer to Chapter 1 for a detailed explanation of the problem we hope to
address with this research.

De nition of aims: Evaluate the problems and decide which problems should
be addressed in the project and to what extent they should be pursued.

Develop a surgical model: Determine operative situations and protocols that
will be ideal for instrument evaluation and data collection (bloodless arm and leg
surgeries) through consultation with physicians/surgeons at the UMass Memo-
rial Medical Center (UMMC).

Ensure compatibility with clinical and safety standards: Modify software and
hardware to ensure ability to collect pH and impedance data simultaneously.
Gain approval from the Department of Clinical Engineering at UMMC to ensure
the electrical safety of the instrument in a clinical environment.

Determine and test appropriate pH electrodes: Test the desired electrodes in
vitro to determine appropriate calibration characteristics and determine the ap-
propriate sterilization techniques for the electrodes (consult with Central Sterile
at UMMC and electrode manufacturers).

Develop a protocol for data collection: Observe target surgeries and discuss
necessary instrument modi cations for ease of use in the operating room (OR).



8. Conduct clinical studies and collect data: Collect pH data and impedance spec-
tra from a minimum of 15 \bloodless" surgeries conducted at UMMC.

9. Determine inputs for neural network analysis: Use test data to evaluate possi-
ble parameters, then use clinical data to evaluate the performance of di erent
impedance parameters and the overall e ectiveness of the neural network.

10. Determine neural network type: Determine the appropriate number of hidden
layers and the appropriate transfer functions to optimize neural network output.
Train the neural networks with a sample set of data, then evaluate the neural
networks using clinical data to determine which neural network will provide the
best relationship between estimated pH and actual pH.

11. Update the algorithm for pH extraction based on neural network results.

Following this research approach, the hypotheses and aims of this work will be
investigated. The research approach has numerous feedback paths, some of which
are identi ed in Figure 3.1. These paths enable use to use a dynamic process where
procedures and data analysis can be modi ed to satisfy the demands of the clinical
environment.



Explore Relevent Literature

v

Problem Identification

v

Development of a Surgical Model

v e

v

Software/Hardware Modifications
for Clinical & Safety Requirements

Determine & Test Appropriate

pH Electrodes

v

Develop Protocol for Data Collection

v

v

Patient Testing

Determine Inputs for Neural Networks

v

v

Testing Design Improvements

Determine Neural Network Design

v

Train and Evaluate Neural Network

v

< Update pH Estimation Algorithm >

Figure 3.1: Flowchart of research approach. The basic approach is

illustrated as are some of the numerous feedback loops.
For a more detailed explanation of the research approach

please refer to Section 3.2.
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Chapter 4
Background

In order to better understand the research problem, a number of areas need to be
investigated. These areas include the electrical and physiological properties of bio-
logical tissue, impedance spectroscopy, ischemia, ischemia detection techniques, pH,
and arti cial neural networks.

4.1 Tissue Ischemia

The goal of this project is to develop an instrument to non-invasively determine the
level of ischemia in human skeletal muscle. It is, therefore, important to have a
complete understanding of what ischemia is and how it a ects biological tissue and
its properties.

Ischemia is a condition of reduced oxygen and nutrient supply to the tissue due
to the constriction or obstruction of blood vessels. Ischemia forces the tissue to
function under anaerobic conditions. The most well known forms of ischemia are
ischemia of the heart (heart attack) and ischemia of the brain (stroke), however, all
normally perfused tissues can become ischemic. Di erent tissues respond di erently to
ischemia. Skeletal muscle can survive for a relatively long period of time in anaerobic
conditions. Myocardial muscle, however, can survive for only a few moments, and
the brain begins to die almost immediately. Our research focuses on ischemia in
skeletal muscle. Skeletal muscle ischemia was chosen for evaluation because skeletal
muscle is easily accessible, it can endure short periods of ischemia without causing
permanent injury, and its ischemia represents a clinical problem. We will observe the
e ects of ischemia during \bloodless" surgeries where, during the normal procedure,
a tourniquet is in ated on the upper portion of the limb causing reduced blood ow
and ischemia in the limb allowing the surgeon to perform delicate work in a bloodless

eld.

The tissue undergoes a number of metabolic changes during ischemia and anaer-
obic metabolism. In non-ischemic tissue, skeletal muscle primarily uses aerobic res-
piration where glucose is broken down into pyruvic acid and then, with O, present,
is converted into ATP in the mitochondria with CO, as a by product. The CO, is
then removed by the circulation of blood. During ischemia, there is a decrease in the
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Metabolite | Change due to Ischemia
Lactate Increases

pO, Decreases

Potassium | Moves into extracellular uid
pH Decreases

pCO, Increases

Sodium Moves into intracellular uid
Pyruvate | Increases

Table 4.1: Metabolite changes due to ischemia. Of special inter-
est in this study is the decrease of pH. Also, the sodium
shift from intracellular to extracellular leads to a shift
of uid volume from extracellular to intracellular (this is
important in the later evaluation of electrical properties
of tissue during ischemia as discussed in Section 4.2.3).

oxygen (pO, #) and glucose available to the tissue as well as a decrease in the removal
of carbon dioxide (pCO, ™) from the tissue due to inadequate blood- ow. As a result
of the decrease in pO,, the muscle employs an anaerobic metabolic pathway. In this
process glucose is broken down into pyruvic acid and then converted into lactic acid
and some ATP (less ATP is provided than with aerobic respiration) [16]. This leads
to a buildup of lactic acid which causes a decrease in the tissue pH.

Normally, when cells are at rest, they are not passive, but in an active state where
the physiological concentrations of molecules are maintained inside and outside of the
cell through the action of ion pumps [17]. This process requires ATP which is limited
during ischemia causing the ion pumps to fail. When the ion pumps fail, intracellular
and extracellular concentrations of important small molecules such as sodium (Na™),
potassium (K™*) and chloride (Cl ) shift, leading to abnormal ion buildups within
the cells. The change in metabolites caused by ischemia are summarized in Table 4.1.

4.2 The Electrical Properties of Tissue

Electrical events are integral to the function of healthy, living tissues. Everything
from the beating of the heart to nerve impulses are based on electrical phenomena.
Our work focuses on measuring the macroscopic electrical properties of tissue by
applying stimuli that do not interfere with cell polarization, and are of low intensity,
ensuring that the linear properties of the tissue are maintained.

4.2.1 Electrical Properties of Healthy Tissue

There are many di erences between the electrical properties of biological tissues and
the electrical properties of physical electronic circuits. The rst major di erence
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is that in biological tissues, ions are the main current carriers whereas in electrical
circuits the current results from the movement of electrons. Since ions are the major
charge carriers, the conductivity of biological tissue is highly dependent on factors
such as concentrations, e ective charge, di usion coe cients, and the types of ions
involved in the process [18]. In an electrical circuit, the current density does not
a ect the properties of the circuit (unless self heating becomes a problem, J > 100
1000A=cm?), and passive electrical circuits always obey Ohm’s Law. The linearity
of the tissue properties is considered to hold as long as the current injected doesn’t
exceed 1mA=cm? (this value is frequency dependent) [19]. In this project, only the
electrical properties of the tissue measured with a passive non-stimulating current
will be investigated.

Despite the di erences between the electrical properties of biological tissues and
those of electrical circuits, circuit models can be used to describe the electrical prop-
erties of biological tissue. The most common descriptors of the electrical properties
of biological tissue are complex impedance (Z) and dielectric properties (complex
permittivity, ) as described in Equation 4.1 and Equation 4.2.

Impedance:
Z=R+jX
R = RefZg = resistance of tissue, (4.1)
X = ImfZg = reactance of tissue,
j= 1

The impedance of biological tissue results from the interaction of an electrical
current with the tissue at the cellular and molecular level. The dielectric properties
of biological tissue are the result of the interaction of electromagnetic radiation with
the tissue at the cellular and molecular level [20]. Complex electrical impedance
measurements are better suited to de ning the electrical behavior on the macroscopic
scale than evaluations of the dielectric properties of the tissue [21]. Thus, for our
work, we will focus on the complex electrical impedance.

Permittivity:

" — n( + j (0
n _ - e . (4.2)
= relative permittivity of tissue,

"0 = out-of-phase loss factor.

The electrical behavior of biological tissues can be modeled with a series of nested
RC circuits where C is a pseudo-capacitance and is represented by a special constant
phase element as discussed by Cole & Cole [18]. It is referred to as a series of nested
RC circuits because of the intricacies of biological tissue at a molecular level. The
equivalent circuit is illustrated in Figure 4.1. The electrical resistance of the extra-
cellular space is modeled by the parallel resistance Rex. This resistance is equivalent
to the resistance measured at zero frequency denoted as Ry. The resistance of the
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Figure 4.1: Electrical model of biological tissue where Rex represents
the resistance of the extracellular space, Ri, represents
the resistance of the intracellular space and C represents
the membrane pseudo-capacitance.

intracellular space is represented by the R;,. The membrane pseudo-capacitance is
represented by the constant phase element C. At high frequencies the resistance of
the tissue can be de ned as the parallel combination of Rex and R;, and is denoted
as Rq.

Based on the circuit diagram and the Cole equation, the impedance can be deter-
mined [18] as illustrated in Equation 4.3.

_ Ro Ra
“T TGy
I =2 f = angular measurement frequency (4.3)

= characteristic time constant
= empirical dimensionless constant from 0-1

One way in which to visualize the impedance data is by plotting the resistance
against the negative reactance to obtain a Nyquist locus. As illustrated in Figure 4.2
the result is a semi-circle with a depressed center. In most electrical circuits is equal
to one, with the resulting center point of the locus lying on the real axis. When =1,
C as illustrated in Figure 4.1 acts strictly as a capacitance. In biological tissue s
less than one, typically 0.85, leading to the depression of the center of the locus below
the real axis. In these cases C no longer behaves strictly as a capacitance and behaves
as a pseudo-capacitance. The depressed locus is the result of the contributions of the
capacitive properties of the cell membranes.

In addition to visualizing impedance data with Nyquist plots, which allow both
the resistance and reactance to be viewed in one plot, the resistance and reactance
curves can be viewed separately. Figure 4.3 illustrates the resistance plotted against
the logarithm of the frequency from 10Hz to 10MHz. The reactance can be plotted
similarly and is illustrated in Figure 4.4.
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Negative Tissue Reactance

Z(1)

iZ(1)j

\

Ra Ro

Tissue Resistance

Figure 4.2: A typical Nyquist plot with the negative tissue reactance
ImfZg plotted against the tissue resistance RefZg.
Ro refers to the resistance measured at O frequency.
R, refers to the resistance at very high frequencies.
Z(1)refers to the impedance as a function of frequency
and jZ(1)j refers to the magnitude of the impedance.
( =2) is related to the depression of the center of the
locus.

15



Resistance (Ohm)

LN
o
I

w
o
I

Central dispersion
frequency

N
o
I

10

R1 |

0 . R Ll L
0.01 0.1 1 10

Frequency (kHz)

100 1000

10000
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Figure 4.4: A typical plot of tissue reactance ImfZg against fre-
qguency using the model illustrated in Figure 4.1. The
minimum reactance and the minimum reactance fre-
quency are illustrated.
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Figure 4.5: Typical dispersion regions for biological tissue. The
dispersion region below 1kHz, the region between
10kHz and 50kHz and the region above 100MHz.

In Figure 4.3 of tissue resistance vs. frequency, there is a region where the resis-
tance changes dramatically over a small range of frequencies. This area, corresponding
to a fast change in the tissue impedance, is known as a dispersion region. By expand-
ing the frequency range, three distinct dispersion regions can be observed in biological
tissue both in tissue impedance measurements and in measurements of the dielectric
constant [22]. Figure 4.5 illustrates the three dispersion regions: , , and

- The rst dispersion region is in the low frequencies, typically below 1kHz and
often at frequencies less than 10Hz. The change in impedance in this region is as little
as 1-2% and is the result of surface conductances, ion gates, and cell membranes.

- The second dispersion region typically falls between 10kHz and 50kHz for
muscular tissue and happens mostly due to the phenomenon of the cell membrane.
There are two major contributing factors to the dispersion, the shorting out of the
membrane capacitances and the rotational relaxation of biomacromolecules [23].

- The third dispersion region is usually at very high frequencies (above 100MHz).
This dispersion is caused by the sub-cellular components of the tissue and the water
relaxation of the tissue.
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Figure 4.6: The electrical model of the electrode-electrolyte inter-

face. E represents the half-cell potential. The R; and C

parallel combination represent the electrode-electrolyte
interface and R, represents the electrolyte resistance.

4.2.2 Characteristics of the Skin-Electrode Interface

For non-invasive tissue impedance measurements ECG electrodes consisting of a metal
electrode and an electrolyte gel that is a xed to the skin are used. Due to the ECG
electrode construction we need to address the electrode-electrolyte interface as well as
the electrolyte-skin interface properties and examine their potential in uences on the
results of our research. These two interfaces combined are considered to be the skin-
electrode interface. There are three major factors that a ect the overall skin-electrode
interface: 0 set potentials, polarization impedance and skin impedance.

The electrode-electrolyte interface can be modeled with four electrical compo-
nents: two resistances, a capacitance, and a half-cell potential (Figure 4.6) [24]. At
the electrode-electrolyte interface the two major causes of measurement inaccuracy
are o set potentials and the polarization impedance. When using electrodes of iden-
tical composition and manufacture the o set potential should ideally be zero. This is
rarely the case because conditions such as surface irregularities and electrolyte con-
taminants cause potential di erences ranging from microvolts to millivolts. This can
cause problems during AC impedance measurements because the o set potentials can
be large, unstable, and may overpower the desired signal [18].

Polarization impedance results when an alternating current is passed through the
electrode-electrolyte interface modulating the o set potential. This induces chemical
reactions that cause changes in the impedance of the electrode-electrolyte interface.

Although o set potentials and the polarization impedance are important factors
in the overall skin-electrode interface, the most in uential factor is the impedance of
the skin. The typical electrical model for the skin is a resistor in series with a parallel
combination of a resistor and a capacitor (Figure 4.7).

The impedance of the skin varies depending upon anatomical position due to the
di erences in sweat gland activity, thickness of the skin, moisture content of the skin,
and other related phenomenon. Two tissue layers characterize the electrical properties
of the skin: the epidermis and the dermis. The epidermis primarily determines the
impedance at frequencies below 100Hz. Above 100Hz, the capacitive properties of
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Figure 4.7: Electrical model of the skin. The parallel combination
of Ry and C represent the epidermis and R,y represents
the dermis.

the epidermis get shorted out (the epidermal reactance decreases) and the dermis
becomes the dominant source of the impedance at frequencies higher than 10kHz.
Due to this phenomena, the impedance of the skin decreases as frequency increases.

4.2.3 Electrical Characteristics of Ischemic Tissue

In order to determine the frequency range in which measurements should be recorded,
the electrical properties of healthy skeletal muscle as well as the properties of the
electrode-skin interface are considered. Additionally, the electrical properties of is-
chemic tissue are considered.

Most early research was conducted in the dispersion frequency range because
instruments were not available to thoroughly investigate the and region. Later
research heavily explored healthy tissue responses in those regions. The behavior of
ischemic tissue in the , , and regions has been explored [19] and the following
conclusions were made [5]:

During ischemia there is a shift in uid volume from the extracellular spaces to
intracellular spaces. This leads to increases in impedance at the low frequencies
due to the capacitive nature of the cell membranes. Thus, there is an increase
in impedance in the and dispersion regions due to ischemia.

The impedance at high frequencies (in or around the region) is relatively
una ected by ischemia, tissue excision, and tissue death. This is largely due
to the fact that the existence of cellular membranes does not a ect the high
frequency measurements.

The dispersion breaks down much more quickly than the dispersion (typi-
cally within a few hours after the onset of ischemia). The dispersion reacts
to environmental factors and various physiological processes as a consequence
of many di erent relaxation mechanisms.
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Based on the above evaluations of the three di erent dispersion regions, it was
decided that the region would be the most suitable for investigating the electrical
properties of ischemic tissue and obtaining accurate measurements.

A more detailed review of the e ects of tissue ischemia in muscular tissue within
the dispersion region follows. It has been shown that ischemia causes the resistivity
of muscle tissue to increase by as much as 30% almost immediately [5, 25] after the
onset of ischemia. The main reason for this increase in resistivity is the swelling of
the cells which leads to a decreased extracellular volume. This increase is primarily
manifested at the low frequencies because low frequency current cannot penetrate
the cell membrane. A number of studies demonstrate the increase in tissue resistivity
for up to 8 hours after the onset of ischemia before resistivity decreases due to the
breakdown of the cellular membranes [5, 25, 26, 27].

4.2.4 Electrical Properties and Anisotropy

Anatomically and physiologically, skeletal muscle is highly anisotropic. To evaluate
the anisotropic nature of muscular tissue, the properties of tissue at low frequencies
and the properties of tissue at high frequencies must be evaluated. At low frequencies,
the electrical properties of skeletal muscle are highly anisotropic - the transverse
impedance of muscle is much higher than that of the longitudinal impedance [28].
At high frequencies, anisotropy is less evident because the cell membranes are short-
circuited so the tissue impedance is relatively independent of tissue orientation and
is essentially equal to the impedance of the cytoplasm [29]. In order to minimize the
e ect of anisotropy on measurements of electrical properties of tissues, it is necessary
to use modeling techniques to decouple the sample geometry from the measured tissue
resistivity [30].

4.3 Techniques for Tissue Ischemia Monitoring

There are a number of di erent techniques for monitoring tissue perfusion/ischemia,
but none of them t the criteria of an \ideal™ ischemia monitor. According to Dunn [1]
an ideal ischemia monitor should comply with the twelve criteria listed in Table 4.2.
A comparative analysis of di erent ischemia measurement techniques is illustrated in
Table 4.2.

The basic principles of each measurement technique were reviewed and a summary
of the principles behind each technique are stated below [5]:

I. Doppler Monitoring

Doppler monitoring is based on the principle that sound changes frequency when
re ected o of moving objects, in this case, red blood cells. A miniature Doppler
probe is surgically implanted around the artery supplying blood to the a ected
tissue and then blood ow to the tissue is monitored. The drawbacks of this
monitoring method are that it requires a tricky surgical procedure to implant
the probe and the probe can sometimes occlude the artery inducing ischemia.
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Ideal Ischemia Monitor Characteristics

1. Non-invasive 2. Harmless to the tissue
3. Accurate and reliable (sensitive/speci c) 4. Able to provide rapid response
5. Simple (capable of being used by personnel) 6. Applicable to surface & buried tissues
7. Capable of continuous and/or discrete readings 8. Objective (quanti able)
9. Sensitive to arterial vs. venous compromise 10. Inexpensive
11. Stable during long studies (a few days) 12. Portable
Measurement Principle Ideal Monitor Characteristic #
L1213 TAT5TAIAT8[JTO[HIR
l. Doppler Monitoring N o A 1Al A
Il Laser Doppler A " il o o
I11.  Fluorescin Staining b " b b plp g 5
V. Transcutaneous pO, D D D plp D D
xl Transcutaneous pCO, plplp plp D D
. pH Measurements Aaln A A A A
VII. Duplex Scanning N NN il
VIII.  Angioscopy N o T
IX.  Arteriography 1 A NN " N
X. Impedance Measurements | | .| . | A | A g N
XI.  Impedance Spectroscopy | S |l nlml |l al |n; T
XIl.  MRI Di usion Mapping |~ |7 [T | © il "

Table 4.2: Char&cteristics of ischemia measurement techniques [5].
The = refers to a fully satis ed requirement, refers to
a partially satis ed requirement and a blank space refers
to an unful lled requirement.
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VI.

VILI.

VIII.

. Laser Doppler

Laser Doppler monitoring is a non-invasive procedure where a laser is used to
monitor blood- ow in the capillary bed of the tissue. The drawback to this
method is that the ow can only be measured to a depth of 1 to 2 mm.

Fluorescin Staining

In uorescin staining, the patient is injected with uorescin dye. Within approx-
imately thirty seconds the dye moves to all of the perfused portions of the body.
The body is then exposed to ultraviolet light which causes the uorescin to emit
a uorescent light. Areas that were not well perfused will exhibit a low level
of emitted light. Some limitations of this system are that it is not continuous,
guantitative, or easy to implement.

. Transcutaneous pO,

Transcutaneous pO, measurements non-invasively measure the partial pressure
of oxygen in subcutaneous tissue. This method is a very sensitive indicator
of ischemia, but it cannot be used for continuous long term monitoring and it
requires access to healthy skin sections for proper placement and measurement.

Transcutaneous pCO,

Transcutaneous pCO, measurements non-invasively measure the partial pressure
of carbon dioxide in subcutaneous tissue. A drawback to this method is that
the measuring electrodes typically must be heated in order to assure proper
performance making it necessary to carefully monitor electrode placement in
order to prevent tissue damage.

pH Measurements

pH Measurements require the implantation of a pH microelectrode in the tissue
of interest and the results give a measure of how ischemic the tissue is. This
method is good for long term monitoring with the drawback being the invasive
nature of the procedure.

Duplex Scanning

Duplex scanning uses an ultrasound Doppler device that incorporates a B-mode
ultrasound imager. The imager locates the desired vessel, and then the ultra-
sound Doppler measures the blood ow. This procedure is non-invasive but
su ers from many of the drawbacks of Doppler monitoring.

Angioscopy

Angioscopy is an endoscopic procedure where a thin ber is inserted into the
vessel and the structures of the vessel can be observed. This method provides
a valuable insight into the tissue, but is quite invasive and cannot be used for
continuous monitoring.
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IX. Arteriography

Arteriography is an X-ray imaging technique where a contrast material is in-
jected into the blood stream and its ow patterns are observed and recorded.
This technique is invasive, requires cumbersome equipment, and cannot be used
for long-term continuous monitoring.

X. Impedance Measurements

Single frequency impedance measurements have been used to monitor ischemia.
There are two major drawbacks to these systems. The rst is the use of invasive
electrodes for measurements. The second is that single frequency trends in
measured impedance can be detected but absolute measures of ischemia cannot
be determined. This because a large number of parameters a ect the single
frequency tissue impedance.

XI. Impedance Spectroscopy

The principles behind impedance spectroscopy will be explained in detail in
Section 4.5.

XIl. MRI Di usion Mapping

Magnetic resonance imaging is a powerful tool for detecting ischemia. The
advantage to this method is that it can image any tissue regardless of location
within the body. The disadvantage is that it is very expensive, it is not portable,
and it has limited accessibility.

4.4 Impedance Measurements in Medicine

Electrical impedance measurements have been used in biological studies since the
early 1800s. More recently, impedance measurements have been used in a num-
ber of applications such as impedance plethysmography, impedance tomography, and
impedance cardiography. In impedance plethysmography, the electrical impedance is
measured and used to determine the amount of uid in the pleural cavities. Imped-
ance plethysmography has also been used to detect deep vein thrombosis. Impedance
plethysmography was the rst use of impedance measurements in medicine. Imped-
ance tomography is a method of imaging tissue in which a series of electrodes are
attached in a single plane to the chest or breast of the patient. An image of the tissue
is then constructed based on the impedance information. For a more complete listing
of impedance techniques in medicine please refer to [31].

4.5 Impedance Spectroscopy

As discussed in Section 4.3, our work focuses on the use of impedance spectroscopy
to monitor tissue ischemia. In order to understand the ischemia monitor that we are
using for clinical experiments, the basic principles behind impedance spectroscopy
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must be reviewed. The speci ¢ hardware and software controls for the instrument
used in this study will also be presented.

4.5.1 De nition and Principles

Impedance spectroscopy is the measurement of complex impedance over a range of
frequencies. The impedance is determined by injecting a subthreshold current (typi-
cally less than 1ImA=cm?) into the desired tissue, and recording the resultant voltage.
There are two basic techniques for measuring the impedance of biologic tissue: the
bridge and the phase sensitive detector methods [5]. Additionally, the bridge and
phase sensitive detector methods can each be done using either a two-electrode or
four-electrode method.

The bridge method traditionally has been the most popular method for ischemia
measurements. There are a number of disadvantages to this system. This method is
time consuming and in commercial models often lacks su cient accuracy for phase
measurements in biological tissue [18]. Measurement accuracy is also poor at low
frequencies.

The phase sensitive detector utilizes a constant current source and a lock-in ampli-

er or software demodulation that provides for the rapid acquisition of measurements,
which is useful in biological systems [18]. The phase sensitive detector has many ad-
vantages: [5]:

Accurate measurements throughout the frequency range.
Fast automated measurements.
Simplicity of design and operation.

Both the bridge method and the phase sensitive method can be used with either
a two-electrode measurement system, or a four electrode measurement system. With
the two-electrode measurement system, current is injected through the two electrodes
and voltage is measured on the same electrodes. The impedance is then determined
by dividing the measured voltage by the injected current. The disadvantage of the
two-electrode system is that the current density at the injection site may be higher
than the threshold for linear behavior. This causes the measured impedance of the
tissue to weigh more heavily near the electrodes than elsewhere in the tissue [32].
Also, because the skin-electrode impedance is in series with the tissue impedance,
the two impedances cannot be separated. Current ow through the measurement
electrodes is higher with the two-electrode measurement system than with the four
electrode measurement system. This high electrode current can cause high skin-
electrode impedance with the two electrode system.

The four-electrode method is the method used in this research. For this method,
the two outer electrodes are used to inject the current into the tissue. The injected
current then forms equipotential surfaces within the tissue (Figure 4.8). The inner
electrodes then measure the resultant voltage. The measured tissue impedance is
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Figure 4.8: Four-electrode measurement system. In this system the
current is injected into the tissue through the outer spot
electrodes and the resultant voltage is recorded from
the inner electrodes. Based on the known current and
the recorded voltage the tissue impedance can be deter-

mined.
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then calculated as:

Vin+  Vin
IOUT
The variables refer to the recorded voltage and the output current as illustrated
in Figure 4.9. Due to the separate positioning of the electrodes, the current den-
sity where the voltage is measured is mostly uniform and well below the 1mA=cm?
threshold for linearity, so the measurements are more accurate. Also, the measured
impedance does not include the skin or electrode-electrolyte impedance.

Z= (4.4)

4.5.2 Hardware and Software Design

The impedance spectrometer is an extremely useful and precise tool for measuring
complex tissue impedance. Many manufacturers have built impedance spectrometers
that are suitable for either very large or very small impedance measurements. How-
ever, none of the manufactured spectrometers were suitable for this clinical study
due to large expenses and inability to custom t the hardware and software of the
system. In a previous impedance spectroscopic investigation, Borislav Ristic, a Ph.D.
student from Worcester Polytechnic Institute, built an instrument that was capable
of measuring tissue impedance in a frequency range from 10Hz to 1MHz [5]. The
impedance spectrometer is connected to an IBM compatible computer which controls
the operation of the instrument.

Software (using National Instruments Lab Windows/CV1) was developed by Ristic
in order to control measurements and process and store data collected during testing.
It is capable of graphically representing both impedance and pH measurements.

The impedance spectrometer attaches to the IBM compatible computer via the
parallel port, which sets operational functions in order to obtain measurements. A
basic block diagram of the instrument is illustrated in Figure 4.9. The basic starting
functions performed by the PC for each frequency sweep are [5]:

1. Select Frequency: The PC selects the output current frequency and the A/D’s
sampling frequency from a table of chosen frequencies.

2. Measure Voltage:

i. Select zero output current frequency in order to turn o the current source
and preset the measurement system into a starting state.

ii. Program the multiplexer to output the voltages from the signal acquisition.
iii. Set the ampli cation of the input voltage signal.

iv. Program the data acquisition module with the A/D conversion sampling
frequency.

v. Acquire the input voltage data.

3. Repeat Step 2 a total of 128 times.

27



IOLIt

VIN+

Vin

lout

AvVin = Ay (Vin+  Vin )
Multiplexer De'xt_a'
Module Acquisition
lout Current Vout 0 Module
n— Masurement
Module
Electrode
Assembly
Module \
T Communucation Module
Current
Source
lout Module
—_—

Laptop Computer

Figure 4.9: A block diagram of the impedance spectrometer [5]. lout

refers to the current output from the instrument and in-
jected into the tissue. V,y refers to the voltage recorded
from the tissue. The unit physically consists of three
parts. The electrode assembly (electrodes and cable con-

guration), the impedance spectrometer (current mea-
surement, multiplexor, current source, data acquisition,
and communication modules) and the laptop that con-
trols the impedance spectrometer.
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4. Find the average standard deviation,

5. Measure the current:

i. Initiate the current source: The output current of the selected frequency is
written into the current source’s input register.

ii. Program the multiplexer to output the current.
iii. Program the ampli er with the gain of the output current signal.
iv. Output the desired current.

6. Repeat Step 5 a total of 128 times.

7. Find the average standard deviation,

8. Repeat steps 1 through 7 for each of the desired frequencies.

9. Software demodulation: calculate resistance and reactance.
10. Extract Cole-Cole parameters

11. Extract parameters for arti cial neural networks.

Sampling will always begin at the same phase due to the resetting of the system
in step 2. The impedance spectrometer performs A/D conversion and data is then
sent to the computer to be processed. When the computer is nished reading the
data, a signal is sent back to the impedance spectrometer to initiate the next sample
acquisition and the computer waits for the end of the next A/D conversion. For this
project, 95 frequencies ranging from 10Hz to 1MHz are speci ed within the software.
At each frequency 128 averages are performed and one sweep through all of the
frequencies takes a minute and a half.

The impedance spectrometer creates and measures excitation currents as well as
preprocesses and digitizes the measured voltage and current signals. The data is then
sent to the PC via the signals described above. The block diagram of the instrument
is illustrated in Figure 4.9. The spectrometer is attached to an electrode assembly
module with a 50cm long multi-lead cable as shown in Figure 4.10. This module
contains lead wires that attach to a set of four ECG electrodes. The outer pair of
electrodes are used for injecting excitation current and the inner pair of electrodes
are used for measuring the resultant voltage (Figure 4.8).

Calibration of the instrument is performed in order to be certain that the system
is working properly, as well as to compensate for amplitude and phase variations of
the instrument over the measurement frequencies and selected gains. The imped-
ance spectrometer measures both the input voltage and output current, which are
expressed in A/D converter units. Calibration determines the proportionality coef-

cient between sampled and real values of the input voltage and output current [5].
These coe cients vary slightly at di erent measurement frequencies due to signal
variations in the measurement system. Two important calibration coe cients used
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Detailed diagram of the electrode assembly and its con-
nection to the impedance spectrometer(IS) [5]. lout
refers to the current output from the instrument and in-
jected into the tissue. Vj, refers to the voltage recorded
from the tissue. The electrode assembly further con-
sists of an instrumentation ampli er and a cable with
a driven shield.
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to improve system performance are the voltage gain (Cgain;1) and the phase gain
( gain:1) at each frequency. Equations 4.5 and 4.6 give the estimated impedance once
the coe cients have been determined. Errors occur from gain nonlinearity, CMR,
and large loads at high frequencies, all of which sum up to an actual or total error.
Calibration reduces this error [5].

Impedance Magnitude:
jZ(! )J = Cgain;! jzmeasured(! )J
_~ VI
= Comnt Jin)
Z(1) = Estimated Impedance
Zmeasured(1) = Impedance calculated as V/I

(4.5)

Impedance Phase:
arg(Z(1)) = arg(Zmeasurea(1)) + gain;!
=arg(V(!)) arg(I())+ gain;: (4.6)
V (1) = measured input voltage
(1) = measured output current

4.6 pH Principles and Measurement

4.6.1 De nition and Principles

pH is a basic measure of the acidity of a substance. It was rst de ned by Sorenson
in 1909. According to him, pH was strictly de ned as the \hydrogen ion exponent
and the written expression Py. By the hydrogen ion exponent (Py) of a solution
we understand the Briggs logarithm of the reciprocal value of the normality factor
of the solution based on the hydrogen ions™ [33]. This de nition is mathematically
represented by:

pH = log[H™] 4.7

The pH scale ranges from 0 to 14 with lower values indicating a more acidic
substance. When the number of [H™] ions in the substance increases the pH decreases
and conversely, when the number of [OH ] ions increases the pH increases.

pH is a familiar measure to people both in the scienti ¢ and medical communities.
Because of this familiarity, pH is an ideal parameter by which to describe ischemia in a
clinical situation. There are many di erent measurement techniques for determining
the level of pH, ranging from Litmus Paper tests to expensive commercially available
pH meters. For our work we will utilize a pH meter.

A pH meter consists of three parts: a measuring electrode, a reference electrode,
and a high input impedance meter [34]. The measuring electrode that we are using is a
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glass electrode, speci cally, a MI-508 Flexible pH Electrode from Microelectrodes, Inc.
For calibration we are using a MI1-402 Micro-Reference Electrode with exible barrel
from Microelectrodes, Inc. During clinical procedures a disposable ECG electrode is
used as the reference. For the clinical trials we are using a pH meter designed by
George Gumbrell [9] and described in detail in Section 4.6.3.

Glass electrodes consist of thin glass bulbs with a silver electrode mounted inside.
The silver electrode is immersed in a solution of constant pH, containing ions to
which the electrode is permeable. When the glass electrode is immersed in a solution,
a potential develops across the surface of the glass membrane. This potential varies
as the ion concentration varies. In order to determine a quantitative assessment of
the change in ion concentration, a reference electrode is necessary. The potential
di erence between the glass electrode and the reference electrode is then recorded
in millivolts and converted to a pH value based on calibration constants [35]. The
calibration constants can be calculated based on the recorded potentials and the
actual pH values collected during calibration. The calibration constants for slope and
intercept are calculated in Equations 4.8 and 4.9.

Slope(s):
E
s = 1 B
pH;  pH> 48)
E; = Voltage of a solution of pH; '
E, = Voltage of a solution of pH,
Intercept:
E! = E:1 s pH;
T (4.9)

T = Temperature in Kelvin

Once the calibration constants have been determined, the pH of any given solution
can be determined using Equation 4.10.

E E; E°T
S
E = Measured potential of solution

E); = di erence between the potential of the bu ers and solution

pH =
(4.10)

According to Equation 4.10 there are two major possible sources of error. The
rst is temperature and the second is the E;; which is caused by the di erence in
liquid junction potentials between the bu ers and the measured solution. For our
application T is known and fairly constant (temperature of the human body). Ej;
is high when the medium being measured has a higher ionic strength than the bu ers
used. The e ects of Ej; can be minimized by ensuring that the electrode is clean
before each use.
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4.6.2 pH Changes During Ischemia

Much work has been done concerning the changes in pH as a result of ischemic events
in di erent parts of the body, however, for this research only the changes in skeletal
muscle are evaluated. As mentioned in Section 4.1, it is universally known that
pH decreases as the tissue becomes more ischemic. The rate of change of pH as a
function of ischemia has also been evaluated in a number of situations. Canine hind
limbs subjected to a total of three hours tourniquet time exhibited an average pH
change of 7.08 to 6.35 or 0.73 pH units (-0.0041pH units/minute) measured using
3P NMR [36]. Rat anterior thigh aps have been subjected to arterial, venous, and
combined occlusions and the change in tissue pH was monitored using pH micro-
electrode [13]. Arterial occlusion produced a drop of 0.66 units at hour 1 (-0.011pH
units/minute), venous occlusion produced a drop of 0.27pH units at hour 1 (-0.0045pH
units/minute) and the combined group had a drop of 0.55pH units at hour 1 (-0.0092
pH units/minute) [13]. Note that the per minute values are averaged and that for the
rat experiment it was noted that there was a rapid drop of pH immediately following
occlusion and the rate of decrease declined thereafter.

Another study evaluating the tissue pH of skeletal muscle in an amputated rat
hind limb observed a change of 0.80pH units over the course of 240 minutes (0.0033pH
units/minute) [37]. The change of pH in rabbit hind legs as a result of ischemia has
also been evaluated. After the occlusion of the femoral artery, tissue pH in the
rabbit hind limb decreased from 7.4 to 7.05 over the course of an hour (-0.0058 pH
units/minute) as measured with a pH micro-electrode [38]. In prior work with this
instrument and rabbit hind limbs, an average decline in tissue pH of -0.00677pH
units/minute [5] was reported. As the examples above indicate there is a marked
change in skeletal muscle pH in time with an average per minute change ranging
from -0.0033pH units to -0.011pH units depending upon the experimental model. It
is important to note that a Medline search using the keywords ischemia, pH and
skeletal muscle did not reveal any articles dealing with pH changes during ischemia
in human subjects.

4.6.3 Hardware and Software

The hardware and software for the pH monitor were originally developed by George
Gumbrell, M.S. [9]. The hardware converted the analog pH signal into digital form
and provided an interface between the laptop computer and the pH electrodes. A
block diagram of the hardware for the pH meter is located in Figure 4.11.

The software initially sends out control signals to select the appropriate pH and
reference channels, then the DC signal enters the bu er stage where current gain
occurs. The signal then passes through the ampli cation and Itering stages before
reading the A/D converter where it is converted into a digital signal. The digital
signal passes through isolation (for patient protection) before being sent to the laptop
computer. The software on the laptop computer then converts the digital signal to
a pH value according to Equation 4.10. The software that was used to control the
hardware was modi ed by Borislav Ristic [5] and Susan Shorrock [35] in order to allow
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Figure 4.11: Hardware con guration for the pH meter. For a de-
tailed description of the hardware setup refer to Sec-
tion 4.6.3.

it to run simultaneously with the impedance software and for improved calibration
respectively. For more information on the software please refer to Chapters 5 and 6.

4.7 Arti cial Neural Networks

For clinical purposes, the impedance spectrometer must transcend the measured tis-
sue impedances to pH values in order to make data palpable to hospital sta . The
relationship between pH and impedance is nonlinear and has not been previously
established. One of the fundamental hypotheses of this project is that a knowledge-
based classi er such as a neural network will be able to reproduce this relationship
reliably. In the remainder of this section, three basic neural network types will be dis-
cussed: the Hebbian, the ADALINE, genetic, and backpropagation neural networks.

The Hebbian neural network is a simple network and consists of a Hamming neural
network that employs the Hebb learning Rule. This neural network consists of a feed
forward layer and a competitive layer (Figure 4.12) [39]. The Hebb Rule is then
used where the synaptic weight is a function of both the presynaptic and postsynaptic
activities [40]. In this type of network the output is equal to a bias vector plus the
input multiplied by a weight matrix. This output is then sent to the competitive
layer where a winner is determined, resulting in a single discrete output [39].

The ADALINE or ADAptive LINear Element neural network is also a simple linear
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Figure 4.12: The Hebbian neural network. R refers to the number
of inputs to the input layer. S refers to the number of
neurons in the output layer. P is the matrix of input
vectors(R  the number of training pairs). W is the
weight matrix and b refers to the bias vector. n is the
matrix of values output from he rst layer of neurons.
T refers to the transfer function. c represents the com-
petitive layer. a indicates the matrix of output vectors.

neural network [41]. This type of neural network has one layer of neurons and uses
a linear training function (Figure 4.13). The ADALINE is trained using the Delta
Rule, also known as the least mean square algorithm. The objective of the adaptive
process in the ADALINE neural network is to nd the optimum set of input patterns
and the desired outputs that minimize the mean-square value of the actual error [15].
Both the Hebbian and the ADALINE neural networks are single layer feed-forward
neural networks.

The genetic algorithms are used to develop neural networks in an evolutionary
process. The process is based on natural selection, crossover, and mutation [42].
Typically the input parameters are treated as a chromosome, and a number of chro-
mosomes based on the input parameters are randomly created. Then, each chro-
mosome is tested for relative \ tness™ using a tness function. The tness function
evaluates the performance of the chromosomes ability to solve the problem and selects
the best chromosomes to breed and create the next generation of chromosomes [43].
The evolutionary process continues until a satisfactory solution is obtained. A num-
ber of genetic algorithms are available for this process, but the typical process is
demonstrated in the following algorithm:

Encode the decision variables as a chromosome.
Initialize a set of chromosomes as the rst generation.
Repeat until the stopping criteria is met:

Evaluate the objective function values for the current population.
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Figure 4.13: The ADALINE neural network. p refers to the matrix
of input vectors. R refers to the number of inputs to the
input layer. W is the weight matrix. b represents the
bias vector. S is the number of neurons in the output
layer. The plot in the lower right corner of the gure
illustrates the linear training function. In the small
graph to the right, the x-axis represents the input, p
and the y-axis represents the output, a.
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Figure 4.14: The backpropagation neural network. R refers to the
number of inputs to the input layer. S refers to the
number of neurons in the output layer. P is the matrix
of input vectors(R  the number of training pairs). W
is the weight matrix and b refers to the bias vector.
n is the matrix of values output from he rst layer of
neurons. T refers to the transfer function. a indicates
the matrix of output vectors.

Select some chromosomes with higher tness values to produce children for the
next generation.

Apply crossover and mutation to the parent chromosomes selected in the pre-
vious step.

Replace the entire population with the next generation. [15]

The backpropagation algorithm is used to e ciently calculate the derivatives of
some output quantity of a nonlinear system with respect to all inputs and parameters
of that system through calculations proceeding backwards from outputs to inputs
(Figure 4.14 and Figure 4.15) [44]. When backpropagation is applied to neural net-
works the inputs are propagated forward through the neural network. Then, the
sensitivities are propagated backwards through the neural network and nally the
weights and biases are updated using the approximate steepest descent rule [45]. The
hidden layer uses a non-linear transfer function, commonly a log-sigmoid.

37



Figure 4.15: The backpropagation neural network and transfer func-
tions. The row of plots on the left hand side of the dia-
gram illustrate the possible transfer functions that can
be used with a backpropagation neural network. For
these plots, the x-axis refers to the input, p, and the
y-axis represents the output, a. Refer to Figure 4.13
for the de nition of variables seen in the gure.
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Chapter 5
Methodology

The original impedance spectrometer was developed for animal model experiments in
a controlled laboratory environment. In that setting it performed well, however, per-
formance with human subjects in a clinical environment is di erent and required the
implementation of a number of features and protocols. The overall goal of the project
is to develop a non-invasive ischemia monitoring device. Thus, a major step in this
research is to develop a methodology for non-invasively measuring tissue impedance.
Invasive pH measurements will be used as a temporary control until a quantitative
relationship between impedance and pH is established. Once such a relationship is
established the invasive pH measurements will no longer be necessary. A number
of steps were necessary in order to prepare the impedance spectrometer for clinical
studies as well as to conduct them. These steps included gaining electrical safety
approval, selecting appropriate electrodes, and developing sterilization, calibration,
and operating room procedures. This chapter presents the methodology of system
development necessary in order to achieve a clinically usable measurement system.

5.1 Electrical Safety Approval

Before any medical instrument can be used in a clinical environment, it must be
tested for compliance with the electrical safety regulations put forth by the National
Fire Protection Agency and the Association for the Advancement of Medical Instru-
mentation (AAMI). The codes/regulations that the instrument must meet before it
can be used in the hospital environment relate to:

1. Patient Grounding
2. Cord Connected Apparatus
3. Isolated Patient Connections

In order to use the ischemia monitoring instrument in clinical trials it had to
be tested by the clinical engineers at the UMass Memorial Medical Center where
it was employed. The portion of the instrument designed by George Gumbrell [9]
that directly monitors tissue pH had received prior approval provided the use of an
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external medical grade isolation transformer. The impedance spectrometer had never
been used in a clinical situation and thus had not received prior approval. As with
the pH monitoring unit used by George Gumbrell, the impedance spectrometer was
also given approval provided it was used in conjunction with an external medical
grade isolation transformer. The use of the external medical grade transformer was
necessary to prevent excessive leakage currents.

5.2 Selection of Electrodes

Electrodes ideal for use with the impedance spectrometer and pH monitor during
clinical studies had to be determined. For the impedance spectrometer we relied
on the results of our previous studies [10] suggesting that the optimal electrode for
use in clinical impedance spectroscopy is the MedicoTest Blue Sensor Q-00-A ECG
electrode. The Blue Sensor Q-00-A ECG electrode is a disposable wet gel ECG
electrode. It was chosen for use in clinical studies because it had the largest usable
bandwidth (de ned as a region with recorded noise of less than 5% of the signal) and
the lowest average percent noise from 1kHz to 100kHz of the 10 electrodes tested in
previous studies [10]. The only drawback to the Blue Sensor Q-00-A electrode is that
it is not sterile out of the package. For the pH monitor, the electrode choice and
sterilization procedures were slightly more complicated.

Initially, the MI-414 Micro-Combination pH 16 gauge Needle Electrode manufac-
tured by Microelectrodes, Inc. were going to be used during the study. This decision
was based on the fact that the MI-414 electrodes had been used in a previous study
to monitor tissue pH in wounds and that a separate reference electrode was not nec-
essary [35]. Unfortunately, as it became time to prepare for the surgical procedure
and sterilize the electrodes, we realized that the MI-414 would be inappropriate for
our study. This was due to the fact that the electrode needs to be Illed with a KCI
solution after sterilization. During the previous studies this was acceptable because
the electrodes only contacted the surface of the wound, but in our study the electrode
is embedded in the tissue, thus absolute sterility is required. Since the combination
electrode had the potential for leakage, it was unacceptable for this study. The MI-508
Flexible pH Electrode manufactured by Microelectrodes, Inc was selected for actual
use in the study. This electrode was successfully used in the original clinical studies
of the pH monitor [9]. They could be easily sterilized and did not require the addi-
tion of KCI post sterilization. The only disadvantage to these electrodes was that a
separate reference electrode was necessary. An additional ECG electrode placed on
the patient was able to act as a reference and solved this problem.

5.3 Sterilization

In the operating room (OR) it is important that everything that comes in contact
with the patient is sterile in order to reduce the occurrence of complications due
to possible infection. For our study, this means that all of the electrodes and the
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cables used to connect the electrodes to the instrument have to be sterilized. When
evaluating possible procedures for sterilization, we had to take into consideration
the temperature sensitive nature of pH electrodes and the moisture sensitive nature
of the electronic components included in the cable for the impedance spectrometer.
UMass Memorial Medical Center (UMMC) o ers three basic methods for sterilization:
autoclaving, ethylene oxide sterilization, and Sterrad sterilization.

Autoclaving is a high temperature sterilization technique that uses steam and
pressure. Itis a 20 minute procedure carried out at 15psi of pressure and 121.5°C [46].
Due to the high temperature and the moisture, this process would be inappropriate
for both the pH electrodes and the cables.

Ethylene oxide sterilization is a fairly low temperature process (55°C) that uses
heated gas to kill bacteria and other contaminants. This process was employed in
the work done by both George Gumbrell and Susan Shorrock [35,9]. Despite the low
temperature and low humidity there are a number of disadvantages to using ethylene
oxide sterilization for this research. The rst is that UMMC only does ethylene oxide
sterilization twice a week, on Sundays and Wednesdays. This decreases our access
to the sterilization process and would necessitate a larger pool of electrodes so that
studies could be performed on consecutive days. Inherent drawbacks of the procedure
are that ethylene oxide is a known carcinogen and thus, a lengthy aeration period (12
to 16 hours) is necessary to allow the total dissipation of ethylene oxide residue [47].
Additionally, prior research indicates that the 55°C gas sterilization procedure alters
the characteristics of the electrodes due to the elevated temperature [9].

Sterrad sterilization utilizes low-temperature hydrogen peroxide (H,0O,) gas plasma
to sterilize devices without heat, moisture or toxic residues [48]. In this process the
hydrogen peroxide is vaporized using radio frequency energy which creates an electro-
magnetic eld. The hydrogen peroxide is converted into free radicals which destroy
microorganisms. When the energy is removed from the system the free radicals form
non-toxic by-products (oxygen and water). This process is carried out at 50°C and
takes approximately one and a half hours. This process has a number of advantages
for our application. First, it is a low temperature, low moisture procedure, so it is
appropriate for both the pH electrodes and the cables. It is done multiple times a day,
and seven days a week at UMMC, making it more convenient than the ethylene oxide
procedure. Lastly, the temperature is slightly lower than that required for ethylene
oxide, which will reduce the temperature related alterations of the pH electrode char-
acteristics. Sterrad sterilization was determined to be the best sterilization technique
for both the pH electrodes and the impedance spectrometer cables.

Unfortunately Sterrad sterilization and all of the other sterilization methods eval-
uated would be inappropriate for use with the Q-00-A ECG electrodes due to the
sensitive nature of the electrodes and the electrode gel. The solution to this problem
is to keep the electrodes out of the sterile eld and isolate them using steri-drapes.
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5.4 Calibration and Data Collection

Both the pH monitor and the impedance spectrometer have to be calibrated prior
to each use. For the pH monitor both a two point and a one point calibration are
necessary. The initial calibration procedure is carried out prior to arrival in the
operating room. This includes an initial calibration procedure for the impedance
spectrometer that does not need to be repeated prior to each case and a two point
calibration procedure for the pH monitor that does need to be carried out prior to
each case.

5.4.1 Impedance Spectrometer Calibration

Calibration of the impedance spectrometer is necessary to minimize the e ects of
stray capacitances on the system and reduce the e ect of the cable with the built-in
preampli er on the measurement results of the system (See Section 4.5.2). Initial
calibration is done with a 50 resistor so that the gain of the electronics can be
assessed. The instrument then needs to be calibrated with the electrodes and cable
that are used for clinical trials. This is accomplished by attaching the electrodes to
a tank lled with a saline solution with an impedance of approximately 50 . A salt
bridge interface is used between the electrodes and the saline in order to maintain
the integrity of the electrode gel [10].

The impedance calibration is done once for each cable, and since the same cable
and electrodes are used in each case, the entire procedure does not need to be repeated
before every case. A calibration le is created for each of the cables used in the study
at each of the programmable voltage gains (1, 3, and 10). After the calibration les
are created, the appropriate calibration le needs to be loaded prior to each use of
the instrument. The initial calibration procedure is explained later in this section.
The program used for impedance calibration and data collection is the main program
developed using LabWindows/CVI Software and named is124 (See Appendix A). A
brief description of the user interface for the is124 software is provided before the
detailed calibration procedure is presented.

The main window for the is124 program is illustrated in Figure 5.1. Across the
top of the window is the title, including the name of the le to which the data will
be stored, in this case isdatal.imp. Below the title bar is the menu bar. The File
menu contains options to open, save, and exit the le. The system setup menu option
allows you to change parameters for the pH and impedance monitoring setups. The
Imp-Calibration allows you to load, save, or create a new impedance calibration le.
The pH-Calibration button presents the user with the option to perform either a one
or two-point pH calibration. The Info Input option allows you to add notes to the
data le. The View menu option allows the impedance to be viewed as a function of
frequency or time and allows the pH to be viewed as a function of time. The box in
the upper left hand corner of the window shows the current time. Then, proceeding
to the right, the next box is labelled Graph and allows the value plotted in the main
window to be changed. The options include views of current, voltage, magnitude,
and phase. The next block, labelled Signal Freg, o ers the selection of the frequency
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at which the voltage and current plots are displayed. The next button, labelled
ESU Block, permits the electro-surgical unit Iter to be turned on or o . The nal
block, labelled Error, displays any errors. The box in the center of the screen shows
the plot selected with the graph and Signal Freq options above. The remaining boxes
proceeding from top to bottom along the left side of the window are V-gain, which sets
the voltage gain to 1, 3, or 10. C-gain, which sets the current gain to 1, 3, or 10. The
injected current is always 100 A. The variable gain is to achieve the best resolution
of the measured current through the A-D converter. The Delay option sets the delay
between measurements. The CONT ACQ button starts a continuous acquisition.
The ACQUIRE button performs a single data acquisition. The INITIALIZE button
initializes and resets the system and should be clicked prior to each calibration. The
small box in the lower left hand corner illustrates the frequency at which data is
currently being collected. In the lower central portion of the window a number of
values are displayed including: Voltage, Magnitude, Phase, Noise, Rg, Rinf, Alpha,
and Tau. On the lower right hand side of the window, below the plot, are the Itering
options. The top option, labelled Nyquist Freq, selects special frequencies set to be
equidistantly spaced throughout the Nyquist plot. The Smoothing button selects
the smoothing Iter. The DC O set button activates the systems automatic DC
0 set elimination procedure. The C DC box shows the compensated DC o set of
the current and the V DC box shows the compensated DC o set of the voltage. The
description of the user interface provides a familiarity with the basic interface that is
useful in understanding how the calibration procedure is carried out.

Calibration Procedure:

1. Attach the desired cable to the impedance spectrometer.
2. Attach a 50 resistor to the instrument.
3. Check to ensure that the DC o set elimination is activated

4. Select the Imp-Calibration item from the menu (Figure 5.2), then choose New.
When prompted, calibrate the instrument with a 50 resistance and 0 phase.

5. Click on the Acquire button on the main screen (Figure 5.1) to acquire a single
set of data.

6. Check the display to ensure that the calibration was successful(resistance and
phase data should be at). Voltage and current should be evenly distributed
1200 1500. If not, adjust the voltage and current gains to be within the
optimal range. If there is a signi cant o set, conduct a few more acquisitions,
which will enable the automatic o set elimination algorithm to adjust for the
error.

7. Prepare the salt bridges for the saline tank, then Il the saline tank with a 50
saline solution [10].
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Figure 5.1: Main is124 program window. The window is explained
in detail in Section5.4.1

Figure 5.2: Calibration meru item. From this meru a calibration
le can be createdby clicking on new, saved, or loaded.
Additionally, the SingleFreq option allowsthe systemto
be calibrated at a single frequencyselectedby the user.
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