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ABSTRACT 
 

Presently, plastic surgeons do not have a methodology for non-invasive, real-time 
assessment of wound tissue properties.  It is of extreme importance to objectively 
determine the health of wound tissue and the level of bacterial infection before surgical 
closure of the wound is attempted.  Wounds that possess significant areas of low blood 
perfusion and high levels of bacteria will not be successfully grafted.  Thus, this research 
aims at identifying and testing a measurable parameter for the assessment of tissue 
properties in acute and chronic wounds. 
 Tissue pH, which is easily measured, has been proven to detect the presence of 
tissue ischemia.  In this research, the variations of tissue pH levels in patient wounds and 
the relationship between tissue pH and bacteria levels were explored.  Micro-combination 
pH electrodes were tested; software algorithms for acquiring and processing raw tissue 
pH data were developed; and calibration, sterilization, animal, and clinical protocols were 
designed.  Animal and clinical studies were performed. 

Small variations in tissue pH values were found within patient wounds and 
between patient cases.  A qualitative relationship between tissue pH levels and bacterial 
contamination was identified.  As the bacterial contamination rises, the average tissue pH 
level tends to decrease.  A methodology that clinicians can use to efficiently measure 
tissue pH in wounds was developed. 
 This research provides preliminary work in an area that has not been previously 
explored.  It was shown that tissue pH measurements can be acquired efficiently, non-
invasively, and with no discomfort to the patient.  The incorporation of tissue pH 
measurements into the evaluation of wounds will contribute to providing an objective 
measure of the health of the tissue and aid plastic surgeons in the development of patient 
treatments. 
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1. PROBLEM IDENTIFICATION 
 

Both plastic/reconstructive surgeons and general practice physicians frequently 
encounter acute and chronic wounds in their treatment of patients.  The cause of acute 
wounds is usually trauma such as stab wounds or accidents. The cause of chronic wounds 
may be infection or ischemia, which is a deficiency of oxygen and nutrient supply to the 
tissue due to constriction or obstruction of a blood vessel.  The level of bacterial wound 
contamination is a vital indication of the status of the wound or the healing prognosis, yet 
clinicians can not easily assess this parameter.  Currently, tissue cultures are used to 
determine bacterial levels, yet accurate results are not produced for several days, 
inhibiting a surgeon’s decision concerning proper treatment.  The bacterial contamination 
levels can not be instantaneously and objectively assessed resulting in a delayed 
determination of the cause and condition of the wound. 

Presently, there is no methodology for non-invasive, real-time assessment of 
wound condition.  If the cause of a wound’s inability to heal is unknown, as in the case of 
many chronic wounds, surgeons use intuition and experience to assess the wound’s 
properties.  An objective estimation of the wound’s condition is impossible without a 
measurable parameter which can afford information about the tissue and foreign 
substances present in the wound.  As a result, it is difficult to accurately predict for what 
reason a wound’s healing process is inadequate.  It is crucial to understand the properties 
of a wound because the treatment of wounds varies radically from case to case.   

Past researchers have hypothesized that a correlation exists between the level of 
bacteria present in a wound and the level of the wound’s tissue pH [1,2].  Also, it is 
known that ischemia lowers the tissue pH [3,4,5].  If a chronic wound possesses 
vasculature degradation and perfusion reduction, the pH of the wound will fall.  Taking 
into consideration the theory that a tissue’s pH is correlated to its level of contamination 
and the fact that tissue pH falls upon the event of ischemia, pH may be an excellent 
parameter for objective characterization of chronic wounds.  Thus far, the relationship 
between a tissue’s pH and its properties has not been clarified.  The use of such a 
relationship in determining the condition and cause of chronic wounds has not been 
explored.  It is apparent that several issues must be examined before an accurate and 
objective measurement tool for the assessment of chronic wounds is realizable.    
 
Problem #1:   Studies have not been conducted on the variation of pH within a wound. 
 

A real-time measurable parameter for the objective examination of chronic 
wounds has not been established.  It has been hypothesized that tissue pH varies within 
the wound.  This theory has not been thoroughly tested and its application to the 
determination of chronic wound properties has not been explored.  To date, the tissue pH 
of chronic wounds has not been systematically analyzed.  Additionally, patterns of 
variation of tissue pH within the wound are not presently understood, making the use of 
tissue pH as a parameter for wound assessment inappropriate without extensive research 
in this area.  
 
Problem #2:  In depth research on the correlation between bacterial contamination of 
chronic wounds and the level of tissue pH has not been performed. 
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 It has been documented that tissue pH varies with varying levels of bacterial 
contamination.  This theory has not been extensively tested and has not been applied 
specifically to chronic wounds.  A concrete relationship between the bacterial count and 
the pH of tissue in a chronic wound has not been determined.  Thus, it is not currently 
possible to evaluate if tissue pH can be used as a measurement tool for assessment of 
bacterial levels in chronic wounds. 
 
Problem #3:  Using tissue pH as a tool for determining properties of chronic wounds has 
not been explored. 
 
 Tissue pH is a common parameter used in diagnostics in the hospital, yet it has 
never been used as a measure of chronic wound properties.  As a result, several issues 
arise.  The safety and comfort of the patient is a top priority.  In addition, effective 
methods for efficient calibration and sterilization of electrodes that are used to measure a 
wound’s pH have not been developed.  Thus, several factors involved in using pH as a 
measurement tool in chronic wound assessment have not been examined. 
   
Problem #4:  A methodology does not exist to objectively measure the properties of 
chronic wounds. 

 
Medical professionals do not currently have a methodology for objectively and 

quickly assessing wound contamination.  First, the level and type of correlation between 
tissue pH and bacteria levels is unknown.  Second, techniques to utilize such a 
relationship in the clinical environment have not been established.  Clinicians do not have 
a method by which they can effectively use a relationship between tissue pH and wound 
bacterial levels to diagnose a patient’s condition.   

 
 Currently, clinicians do not have the capability to objectively measure the 
properties of chronic wounds.  To determine a parameter that will accurately and 
efficiently estimate the properties of chronic wounds, several problems must be tackled.  
In this research, the parameter has been chosen to be tissue pH based on supporting 
evidence of its applicability to estimating tissue characteristics.  Tissue pH has not been 
analyzed in the context of wound assessment and has not been compared to current 
techniques.  Also, a simple methodology for measurement of tissue pH and the use of this 
measurement in clinical diagnostics has not been developed.  A methodology for 
assessing chronic wounds using tissue pH would give plastic surgeons the ability to 
quickly determine the amount of bacteria present in the wound so that a decision 
concerning treatment would be based on an objective measure of the wound’s condition.  
The development of such methods would greatly enhance the ability of 
plastic/reconstructive surgeons to confidently assess the cause of and proper treatment for 
chronic wounds.   

The knowledge gained from the resolution of each of the four identified problems 
would aid surgeons in their quest for proper and efficient treatment of patients with 
chronic wounds.  In addition, the determination of a correlation between tissue pH and 
bacterial levels in tissue would be a significant scientific contribution.  It is very likely 



 

 

3
 
that the characterization of such a relationship could be applicable to other area in 
addition to the prognosis of chronic wound properties.  Therefore, this research has the 
potential to contribute to improvements in medical procedures in the clinical environment 
as well as to general scientific knowledge in the biomedical and related fields.    
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2. AIMS 
 

The long-term goal of this research is to develop a methodology for achieving 
instantaneous and objective estimations of wound properties. The level of bacterial 
contamination in wounds is a well known indication of the condition of a wound; 
however, clinicians do not currently have a methodology or instrumentation to 
quantitatively measure the amount of bacteria in the wound without ordering lab tests that 
take several days.  The determination of the level of bacteria in a wound is an important 
factor in understanding the cause of a wound’s chronic behavior and the most applicable 
form of treatment.  Previous studies have uncovered a correlation between a tissue’s 
condition, including tissue perfusion and bacterial contamination, and its pH [1,3,4].  
Taking this knowledge into consideration, the current research will focus on determining 
the applicability of tissue pH as a measurement tool for assessing wound properties, 
specifically related to wound bacteria levels.  

 To determine if tissue pH is an appropriate tool for estimating wound properties, a 
relatively strong correlation between pH and the bacterial count of the corresponding 
tissue under examination must be established.  To determine if such a relationship exists, 
the first aim of the research is to develop a protocol to accurately and efficiently measure 
tissue pH and bacterial contamination.  Although tissue pH is a familiar parameter to 
medical personnel, accepted procedures and equipment have not been developed for 
performing real-time tissue pH measurements using combination microelectrodes in the 
clinical environment.  Thus, new methods must be developed to take isolated 
measurements of surface tissue pH.  The next aim is to develop software algorithms to 
interpolate values from a limited number of pH measurements and form images of the 
entire wound area.  These “pH images” will aid in characterizing the variation in tissue 
pH between different locations in the wound.  The final goal will be to characterize the 
relationship between tissue pH and bacterial contamination. 

Thus, the long-term goal is to provide plastic surgeons with techniques that can 
replace the current measures of bacterial contamination in the wounds of their patients.  
The new methodology will allow for real-time assessment of bacterial levels by 
measuring tissue pH.  This will enable doctors to make judgments on the cause of a 
wound’s inability to heal during or soon after a patient’s visit.  The appropriate treatment 
can then be determined based on this objective, quantitative measure, namely tissue pH.   

This study is applicable to both chronic wounds and acute wound.  Acute wounds 
are usually found in the emergency room; as a result, there exists a need to determine the 
level of contamination in the wound quickly and accurately to make timely decisions 
about wound closure and treatment.  Chronic wounds persist over extended lengths of 
time due to several factors, one being the interference of bacteria in the healing process.  
The current research will focus on chronic wounds because of the availability of patients 
and relative ease in testing as compared to examining patients with acute wounds who are 
in critical condition. 
 
In more detail, the specific aims required for the achievement of the goals of this research 
are as follows: 
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• = Analyze current problems and define research specifications: 

��Investigate past achievements of researchers who have worked in the area of 
assessing wound properties. 

��Assess the current problems and gain background knowledge in the appropriate 
areas. 

 
• = Test the MI-414 electrodes, which will be used for measuring tissue pH, in the 

following areas: 
��Long term stability  
��Reaction time  
��Calibration time  
��Holding stability  
��Effects of Sterilization 
��Effects of Temperature  

 
• = Design a software program to acquire and process tissue pH data: 

��Develop an interface that accurately calibrates the MI-414 electrodes and 
measures the tissue pH using the pH meter developed by Gumbrell [4]. 

��Develop a simple, easy-to-follow user interface. 
��Develop and implement algorithms for calculating point tissue pH measurements. 
��Incorporate typical Windows capabilities into the program.  

 
• = Perform bench tests on the tools and methods that will be used for animal and clinical 

testing: 
��Develop a quick and efficient technique for calibration. 
��Test the accuracy of the electrodes and pH meter. 
��Test the developed software program. 

 
• = Develop an animal protocol: 

��Determine specifications of bacteria that will be used for inoculation. 
��Determine most appropriate methods for achievement of the goals of the animal 

study. 
 
• = Perform animal studies: 

��Attain preliminary results on the correlation between pH levels and bacterial 
contamination. 

��Refine the calibration, measurement, and analysis steps in preparation for clinical 
testing. 

 
• = Perform clinical testing: 

��Develop a protocol for sterilization of MI-414 electrodes. 
��Record and analyze tissue pH in chronic wounds of a limited number of patients. 
��Obtain data on the bacterial levels of the chronic wounds. 
��Document the wounds with digital photographs. 

 
• = Develop a methodology for estimating a chronic wound’s properties: 
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��Correlate the pH measurements to three different parameters: location in the 
wound, level of bacteria, and appearance of the wound.  

��Determine a quantitative relationship between tissue pH and bacteria levels. 
��Identify locations in the wound at which the pH is most highly correlated to the 

wound’s properties, i.e. bacterial contamination. 
��Minimize the number of measurements necessary to assess the wound’s 

characteristics. 
 

Thus, achievement of the outlined aims will result in the determination of a 
correlation between tissue pH and bacteria levels in chronic wounds.  During the research 
process, a software program and testing protocol will be developed and used to perform 
animal and clinical studies.  Although the clinical study will focus on the exploration of 
chronic wounds, determination of bacterial contamination is equally important in 
characterizing acute wound properties.  The results achieved in this study will also have 
applicability in estimating properties of acute wounds because the research aims at 
determining an absolute relationship between tissue pH and its bacterial content.  
Ultimately, the goal is to develop a methodology for estimating wound properties that 
clinicians can use to measure the level of contamination in chronic wounds quickly, 
objectively, and with minimal invasiveness. 
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3. MAIN HYPOTHESES AND RESEARCH APPROACH 
 
 Several investigators have attempted to define a correlation between tissue 
viability and the level of tissue pH [2-7].  Many have concluded that the presence of 
ischemia causes a decrease in the measured tissue pH [3,4,6,7], yet none have 
quantitatively defined the relationship between tissue pH and bacterial levels.  Thus, the 
present research will aim to quantitatively assess the correlation between these two 
parameters, specifically as it relates to the characterization of tissue in chronic wounds.  
The main goal of the research, as explained in the previous chapter, is to determine if and 
how the measured tissue pH levels can give clinicians accurate and helpful information in 
assessing the properties of chronic wounds.  To pursue this goal, we must first establish 
several hypotheses and then develop an appropriate research approach. 
 
3.1 Hypotheses 
The first main hypothesis is that tissue pH can be accurately measured in chronic wounds. 
 

Few research efforts have involved surface tissue pH measurements.  Several 
studies have been conducted during which tissue pH has been measured invasively.  In 
the current research, we aim at taking point measurements on the surface of the exposed 
tissue in chronic wounds.  This technique for testing have been chosen for the following 
reasons: 

• = It is a noninvasive method that causes minimal discomfort to the test subjects. 
• = Clinicians will be able to perform the method with minor preparation or 

knowledge of the technology; therefore, the research will have applicability in 
the medical field. 

• = It allows for the performing of tests in a short period of time because the 
electrode is simply held to the tissue surface and removed when a valid pH is 
obtained. 

The instrument that was developed by Gumbrell [4] and the electrodes that have been 
chosen, which are manufactured by Microelectrodes, Inc., will be used to perform the 
point surface measurements.  Results of taking measurements in this manner have not 
been previously reported, yet we are confident that this method will be accurate and 
efficient. 

 
The second main hypothesis is that a relationship between tissue pH and the level of 
bacteria in wounds exists.   
 

The level of tissue pH has been shown to be an indication of tissue perfusion.  
Our hope is to extend the applicability of this parameter and use it as an indication of the 
bacterial content of the wound.  In order to establish the theory that tissue pH 
measurements are related to wound bacterial levels, a strong correlation between these 
two parameters must be established.  Limited studies have been conducted in this area, 
but it has been noted that infected tissue exhibits relatively lower levels of pH.  A 
quantitative relationship between pH and bacteria levels in tissue has not been 
established.  The existence of this relationship is the main hypothesis of the research.  It 
will be tested throughout the animal and clinical trials.       
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The third main hypothesis is that wound bacteria levels vary at different points in the 
tissue. 

 
The level of bacteria in a wound affects the healing prognosis of that wound.  It 

has been correlated to the success rate of a take of a graft after a tissue transplantation is 
performed.  We aim at measuring tissue pH levels in chronic wounds and correlating 
them to varying levels of bacteria.  The presence of varying levels of bacteria, although 
not beneficial to the patient, would aid in quantifying the correlation between tissue pH 
and bacterial content.  Although tissue pH can be estimated at around 7.4 pH units, 
individuals have varying pH levels that result naturally from their chemical makeup.  
Correlating tissue pH and bacterial levels in one subject will represent a truer 
relationship, although we hope to conclude with generalizations that apply to all subjects.  
This will necessitate that varying levels of bacteria are present.  Statistical techniques will 
be implemented to determine correlation within and among subjects’ wounds.    
 
The fourth main hypothesis is that it is possible to estimate tissue pH levels by 
interpolation from experimental data points. 
 
 During testing, a limited number of measurements will be taken from each 
subject.  This will occur for several reasons: 1) the time spent with the subject must be 
kept to a minimum and 2) the number of biopsies taken from a subject must be limited.  
These requirements arise from the desire to facilitate the patient’s needs.  In the case of 
animal testing, the maximum number of biopsies that the lab can process at one time is 
fixed, limiting the sites that can be measured.   
 From this limited number of sites, we would like to get a picture of the pH 
information in the entire wound.  This will help to get an understanding of pH levels 
across the entire wound without taking point measurements at numerous sites in the 
wound.  Interpolation can be performed with a limited number of points, but the accuracy 
and usefulness of the interpolated pH values are questionable.  Once the number of sites 
that can be tested is established, the use of applicable interpolation techniques will be 
researched and the appropriateness of these methods will be assessed.  
 
The fifth main hypothesis is that given a correlation between tissue pH and bacterial 
contamination of a chronic wound, it is possible to develop an efficient methodology to 
help clinicians use this scientific information. 
 
 No definitive procedure for assessing wound bacteria levels exists today.  
Clinicians rely heavily on their experience to determine whether a wound is infected and 
to what extent.  They base their decisions about methods of treatment and referral to 
surgery on their knowledge of indications that are encountered in each case.  To ensure 
that the observations and decisions that the clinicians are making are accurate, an 
objective measure of wound infection is needed.  Once a relationship between bacteria 
levels and tissue pH is realized, we aim to develop techniques to utilize this information 
in the hospital setting.   
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 An important aspect of the research is to make a significant contribution to the 
medical field.  The application of the scientific knowledge that has been gained 
throughout the research will constitute this contribution.  Many researchers explore areas 
related to medical care and uncover new information, yet they do not explain how to 
efficiently use this information to aid patients.  We believe that the information 
uncovered by this research can be used to form a methodology that clinicians can follow 
and gain valuable information about chronic wounds, which will benefit their patients. 
 
3.2 Research Approach 
 Figure 3.1 shows the flowchart of the approach that will be taken for this research.  
Four main components can be identified: 1) software and algorithm development, 2) 
animal testing, 3) clinical studies, and 4) development of a methodology for clinical use.  
Software development will be ongoing throughout the research. 
  The first step in this research, indicated by the first aim, is to analyze and define 
the research specifications.  Full understanding of the existing problems is an essential 
prerequisite to any research plan.  In addition, the study should not repeat experiments 
that have appeared in past research.  Therefore, a thorough investigation of the 
achievements and failures of past research efforts will be performed.  By understanding 
the successes and shortcomings of researchers who have worked in areas related to this 
research, the research plan can be efficiently designed to minimize obstacles and 
maximize original results.  Once the current problems are analyzed, an outline of the 
research approach can be formed. 
 The next specific aim is to achieve an understanding of the operation of the 
equipment that will be utilized in animal and clinical testing.  The electrodes used to 
measure the tissue pH are the most critical pieces of equipment in this research.  They 
will be in contact with the research subjects and are a main factor in the accuracy of the 
measurements.  The electrodes must be carefully tested in all aspects of the research 
because faulty measurements will greatly affect the results.  The pH meter, which was 
developed by Gumbrell [4], is the other essential component of the measurement system.  
The software controls the hardware operation.  A software program will be developed to 
accurately read and display signals from the hardware and electrode combination.   

Together, the pH electrode and pH meter, which is used to digitize and display the 
pH readings, will be tested to achieve full understanding of their operation.  Several tests 
will be performed on the pH electrodes and pH meter to ensure accuracy in the testing 
and to allow practice of the procedures involved in this research.  The results from each 
of the tests will contribute to the overall understanding of how to obtain accurate 
electrode calibration characteristics, to operate the combination of the developed pH 
meter and electrodes, and to identify environmental and testing factors that may affect the 
electrodes’ accuracy.   
 Simultaneously, a software program will be designed to record the pH values and 
form a “pH image” of the wound that represents the variation in the tissue pH values over 
the entire wound area.  Lab Windows will be used to develop a program with a simple 
and instructional user interface that can be operated by clinicians, nurses, and scientists.  
Several features will be incorporated into the software program, including typical 
Windows capabilities for data collection and storage.  Also, algorithms to perform 
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interpolation and statistical analysis will be developed.  Because of time constraints, a 
limited number of locations in the wound will be measured.  The use of an interpolation 
algorithm will allow for the creation of an image of the pH levels of a chosen area of the 
wound, so that trends within one wound and between wounds of different patients can be 
analyzed.  By developing a software program that will automate several of the research 
steps with an instructional user interface, the recorded pH values will be analyzed in an 
efficient and visually understandable manner. 
 The next three specific aims involve the testing of the chosen tools and 
parameters needed to perform this research.  To properly determine the level of 
correlation that exists between tissue pH and bacterial levels in chronic wounds, the 
developed equipment and procedures must first be tested.  Bench tests will first be 
performed on the developed methods and tools.  The accuracy of the electrodes and 
developed pH meter will be validated.  The calibration protocol will be tested for 
efficiency and correctness, and all aspects of the developed software program will be 
reviewed.  Once the experimental apparatus is working as expected, animal and clinical 
studies can be performed. 
 Animal studies will be performed first to analyze the developed testing protocol 
and attain preliminary results.  Tissue pH and the corresponding levels of bacteria in the 
artificially formed wounds in the animals will both be measured.  The developed 
algorithms will be used to analyze the results and form pH images of the animal wounds.  
The animal studies will be used as a testing ground for future clinical trials. 
 Following animal studies, clinical trials will be performed.  Again, the pH and 
bacterial levels in several areas of the patients’ wounds will be obtained.  A digital 
photograph of the wound area will be taken so that the appearance of the wound can be 
observed in relation to the pH and bacteria levels.  The pH measurements obtained during 
clinical testing will be used to form pH images of the wounds.  These images, along with 
the information about the amount of bacteria present in the wound, will aid in achieving 
the next specific aim which is to develop a methodology based on the correlation of the 
pH measurements to several parameters that describe a wound’s properties. 
 Three parameters to which the correlation of tissue pH in the wound will be 
examined have been identified.  The first is the location in the wound at which the 
measurement is taken.  The location for each pH measurement will be recorded and 
considered in all the wounds tested to understand the variation in pH as it relates to 
relative distances within the wound.  The second parameter is the bacterial levels in the 
tissue.  Conventional methods for measuring bacterial levels will be performed in the 
animal and clinical testing to quantify the number of bacteria at chosen sites in the 
wounds.  Finally, the appearance of the wound as it is shown in the obtained digital 
photograph will be considered.  The color and texture of the tissue in the wound will be 
qualitatively compared to the pH and bacterial levels.  Analysis of each of these 
parameters; location, bacterial levels, and appearance; and the knowledge of the wound’s 
pH will allow for a complete understanding of the wound’s properties. 
 Once results from animal and clinical studies are attained and the relationships 
between the discussed parameters are defined, a methodology for estimating bacteria 
levels found in chronic wounds will be developed.  The methodology will include 1) 
measuring tissue pH in wounds and 2) using this information to estimate the level of 
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bacterial contamination in the wound.  Bacteria levels are known to indicate the prospect 
of successful wound healing or graft survival.  The developed techniques will be adapted 
to fit procedures that are ideal in the hospital environment.  The relationship between 
tissue pH and bacteria levels in the wound will be defined quantitatively.  Also, the 
general areas in a wound at which the tissue pH and bacteria levels are highly correlated 
will be determined in order to minimize the number of measurements needed to attain an 
understanding of a wound’s pH and, as a result, the level of bacterial contamination.   
 The achievement of this final step will result in the accomplishment of the main 
research goal which is to apply the information that is discovered about tissue pH in 
wounds to actual clinical diagnosis and treatment.  Although the determination of a 
strong correlation between pH and bacterial contamination would be an excellent 
scientific contribution, the development of procedures that will provide clinicians with 
the knowledge of how to use this scientific information is the most important contribution 
that can be made to the medical field.   
For clarification of this discussion, the research approach of this master’s thesis has been 
broken down into the following steps: 

1. Research and organize the knowledge obtained in past research to define the 
current problems involved in assessing properties of chronic wound  – 
Achievements of researchers in the areas of chronic wound characterization, 
infection, and treatment will be researched to determine the existing problems 
in this area. 

2. Develop software/hardware interface and design software program – The 
software drivers must be developed to allow for accurate reading of the pH 
measurements from the electrodes and hardware.  Once this is accomplished, 
a software program that will read and display pH measurements as well as 
perform calibration will be designed and implemented. 

3. Test the pH electrodes that will be used in animal and clinical studies to  
measure pH – The electrodes will be tested to fully understand their operation  
and to discover any limitations they may have in measuring pH under the  
conditions outlined by this research.  These tests will aid in the development  
of a protocol for calibration, sterilization, and operation of the electrodes. 

4. Test the methods and tools developed for the research – The tools that have 
been chosen for achievement of the research goals are glass pH 
microelectrodes, the developed pH meter, and a custom software program.  
The effectiveness and accuracy of these tools together will be analyzed before 
actual results are obtained.  This will limit the possibility of complications 
during testing. 

5. Improve design of equipment and develop a final testing protocol – 
Appropriate changes to the apparatus will be made and a testing protocol that 
includes procedures on sterilization, calibration, measurement, and analysis 
will be developed. 

6. Perform animal studies – The developed tools and methods will be used to  
perform animal studies, obtain preliminary results, analyze the testing  
protocol, and make necessary changes. 
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7. Perform clinical trials – Outpatients with chronic wounds will be included in 
the clinical trials for this research.  The tissue pH and bacterial levels of 
specified areas of their wounds will be measured and digital photographs of 
the wound will be taken. 

8. Develop algorithms to interpolate pH information – Algorithms will be 
developed and implemented to create images of the tissue pH measurements 
from the limited number of measured data points.  This tool will be used to 
allow for ease in interpolation and statistical analysis of pH values, 
organization of results, and management of data. 

9. Analyze the obtained data – The data that is obtained from the animal and 
clinical trials will be analyzed using the developed software program.  
Relationships between tissue pH, the appearance of the wound, the bacterial 
contamination present in the wound, and the location of the measurement will 
be explored.   

10. Develop a methodology that clinicians can use to assess chronic wounds 
based on tissue pH levels – The results from analysis of the clinical tests will 
be used to design procedures for using tissue pH as an indicator of the level of 
bacterial contamination in chronic wounds.  The methodology will attempt to 
define a limited number of locations in the wound at which pH measurements 
can be taken to estimate wound bacteria levels.    

These ten steps form a well-planned research approach.  Each step attacks a 
different specific aim of the research.  The improvement of the software program and 
testing protocol will be ongoing as new information is gained during the progression of 
the research.  The final result will be the achievement of the research’s main objective. 
 Thus, the aims of this research will be accomplished by following the described 
research approach.  The outline of the approach provides the guidelines for the 
achievement of the overall research goal, which is to develop a methodology that will 
describe how to assess chronic wound properties by measuring tissue pH levels.  The 
hypotheses will be used as a basis for many aspects of this research.  The results of the 
research will determine whether each of the hypotheses can be claimed as a fact or a 
theory.  This research is one of the many efforts in the exploration of wound assessment 
techniques and will contribute to the ongoing development of knowledge in this area.  
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Figure 3.1: Flowchart of Research Approach 
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4. BACKGROUND 
  
 This section of the text will give the background information on the topics that are 
fundamental to the understanding and undertaking of this research.  The literature review 
strategy explains how the material used in the preparation of this chapter was obtained.  
The subsequent sections give insight into the history and development of wound care.  
Several words in the text are bold; these are medical terms that may be unfamiliar to the 
reader and are defined in section 4.8 of this chapter.   
 
4.1 Literature Review Strategy 
 The collection of literature from areas related to this research was ongoing to 
ensure that all of the most recent material was reviewed.  A majority of the literature was 
found at the University of Massachusetts Medical Library, which is an excellent source of 
periodicals in the medical and scientific fields.  Several preliminary searches were 
performed using Medline, a search engine for medical journals.  Review of the articles 
that were obtained initially allowed for other significant keywords to be identified and 
used to expand the literature search.  In addition, the references at the end of the articles 
that were appropriate to this study were obtained.  These techniques allowed for the 
attainment of a wide variety of references, including all the most recent studies pertaining 
to this research. 
 The majority of literature was found in periodicals because past research in the 
area of wound care has occurred in many isolated studies rather than a comprehensive 
text on the subject; this is typical of scientific research in areas that have not been fully 
established.  Books were reviewed for basic background information on the following 
topics: principles of wound healing, the management of chronic wounds, reconstructive 
surgery, and the nature of chronic wounds.  Searches for articles were performed in 
Medline and in the UMASS Medical Library in several major areas.  The categories and 
keywords that were searched on are contained in Table 4.1.   

Several of these searches resulted in the attainment of pertinent articles while 
other searches were too broad or did not result in any search findings.  Many of the 
articles that were found in these searches were written in the mid-1950s to the early 
1970s.  This is not surprising because during that time, many professionals in the 
scientific and medical fields were interested in the management and assessment of 
wounds.  This was a result of the war time troubles with wounds and the high percentage 
of amputations during that time.  Since that period, isolated studies have been performed, 
but no widespread trends in researching new techniques for assessment of chronic 
wounds have arisen until recently.       
 The goal of the literature review was to attain an overall knowledge of wound 
management from the time of trauma or disease to the occurrence of surgery or sustained 
treatment.  The research directly involves tissue pH measurements, yet to understand the 
context of the study and produce more meaningful results, the medical and scientific 
background of wound care should be understood.  Obtaining information about the 
presence of bacteria in wounds and current methods for quantifying bacterial levels is 
also crucial to this study.  A good understanding of the past and current literature will 
help to make the research more successful in presenting original results and applying 
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these results to the medical field.  A complete list of the reviewed resources is contained 
in the bibliography. 
 

Table 4.1: Literature review categories and keyword searches 
pH Measurements Wound Contamination Wound Treatment 
tissue pH bacteria in tissue bacterial levels and closure of  
pH and bacteria bacterial counts in wounds   wounds 
pH of wounds effects of bacteria on wound healing chronic wound treatment 
effect of temperature on pH assessment of bacteria in wounds  reconstructive surgery  
pH measurements assessment of wound contamination antibiotic treatment of chronic  
bacteria and pH wound infection    wounds 
wound pH  wound healing 
correlation between bacteria     
  and tissue pH   
 
4.2 History of Wound Management 
 Interest in wound management originated in the mid-1800s when antiseptic 
measures, which were created to minimize infection and the involvement of bacteria in 
infections, were discovered.  In 1878, Koch established the bacterial origin of wound 
infection [8].  The late 1880's saw the introduction of aseptic principles into surgery 
which aided in the reduction of the occurrence of surgical infection [8].  The war time era 
brought about many advances in wound care.  The techniques of wound debridement 
(see Section 4.8 for a definition of this bolded term) were introduced during World War I, 
and the administration of antibiotics to infected wounds was improved during the 
Vietnam conflict.  The preference of delayed over primary closure in the avoidance of 
infection was successfully established in World War I and reconfirmed in the subsequent 
war conflicts [9].  The frequent occurrence of wounds during war necessitated an increase 
in research in wound care. 
 Complications of war wounds also initiated studies on the quantification of 
bacteria in wounds.  In 1917, French surgeons began to study quantitative bacteriology, 
and then in 1942, Altmeier found that bacterial cultures were necessary for intelligent 
management of wounds [10].  The gap between these two studies is due to the fact that, 
during that time interval, doctors and researchers turned to the approach of a more 
qualitative analysis of wounds.  Then, in the late 1950’s, studies were performed on the 
number of bacteria present per gram of tissue in the wound.  It was discovered that 
greater than 105 bacteria per gram tissue caused failure of a tissue [10].  Surprisingly, this 
threshold is still held as a standard today.   
 Many reviews and supporting research of the discoveries made during the 
wartime were conducted during the 1960’s and 1970’s.  As can be expected, several 
conflicting reports arose as more extensive research was performed on wound 
management and treatment.  In the 1970’s, the effects of the placement of wounds in a 
sterilized environment on infection rate was considered [11].  In addition, several 
methods for assessing wound contamination were developed including wound irrigation 
and swabbing of the wound.  As time passed, more specific studies were conducted on 
bacterial quantification, and numerous researchers confirmed the level of crucial bacteria 
in a wound to be less than 105 bacteria per gram tissue [12,13,14].  New forms of 
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antibiotics and their affect on wound healing were focused on, and the prediction of 
wound graft survival by consideration of preoperative indications was a leading topic of 
study.     
   Although an abundance of research has been performed in the area of wound 
assessment and contamination, “assessment of healing in a clinical setting is typically 
done using a series of visual and physical observations” [15].  Even today, with advances 
in technology, definitive measures for analyzing a wound have not been fully developed.  
Several researchers have worked on methods for quantitative analysis of wounds, yet it 
has not resulted in techniques that are used in practice in hospitals today [15,16,17].  
Thus, this field is still underdeveloped, and the addition of new knowledge will be seen in 
the years to come. 
 
4.3 Economics of Chronic Wound Care 

One of the major driving forces of researching new techniques for wound healing 
is the high cost of wound care to the patient, hospital, and community.  Any condition 
that causes a patient to stay in the hospital uses up valuable resources.  Minimizing the 
number of patients with wounds who reach the point of hospitalization would be greatly 
beneficial.  It has been estimated that each year approximately 8 million people in the 
United States suffer from chronic skin loss or ulceration [15].  Although the cause of 
these medical problems varies widely, many of these cases are persistent and necessitate 
long term medical care. 

The greater the length of medical intervention, the higher the cost.  Cost takes into 
account much more than simply the monetary value needed to treat the wound.  If the 
patient needs to take time off from work due to his/her wound, financial loss, and 
psychological effects will increase.  This may have implications for the patient’s family 
as well.  Any medical regiment that requires a person to alter his/her way of living will 
cause complications and increases the overall “cost” of the injury.  The psychological 
effects of a chronic wound are difficult to measure but are definitely present and are most 
likely underestimated. 

It has been estimated that the cost of treating one ulcer ranges from $1,000 per  
inch diameter of the wound to as high as  $10,000 [18].  These costs have surely risen 
since this study was done over a decade ago.  Wound care, dressing, medications, 
supplies, hospital stay and surgery are accounted for in these estimates.  Outpatient costs 
are also extremely high.  For supplies, physician visits, and clinic costs, Rudolph 
estimated that a patient with a venous stasis (see Section 4.8 for a definition of this 
bolded term) ulcer could incur costs of $3,000 per year on average [18].  The cost to the 
general public, the majority of whom do not suffer from chronic wounds, is even more 
astounding.  It was estimated that in the 1980’s, American society paid as much as 
$655,000,000 for the treatment of venous stasis ulcers.  A report in 1998 estimated the 
cost of chronic wounds to exceed $3 billion a year [19].   

Obviously, the longer it takes for a wound to heal, the more the cost will increase.  
Thus, it is important to attain a better understanding of the process of wound healing and 
treatment in order to decrease patient suffering and the financial cost to all parties 
involved.  The discovery of cost-effective measures to understand a wound’s properties 
and appropriate treatment will benefit patients, hospitals, and society.         
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4.4 pH Theory and Measurement 
 pH is a measure of the concentration of hydrogen ions in a medium.  “pH” stands 
for pondus hydrogeni and was defined by Sorenson in 1909 as the negative logarithm of 
the concentration of hydrogen ions in an aqueous solution [20].  This definition 
conditioned on the assumption that hydrogen ions were the only ions present in the 
solution, yet this is never true in aqueous solutions.  Therefore, in 1924 the definition was 
redefined in terms of the activity of hydrogen ions.  Because of the influence of other 
ions in a medium, pH is only an approximate value of the hydrogen ion concentration.     

pH is a measurable parameter that is familiar to all professionals in the scientific 
and medical fields.  This is one of the major advantages of using it in clinical practice.  
pH can be measured by several mechanisms, from litmus paper to high tech pH meters.  
For clinical pH measurements, a glass electrode is used.  It consists of a thin glass bulb, 
inside which is mounted a silver electrode.  The silver electrode is immersed in a solution 
of constant pH that contains ions to which the electrode is reversible [21].   

Figure 4.1 is a graphic of the specific glass electrode that will be used in this 
research.  It is a micro-combination electrode in which the reference electrode, composed 
of Ag-AgCl, is included.  Microelectrodes, Inc. donated several of these electrodes for 
this research.  Figure 4.2 shows a typical glass electrode.  These electrodes are extremely 
fragile, and great care must be taken in handling, cleaning, and storing them.  

Figure 4.1: The MI-414-2cm electrode manufactured by Microelectrodes, Inc. 
 

    Figure 4.2: An example of a glass  
     electrode.  The ball at the end of    
     the pH electrode is composed of a  
     special glass which has specific  
     surface properties.  The glass ball  
     should not be allowed to dry out  
     because it is sensitive to cracking.   
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Glass electrodes produce a linear output voltage which corresponds to a pH 
between 0 and 12 units, and the time to obtain 90% of their final value is theoretically 
within two seconds [20].  The drawbacks of glass electrodes are the high cost and the 
problems with their sterilization. 

The pH of a solution is a quantity defined by the following relationship: 
 

pH = - log [H+]      (4.1) 
 

where [H+] signifies the activity of H+ ions.  Because single ion activities cannot be 
directly measured, pH must be measured in relation to other solutions with known values 
of pH.   

The basis of pH electrode measurement is the following: when the electrode 
comes into contact with a sample, a potential develops across the electrode’s membrane 
surface.  This potential varies with the concentration of ions in the solution.  A second 
unvarying potential to compare this membrane potential to is required and is provided by 
the reference electrode which must be in electrical connection with the same sample to 
close the electrical circuit.  The reference electrode may be a separate unit or contained 
within the same assembly as a combination electrode.  The filling solution, 3M KCl in 
this research, completes the electrical circuit between the sample and the internal cell of 
the silver electrode.  The potential difference between the silver and the reference 
electrode is read and converted to a pH value by using the electrode’s specific calibration 
constants.  Thus, electrodes must be calibrated in two or more buffers in order to 
calculate their characteristics and convert the voltage reading into a pH value.  The 
calibration characteristics are found by the following equations: 
 

s = -(E1-E2)/(pH1-pH2)        (4.2) 
  E’ = (E1 – s pH1)/T      (4.3) 
 
where s is the slope and E’ is the intercept of the characteristics.  The theoretical slope for 
a pH electrode is –59.16 mV/pH units.  E1 and E2 are the voltages measured when the 
electrode is immersed in the selected buffers with known pH values, pH1 and pH2.  T is 
the temperature of the solution in Kelvin.  Once these variables have been calculated, the 
pH of the solution in question can be determined by the following equation: 
 

pH = (E - ∆Elj – E’T)/-s     (4.4) 
 

where E is the measured voltage of the solution in question and ∆Elj is the difference in 
liquid junction potential between the buffers and the actual solution being measured 
(discussed below).  

Three major factors that affect the accuracy of pH measurements are ionic 
strength, temperature, and pressure.  The buffers that are available on the market have 
low ionic strength.  If the medium that one is measuring has a higher ionic strength, 
changes in the liquid junction potential of the reference electrode will most likely occur.  
This will cause a variation in the measured pH from the actual value.  The difference in 
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liquid junction potential can be determined by measuring the change in potential in a 
solution containing a given amount of HCl when a salt is added.   

pH also varies with the temperature of the medium that is being measured.  Thus, 
the temperature should be taken into consideration when determining the true pH of the 
medium because the calibration characteristics will change for different temperatures.  
The third factor affecting pH, which is pressure, is not as straight forward.  It has varying 
effects, but pressure effects can be determined by measuring the pH of a buffer at high 
pressure and then comparing the result to the theoretical value.  This factor is not 
significant when using glass electrodes because they contain pressure equilibration 
between the inner and outer part of the electrode.  Thus, many parameters influence pH 
measurement, making them unstable.  Therefore, calibration must be performed 
meticulously and the pH electrodes should be examined for all of the issues that may 
affect their performance. 
 pH measurements will be taken of tissue in this study.  Thus, the following 
questions must be addressed: what complications occur in measuring tissue pH? and what 
knowledge is available in this area?  Harrison and Walker studied the pH of the dermis of 
the human skin under different conditions [6].  They found that the mean value of skin 
pH was 7.54 ± 0.09 by using a glass microelectrode inserted into the dermis.  Their 
experiments included correction for temperature effects as well as the depth of insertion 
of the electrode into the skin.  Another study analyzed the effects that various factors had 
on pH electrode performance in biological experiments.  It was recommended that 
“calibration should be done with standard solutions which have almost the same 
components as the test samples at the same temperature at which the biological 
measurements are made [22].”        
 Due to the difficulties that are encountered with pH measurements, a limited 
number of studies have been performed on the effectiveness of this parameter in the 
clinical environment.  It cannot be ignored that pH is a widely accepted parameter and 
can put the evaluation of a given medium into context.  The complications of pH 
measurement must be carefully dealt with so that electrodes can be used accurately and 
without difficulty. 
 
4.4.1 Trends in Tissue pH Levels 
 One area in assessment of wounds that has been widely researched in the last few 
decades is the relationship between tissue ischemia and tissue pH.  In the 1970’s, studies 
began to appear on the effect of the occurrence of ischemia on pH levels.  Researchers 
were in agreement that tissue pH falls during ischemic events [6,7].  The premise is that a 
decrease in blood flow to a tissue is accompanied by anaerobic metabolism which 
produces lactate.  The presence of lactate contributes to an increase in H+ ion activity, 
which is proportional to a decrease in pH.  Thus, pH can be used as an indication of a 
reduction of tissue perfusion. 
 Wolpert et al. compared serum pH measurements to that of tissue pH [7].  They  
found that although serum pH is more stable than tissue pH, several advantages of tissue 
pH as the measurement parameter of choice were apparent.  Tissue pH reacted earlier to 
changes in tissue perfusion and can be measured with minimal invasiveness.  The 
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difficulties that were encountered, and are still seen today, concern the pH electrodes 
used for measurements.   
 Several researchers have studied the use of tissue pH as an indication of the 
metabolic state of a tissue [3, 23].  Dickson and Sharpe compared tissue pH monitoring 
with other more traditional techniques and found that pH predicted the onset of flap 
necrosis sooner and better than other methods [3].  In another aspect of assessment of 
wound properties, Ye looked at the relationship between tissue pH levels and subsequent 
graft survival of surgical wounds [1].  This is an important study because an accurate 
indicator of whether surgery should be performed would be extremely beneficial.  
Although postoperative monitoring of tissue flaps is crucial, if it is known how successful 
the take of a graft will be before the surgery is performed, many complications can be 
avoided.  Ye found that the optimal pH of tissue in a wound is about 7.4; any fall in the 
pH corresponded directly to a drop in the success rate of a tissue graft.   

One question that arises from this study is what factors in the wound contribute to 
the drop in tissue pH that indicate skin graft survival rates.  Ye hypothesized the 
decreased levels of tissue pH were due to bacterial infection, the presence of exudate, 
and decreased blood supply; but he did not isolate these factors.  Ye’s study lends itself 
directly into the current research.   
 
4.4.1.1 Physiological Basis of the Relationship between Bacteria and pH 

The presence of bacteria in a wound may decrease the tissue pH level below its 
normal value (approximately 7.4).  This will occur because the bacteria that is present 
will be in direct competition with the tissue cells for nutrients and oxygen.  This leads to 
the development of ischemic conditions in the wound tissue.  This will result in hypoxia 
and the tissue’s metabolism becoming more anaerobic and therefore acidic.  As the 
bacteria thrives, it will use more of the oxygen that is essential for the maintenance of 
healthy tissue.  The production of lactate will follow which will further lower the tissue’s 
pH to a more acidic level.  These physiologic mechanisms indicate that increased levels 
of bacteria are accompanied by decreasing levels of tissue pH.  This is the hypothesis that 
is being tested in this research. 

It is difficult to separate the effects of bacteria and tissue vascularization on tissue 
pH levels as Ye commented on in his research [1].  The presence of bacteria may cause a 
decrease in tissue perfusion which will decrease tissue pH levels.  Conversely, a lack of 
vascularization in a given area may create an environment that bacteria can thrive in; 
thus, the low blood perfusion is the initial cause of a decreased tissue pH and the 
presence of bacteria further compromises the tissue’s health.  The final result is that the 
tissue pH will be altered from its normal level of approximately 7.4 pH units.  The 
mechanisms by which this occurs are not completely understood.  Bacteria can survive at 
a range of pH levels, while keeping their internal pH fairly constant. Therefore, it is 
possible that several strains of bacteria grow best in an environment of higher (or more 
alkaline) pH levels.  Thus, elevated levels of tissue pH may be a result of the presence of 
these types of bacteria.   
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4.4.2 Analysis of pH Values           

Once tissue pH began to be established as an indication of tissue properties, it was 
necessary to understand how to analyze the information that was attained during 
measurement.  Long term studies of tissue pH have been performed to monitor the 
metabolic status of a tissue [4, 23].  The resulting information has been analyzed using 
several signal processing statistical analysis techniques [24-26].  The measurement of 
tissue pH in wounds at isolated locations necessitates alternate analytical techniques, 
taking into consideration variations in the pH due to the depth of the electrode and the 
amount of exudate present.  No studies were found that analyzed point-by-point pH 
measurements, as will be conducted in the current research. 
 
4.5 Causes and Types of Wounds 
 Wounds are caused by various mechanisms and exist in many forms.  Wounds 
result from trauma that may be involved in an isolated incidence or may develop over 
time.  An example of an isolated incidence would be an accident during which an 
individual’s skin and underlying tissue layers are severed.  Long term development of 
wounds may occur in patients with diseases such as diabetes.  Depending on their nature, 
wounds can be classified as acute or chronic.  
 
4.5.1 Acute Wounds 

Wounds that result from a traumatic incidence are classified as acute wounds.  
Acute wounds result from mechanical or thermal stresses on the soft tissue of an 
individual [27].  Mechanical force to the skin may involve shearing, tension, and/or 
compression.  Shearing is a result of friction of an object against the skin, causing tissue 
devitalization but minimal risk for long term injury and infection.  Tension involves the 
stretching of tissue resulting in the tearing of the tissue.  Compression occurs when tissue 
collides with an object with enough force to cause damage to the soft tissue.  These types 
of traumatic wounds have a high risk of infection.   

Traumatic wounds that result from thermal injury are caused by exposure to 
extreme temperatures, electrical or chemical factors, contact with a hot surface, or 
radiation [27].  Although burn injuries are more common, tissue damage due to exposure 
to extremely cold temperatures also classify as traumatic wounds.  The length of time that 
the tissue is exposed to the extreme conditions is the number one factor in dictating the 
extent of the injury.  Acute wounds are usually dealt with as emergencies. Once initial 
assessment is performed, closure by sutures or surgery may be employed. 

 
4.5.2 Chronic Wounds 

If the wound does not heal in a given amount of time, its classification will be 
changed from acute to chronic.  The period of time that a wound must persist before it is 
considered chronic is subjective and relies on the location of the wound and the age and 
condition of the patient [19].  The basic principle is that if the wound does not exhibit 
normal response to injury in a timely fashion, it is considered a chronic wound.  The 
normal healing response of a wound is summarized as follows.  Trauma that causes the 
extracellular area of tissue to be exposed will result in the collection of platelets to this 
area to stop bleeding.  This leads to the inflammatory phase, in which neutrophils leave 
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the circulation allowing for debridement of devitalized tissue and phagocytosis of 
foreign bodies [19].  The next phase is the proliferative phase, or the phase of repair.  
During this phase, the matrix of the tissue begins to reconstruct.  Collagen is the most 
crucial element in the remodeling of the wound tissue and the formation of a scar.  Any 
extended disruption of this natural process will allow for the development of a chronic 
wound. 
 Several factors exist that may inhibit the healing of a wound and allow it towards 
progress to the “chronic” classification.  These factors can be broken down into local or 
intrinsic factors (relating to the wound itself) and extrinsic factors (systemic influences).  
Table 4.2, taken from Ramasastry’s article on chronic problem wounds, displays common 
causes of a wound’s resistance to heal [28].   

Table 4.2: Factors that impair wound healing 
Intrinsic Factors Extrinsic Factors 

Ischemia Nutritional deficiencies 
Infection Diabetes mellitus 
Foreign Bodies Chronic renal failure 
Cigarette Smoking Steroids 
Venous insufficiency Chemotherapeutic agents 
Radiation fibrosis Old age 
Repeated trauma Liver disease 
Local toxins Some drugs 
Cancer Hereditary 

     
Each of these factors necessitates different wound care efforts.  It is important to 

correctly asses the reason for the wound’s inability to heal.  Misdiagnosis may lead to 
unnecessary treatment.  Often, several of the above factors will together affect the healing 
of a wound, making a definitive diagnosis difficult.  Technological advances in wound 
care have helped in these types of determinations, but further progress is needed. 
 Chronic wounds are most common in elderly patients.  Seventy percent of the 
wounds found in these patients are due to the presence of chronic venous stasis, diabetes 
mellitus, and pressure necrosis [19].  Pressure ulcers are characterized by extensive tissue 
necrosis and often necessitate bed rest.  Venous ulcers result from chronic venous 
insufficiency, commonly in the lower extremities.  Diabetic ulcers are a result of 
ischemia, repetitive injury, and neuropathic problems [19].  They are susceptible to 
infection due to the insufficient resistance to pathogens that diabetic patients possess.  
The implications of these diseases are widespread.  Patients are often bedridden, creating 
socioeconomic and financial effects.  

Thus, chronic wounds are characterized by a prolonged inflammatory state and a 
resistance to heal.  Figure 4.3 displays the progression of a normal healing wound 
opposed to one that becomes chronic.  The cause of the wound’s chronic nature may be 
one or several of the above mentioned factors.  The reason that a wound is not healing 
will be different from patient to patient.  Currently, there is no universally accepted 
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criteria for the explanation of a wound’s pathophysiology.  “There is an urgent need to 
bridge the gap that often exists between laboratory research and clinical practice” [19].  
The development of new methods and instrumentation will aid clinicians in their quest to 
efficiently heal chronic wounds. 

                                                  Tissue Injury 
 
 
 

 
       Acute    Repeated Trauma, Infection 
  Inflammation           Hypoxia, Ischemia, Malnutrition 
 
 
 
Neutrophil Proteases        Activation of       Chronic Inflammation 
                                                  Macrophages 
 
 
        Activation of           Neutrophil 
 Debridement                  Growth Factors   Macrophages           Infiltration 
 
 
            
        Inflammatory          Reactive 
                                          Proliferation    Cytokines       Oxygen Species     
                      Fibroplasia 
 
 
 
                          Matrix Degrading Proteases 
           Protease Inhibitors 
 
 
                                         Epithelization              Excessive Matrix Degradation 
    Matrix Deposition      Degradation of Growth Factors 
                                          Angiogenesis                    Impaired Epithelization 
                                     Tissue Remodeling 
 
                     Normal Wound Healing      Chronic Wound 

Figure 4.3: The physiology of normal wound healing 
and pathophysiology of chronic wounds. 
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4.6 Wound Infection 
 One of the most common reasons for the repetitiveness of wound inflammation 
and the inability for the wound to progress to the proliferative stage is wound infection.  
Because this is an area that will be focused on in the current research, the implications of 
wound infection will be discussed briefly here. 

Infection in the clinical environment can be defined as “the product of the 
entrance, growth, metabolic activities, and resultant pathophysiologic effects of 
microorganisms in the tissues of the patient” [29].  This is to say that the invasion of 
pathogens in tissue and the disruption of the natural mechanisms of the tissue’s cells 
constitutes an infection.  A wound is proclaimed infected when the bacterial count 
exceeds 105 per gram of tissue [28].  The presence of such a level is most likely the result 
of an insufficient immune response, which is often due to an underlying disease.  If the 
equilibrium between bacterial activity and host resistance is disturbed, infection will 
begin to develop in the tissue area.   Noticeable signs of wound infection include extreme 
discomfort, continuous wound drainage, redness beyond wound boundaries, swelling, 
and fever.  Wound infection affects the natural healing of a wound by increasing the 
percentage of tissue destruction and changing the content of the wound’s tissue 
sufficiently so as to impair healing.   
 Several factors affect a wound’s resistance to infection.  The four major ones are 
as follows:  

��patient age – likelihood of wound infection increases after twenty-four years 
of age; 

��nutritional status – obesity or malnutrition affects a patient’s immune 
response; 

��glucocorticoids – presence is beneficial to inflammatory response; and, 
��decreased perfusion – causes an increase in infection rate [18]. 

 Another factor that allows for a higher rate of infection is the time that elapses 
between the trauma that causes the wound and the cleansing and/or repair of the wound.  
It is plausible for bacterial levels can increase 103 times within a five hour period of 
neglect.  Normal skin may contain up to 103 bacteria per gram tissue while more then 105 
bacteria per gram tissue will result in a high probability of infection [13]. 
 Once the stage has been set for the invasion of bacteria, foreign bodies can be 
introduced from various sources.  The two major categories of bacteria origin are 
exogenous (from the environment) and endogenous (from the host) organisms.  Sources 
of exogenous contamination may be the instrument of injury, operating personnel, and/or 
the environment.  Endogenous factors include foreign bodies, hematoma, dead space in 
the wound, necrotic tissue, and disease.  It has been found that airborne bacteria do not 
significantly contribute to the wound’s bacteria level, and the host is the major source of 
contamination [18].   
  The occurrence of wound infection relies heavily on the mechanism of injury.  If 
the trauma that caused the wound is highly contaminated in nature, the wound is more 
likely to become infected.  Therefore, the following characteristics of a wound play a role 
in the subsequent level of infection: type of injury, area of injury, level and type of 
bacterial contamination associated with injury, amount of destruction of local tissue and 
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its defenses, degree of alteration in local physiology, and time elapsed since injury [13].  
The following patient’s characteristics also highly affect the probability of infection: age, 
diabetes, steroid use, obesity, malnutrition, and presence of other infections.  The location 
of the area on the body at which the wound is present also affects the chance of infection.  
Locations that have greater blood supply will not become contaminated as badly because 
a better immune response can be employed. 
 Surgeons can further classify wound infections as pre-, peri-, or postoperative.  
Each type of infection is a result of the stage in which the wound exists.  The source of 
the infection will also differ.  Preoperative infections are a result of the endogenous and 
exogenous influences found at the time of injury up until the time of surgery, if it is 
necessary.  Perioperative infections will result from factors present during operation.  
Whyte et al. studied the effects of airborne bacteria and surgical materials in the 
operating room [30].  They discovered that the patient’s skin was a more significant 
contributor to wound infection than the surrounding environment.  Davidson et al. 
attempted to pinpoint the most common sources of postoperative wound infections, using 
a large patient sample [31].  The researchers gained information about the patients, their 
wounds, and the characteristics of the surgery they underwent.  The factors that were 
most influential in the occurrence of postoperative wound infection were the patient’s 
age, the duration of surgery, the surgical environment, and the bacteria present in the 
wound at the end of surgery.     
 The amount of bacteria present in the wound is therefore an indication of the 
likelihood of the development of infections.  Several methods have been used to measure 
the amount of bacteria present in a wound [32].  Bacteria can be quantified by taking 
tissue biopsies from the wound surface.  These biopsies take approximately forty-eight 
hours to culture and obtain bacterial growths.  A rapid-slide technique has been 
developed by which direct microscopic measurements of the total number of bacteria can 
be calculated within fifteen minutes, yet this technique is not entirely reliable and is used 
mostly to confirm results of more thorough tests.  Older techniques include the use of a 
agar contact plate, contact sponges, and flamed wound biopsies, all of which take twenty-
four to forty-eight hours to attain bacterial information about the wound.       
 The level of bacterial contamination in a wound has been found to be useful as a 
predictor of the success rate of a tissue transfer [1, 12, 14, 33, 34].  Schneider et al. 
explored the use of single point and multiple point tissue sampling in infected wounds to 
research the feasibility of bacteria levels as an indicator of graft survival [12].  They 
concluded that single point tissue sampling was not representative of the contamination 
level of the entire wound.  The bacterial contamination varied throughout the wound, 
necessitating that several points be sampled if bacterial levels were to be used to predict 
the success rate of an operative closure.  Robson et al. discovered a ninety-four percent 
graft survival rate if the wound bacteria level is less than 105 counts/gram tissue and a 
fourteen percent survival rate if the bacteria level was greater than this threshold [14].    
  Wound infection is a major cause of a wound’s inability to heal.  It causes much 
pain and suffering for the patient and necessitates a large financial obligation for proper 
treatment.  Infections can result from various sources at several different points in a 
wound’s progression.  This makes it extremely difficult to develop universal 
characterizations of infection types.  Bacterial quantification is a useful tool for attaining 
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an understanding of the contamination level of the wound.  The development of more 
efficient and definitive tools for the assessment of wound infection is greatly needed. 
 
4.7 Wound Treatment and Healing 
 Initial inspection of a wound must be meticulous because several factors affect the 
type and extent of treatment that is needed to allow for proper healing of a wound.  
“Quantitative and definitive characterization of both the initial and evolving status of 
wounds is essential for the proper treatment” [15].  A thorough history should be taken, 
involving the request of the following information: mechanism of injury, age of wound, 
allergies, tetanus immunization status, and diseases.  The wound should be inspected for 
the location of the wound, length, depth, and shape, nerve function, tendon function, 
evidence of contamination, and range of motion [35].  Natural wound healing will occur 
unless there are significant effect from infection, tissue devitalization, patient disease, 
and/or poor repair technique.   

Wound tissue is made up of two major layers, the epidermis and the dermis.  The 
epidermis is composed of the stratum germinativum, which provides the cells necessary 
for formation of epidermis during wound healing.  The dermis contains connective tissue 
which provides stabilization of percutaneous and deep sutures needed for wound 
closure.  The goal is to close the wound in a timely manner, taking into consideration the 
preservation of tissue and avoidance of infection and scar tissue formation.  

Wound healing can be divided into three phases: the substrate phase, the 
proliferative phase, and the remodeling phase [36].  Once the tissue is injured, 
inflammation occurs immediately.  Subsequently, a clot composed of surface epithelium 
and fibrin holds the wound edges together.  After two to three days, the proliferative 
phase begins during which collagen synthesis is occurs.  After six weeks of active 
collagen formation, the remodeling phase takes over.  This phase can last up to several 
months and is characterized by the changing and strengthening of the collagen network.  
This describes the timeline for a “healthy” healing wound.  The time intervals of each 
phase for an infected wound would be much greater.   

Surgeons can aid in the process of wound healing in several ways, the most 
common being wound closure.  The most crucial aspect of wound closure is the timing 
and choice of closure.  Wound closure can be divided into three major categories: 
primary, secondary, and tertiary closures.  Primary closure is performed on lacerations 
that are uncontaminated and involves closure by the application of sutures.  Secondary 
closure involves the gradual closing of the wound by its natural mechanisms.  Cleansing, 
irrigation, and debridement are necessary to prevent infection.  Tertiary closure is 
invoked in older wounds that are badly contaminated.  These wounds are observed for up 
to five days and treatment is continually being reassessed.  Antibiotics are usually 
administered, and closure is not considered until bacteria levels drop.    

Wounds that have significant tissue loss necessitate skin grafts or flaps.  Skin 
grafts are portions of dermis that are completely detached from the body at the time of 
transfer.  They are used for wounds that have an intact capillary circulation [36].  Flaps 
differ from skin grafts in that they provide circulation to the wound site and provide 
additional soft tissue to the deprived wound area.     
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Several conditions will slow down the healing process.  Older patients, chronic 
alcoholics, and diabetics all experiences slower healing.  Uremia, which causes the 
inhibition of fibroblast growth, may develop and induce complications.  Cancer, hepatic 
failure, cardiovascular disease, and trauma will cause the failure of oxygen and nutrients 
to reach the wound.  Most drugs have an adverse affect on the progression of wound 
healing while supplements such as vitamin C, A, zinc sulfate, and anabolic steroids 
stimulate healing [35].       

If a wound becomes infected, medical intervention is necessary.  Without 
assistance, most infected wounds will remain chronic and may require limb amputation, 
in the extreme case.  The goal is to reestablish the balance between the tissue and bacteria 
so that closure can be enacted.  Therapies include drainage of an abscess and 
debridement of necrotic tissue, hematoma, and foreign bodies [29].  Antibacterial agents 
have been used increasingly in the past few years to prevent and treat wound infections.  
If purulent material is present in the wound, it should be irrigated.  This is an indication 
of significant infection, and a tissue biopsy should be taken from the wall of the abscess 
for inspection of bacterial content [29].  If the wound is infected (meaning the bacterial 
count is greater than 105 bacteria/gram tissue), then medical therapy must continue.  Once 
the wound tissue is not considered clinically infected, closure may be initiated, unless 
extreme amounts of tissue are missing, making grafting necessary.        

It will often take several months for the entire process of wound healing to be 
completed.  Several parameters can be measured to attain an understanding of whether a 
wound is progressing or has developed into the chronic category.  “Healthy” wounds will 
consume amino acids, carbohydrates, lipids, oxygen, and produce carbon dioxide and 
hydrogen ions.  Each of these factors can be measured throughout the healing process but 
not without difficulty.  Several studies have attempted to correlate physiological 
parameters to the health and status of a wound [2, 37, 38, 39].  Lim et al. looked at the 
change in metabolic parameters as nutritional blood flow was restored to the wound over 
time [38].  Using an animal model, they measured pH, PO2, pCO2, and lactic acid and 
found that these parameters reflect the metabolic state of the wound at the edges of the 
granulation tissue.  From their experiments, they concluded that blood flow increases to 
the wound during the first two weeks and remains constant for another two weeks as the 
wound becomes healthier.  Lengheden et al. found that the optimal pH in humans for 
proper wound healing was around 7.5 [2].         
 If the healing of a chronic wound does take an extended period of time, the wound 
must be “managed,” which is a term that is used after initial treatment of the wound does 
not entirely resolve the medical condition.  Both extrinsic and intrinsic factors must be 
controlled.  Extrinsic factors, which are more difficult to manage, include disease, 
nutrition, alcoholism, and diabetes.  These factors/habits can be changed by employment 
of strict eating regiments, alteration of social habits, control of blood sugar, and use of 
pharmaceuticals.  Thus, proper management of chronic wounds would involve the 
following actions: bed rest, reduction of edema, control of host medical problems, local 
wound care, control of infection, pharmacological therapy, hyperbaric oxygen, 
debridement of wound area, correction of arterial inflow, skin graft, and/or microvascular 
flap transfer [28].          
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 Gerit D. Mulder wrote an excellent article, which summarizes the current  
knowledge in wound care and the problems surrounding it [39].  One major problem is 
that scientific advances do not usually reach the clinical setting where they could have 
major impact.  Mulder explains that although an enormous amount of money has been 
spent on the development of technology for wound care, a very small percentage of these 
advancements have applicability in the hospital.  He discusses the advantages and 
disadvantages of animal models and emphasizes that although animal studies are 
absolutely necessary, more emphasis should be put on clinical studies, when possible, to 
allow for a realistic setting for testing.  Many products have been developed over the 
years to aid in the wound healing process: occlusive dressing that allow for facilitated cell 
migration, topical solutions that eliminate cytoxicity, and products that claim to stimulate 
cellular activity [39].  Although these products may be beneficial, the clinicians make the 
final decision concerning treatment; therefore, clinical acceptance must precede 
successful introduction of new products.  “Clinically supported scientific knowledge of 
function and effect of wound repair products will promote the acceptance of new 
technology, expedite wound closure, and improve patient care … “ [39]. 
 Several new developments are continually being introduced into the field of 
wound care.  Many of these do not have significant impact, while others may come to be 
mainstays in the treatment of chronic wounds.  Some of the recent trends are stimulating 
wound healing with genetically engineered agents, using synthetic skin substitutes, and 
using hyperbaric oxygen [27].  Research efforts are ongoing in the development of a 
realistic and reproducible epidermal growth factor.  These growth factors occur naturally 
in the wound and aid in wound healing by promoting the migration of epidermal cells, 
angiogenesis, collagen deposition, and chemotaxis of inflammatory cells [27].  The 
application of such growth factors to a wound that is unable to heal on its own would be 
beneficial.  Human growth hormones are also being explored as stimulants of protein 
synthesis and tissue growth.   
 A therapy that has proven useful is the application of hyperbaric oxygen.  Wound 
tissue needs an abundance of oxygen for several of the key steps in healing (collagen 
synthesis, tissue growth, and angiogenesis).  Thus, the introduction of hyperbaric oxygen 
helps the wound to proceed in the healing process.  If the wound will not heal with the 
aid of topical agents and hyperbaric oxygen, a tissue transfer becomes necessary. 
Surgeons now have the option of using cultured epithelial autografts (CEA).  Although 
there are still disadvantages of this graft choice over traditional split-thickness skin grafts, 
“the cultured epithelium produces a variety of growth factors that promote healing,” 
allowing for a decrease in the time needed for re-epithelialization [27].      
 Thus, several advancements in wound care have been made.  A closer look still 
needs to be taken at the actual mechanisms of wound infection.  This will enable better 
measurement tools and therapeutic products to be developed.  Many possible areas for 
research in wound management and treatment are apparent.  Combined efforts of 
scientists and clinicians will allow for the introduction of new technologies that have real 
applicability in the clinical environment. 
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4.8 Glossary of Medical Terminology 
Abscess – a circumscribed collection of pus appearing in an acute or chronic localized 
infection, and associated with tissue destruction, and frequently, swelling. 
 
Angiogenesis - development of blood vessels. 
 
Autografts – a tissue or an organ transferred by grafting into a new position in the body 
or the same individual. 
 
Chemotaxis – movement of cells or organisms in response to chemicals, whereby the 
cells are attracted or repelled by substances exhibiting chemical properties. 
 
Collagen – the major protein of the white fibers of connective tissue, cartilage, and bone. 
 
Cytokines – generic term for nonantibody proteins, such as lymphokines, released by a 
certain cell population on contact with a specific antigen and which act as intercellular 
mediators, as in the generation of immune response. 
 
Debridement – excision of devitalized tissue and foreign matter from the wound. 
 
Devitalization – deprivation of vitality or of vital properties; dead. 
 
Diabetes mellitus – a metabolic disease in which carbohydrates utilization is reduced and 
that of lipid and protein enhanced; it is caused by an absolute or relative deficiency of 
insulin. 
 
Epithelium – the purely cellular avascular layer covering all the free surfaces, cutaneous, 
mucous, and serous, including the glands and other structures derived therefrom. 
 
Epithelization – formation of epithelium over a denuded surface. 
 
Exudate – any fluid that has exuded out of a tissue or its capillaries, more specifically 
because of injury or inflammation, in which case it is characteristically high in protein 
and white blood cells. 
 
Fibrin – elastic filamentous protein derived from fibrinogen by the action of thrombin, 
which releases fibronopeptides A and B from fibrinogen in coagulation of the blood. 
 
Fibroplasia – production of fibrous tissue, usually implying an abnormal increase of 
non-neoplastic fibrous tissue. 
 
Fibrosis – formation of fibrous tissue as a reparative or reactive process, as opposed to 
formation of fibrous tissue as a normal constituent of an organ or tissue. 
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Glucocorticoids – any steroid-like compound capable of significantly influencing 
intermediary metabolism such as promotion of hepatic glycogen deposition and of 
exerting a clinically useful anti-inflammatory effect. 
 
Hematoma  - a localized mass of extravasated blood that is relatively or completely 
confined within an organ or tissue, a space, or a potential space; the blood is usually 
clotted, and depending on how long it has been there, may manifest various degrees of 
organization and decolorization. 
 
Hepatic – relating to the liver. 
 
Hyperbaric – pertaining to pressure of ambient gases greater than one atmosphere. 
 
Hypoxia – decrease below normal levels of oxygen in inspired gases, arterial blood, or 
tissue, short of anoxia. 
 
Ischemia – diminished blood supply to an area of tissue causing a decrease in the 
delivery of oxygen and nutrients. 
 
Macrophages – an actively phagocytic cell arising from monocytic stem cells in the 
bone marrow. 
 
Necrosis – pathologic death of one or more cells, or of a portion of tissue or organ, 
resulting from irreversible damage. 
 
Neutrophils – a mature white blood cell in the granulocytic series, formed by 
myelopoetic tissue of the bone marrow, and released into the circulating blood, where 
they normally represent from 54% to 65% of the total number of leukocytes. 
 
Pathogens – any virus, microorganism, or other substance causing disease. 
 
Percutaneous – denoting the passage of substances through unbroken skin. 
 
Perfusion – the act of forcing blood or other fluids to flow from the artery through the 
vascular bed of a tissue or to flow through the lumen of a hollow surface. 
 
Phagocytosis – the process of ingestion and digestion by cells of solid substances, other 
cells, bacteria, bits of necrosed tissue, foreign particles. 
 
Platelets – an irregularly shaped disk-like cytoplasmic fragment of a megakarocyte 
which is shed in the marrow sinus and subsequently found in the peripheral blood where 
it functions in clotting. 
 
Proliferative – increasing in the number of similar forms. 
 
Venous stasis – stagnation of the blood or other fluids in the veins. 
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5. HARDWARE AND SOFTWARE DESCRIPTION FOR pH ACQUISITION  
 
 During this research, tissue pH measurements are taken using a hardware system, 
micro-combination glass electrodes, and a custom-made software program.  George 
Gumbrell designed the hardware as a part of a master’s thesis completed at WPI [40].  
Because it is an integral part of the acquisition of pH signals, the hardware design will be 
described briefly in the following sections.  The developed software program and 
supporting algorithms will also be discussed.  In this research, we are concerned with 
tissue pH measurements; thus, the software algorithms that were developed will take into 
consideration issues specific to this area of study.  This chapter aims at describing the 
hardware and software that is used to acquire the pH data.  Subsequent chapters will 
detail how the pH data is analyzed and correlated to the location of measurement and 
other properties of the wound. 
 
5.1 Hardware Description 

The apparatus consists of a laptop that is fastened to a docking station, which 
contains the hardware.  The system’s hardware is responsible for preprocessing and 
converting the analog pH signal to digital format before being analyzed by the software 
program.  The side of the docking station contains ports for the MI-414 electrodes to be 
attached by BNC connectors.   
 The hardware has three major components: the analog, digital, and isolation 
sections.  The analog section processes the analog pH signal by multiplexing, amplifying, 
and filtering the signal generated by the electrode.  The digital section begins with the 
A/D converter which converts the analog signal to a digital form.  This section also 
includes the laptop which interfaces to the hardware circuits.  The isolation section 
provides electrical isolation between the patient and the digital section of the system to 
ensure that safety standards are met [40].   
 
5.1.1 Hardware Operation 

Figure 5.1 shows a block diagram of the portion of the tissue pH monitor that is 
used in this research.  Seven major stages are utilized to read the signal from the 
electrode, digitize the analog information, and communicate between the hardware and 
software.  Each stage is critical to the accurate attainment of a tissue pH signal.  
Following is a brief description of each of these stages: 

1. Buffer Stage - A voltage that is proportional to the pH of the solution in which  
the electrode is submersed is produced by an electrochemical reaction.  This  
voltage then enters the buffer stage which transforms the high impedance source  
signal into a low impedance signal.  The amplifier that is used in this stage has an  
input impedance of at least ten times greater than the output impedance of the pH  
electrode [40].  This prevents current loading of the electrode.  This stage also  
allows for the selection of one of the two active pH electrode channels, so that  
monitoring of two different tissue samples can be achieved.  The two-channel   
feature will not be utilized because one-channel point measurements are  
sufficient for this research.  
2. Amplification Stage – This stage increases the input voltage, without  
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  pH electrode 
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Figure 5.1: Block diagram of the hardware configuration of the system [40] 
amplifying any noise that may plague the signal.  Therefore, the signal-to-noise  
ratio is increased as a result of this amplification.  The instrument is set up to  
produce a gain of 14.7 [40].  This gain allows for high resolution of the pH signal.  
The signal from the reference electrode is input into this stage and is compared to 
the output of the buffer stage to produce a differential signal. 
3. Filter Stage – A second order Butterworth low-pass filter is utilized to  
eliminate low-frequency noise, such as the 60 Hz power noise.  The filter is  
designed to have a 1 Hz cutoff frequency.  Therefore, frequencies between DC,  
including the pH signal, and 1 Hz are passed to the next stage.  Frequencies  
above 1 Hz are attenuated. 
4. A/D Converter – This stage converts the analog signal to digital information.   
The A/D converter must have low noise and low supply current and a substantial  
number of output bits to provide sufficiently high resolution of the voltage signal  
[40].  This high resolution is important because small changes in voltage  
correspond to significant changes in pH.  A 12-bit A/D converter was chosen  
along with a high precision reference chip, which is needed because the A/D  
converter does not have an internal voltage reference.   
5. Isolation Stage – An isolation stage is necessary to electrically isolate  
the patient from the computer and ground [40].  To minimize the power  
consumption, a low power isolation chip was chosen for this stage.  
6. Interfacing – The software is set up to control the hardware.  Each hardware  
component that is connected to the computer has a numerical address (300 hex to  
30F hex) that the computer uses to access it.  Sixteen address lines are connected  
from the IBM address buss to the hardware allowing for access to the system by  
commands written in the software program.      
7. Laptop Computer – The computer is mounted on the docking station which  
contains all of the hardware.  The computer is the platform for the software  
program which controls the actions of the hardware.  Its memory capacity is also  
used to store data. 
8. Power Supply – An isolated power supply, consisting of a DC to DC converter,  
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generates ± 5 V supply voltages for the analog stages of the system [40].   
Additionally, a + 5 V power supply comes from the docking station/laptop  
computer.  The DC to DC converter that was chosen is a 1.0 watt, regulated,  
medical isolated, low noise converter [40].  The laptop computer/docking station  
combination is also set up to run from the laptop’s battery if necessary, but the 
battery life (1.5 hours) is unacceptable for the purpose of this research.  

    
5.2 Software Design 
 The software was developed on a Windows platform using LabWindows 
software.  The program aids in accurately acquiring a voltage signal from the hardware 
and interpreting this signal into a pH level that corresponds to a given area of tissue.  An 
offline software program will be used to analyze the acquired pH data as it relates to the 
tissue’s properties, i.e. bacterial contamination, appearance, and location.  This program 
will be explained within the chapters on methods.  Thus, the main purposes of the 
LabWindows software program are as follows:  

��control the actions of the hardware for data acquisition; 
��provide a user interface that can be easily followed; and, 
��allow for experimental data to be saved for offline analysis. 
These three capabilities aid in making the instrument easy to operate and alter 

according to the needs of the research.  The software program controls the hardware 
which reads in a signal from the electrode.  This signal is analyzed by the program and 
saved to an output file.  The user interface contains step-by-step instructions, making the 
system’s capabilities easily understandable.  The program is menu driven, allowing the 
user to select each component of the software program from a drop down menu.  These 
components are explained in the following sections. 
 
5.3 Graphical User Interface 
 The user interface allows for easy operation of the software program, which 
controls the hardware system.  The main window of the software program can be seen in 
Figure 5.2.  This window has several features, including the main menu from which all 
the software’s capabilities can be accessed.  The major components of the main window 
are described in the following numbered items, which correspond to the numbers in 
Figure 5.2: 
  1. Main Menu: Each of the software’s features can be accessed by clicking on one  

 of the following menu options: File, Patient Information, System Setup, pH- 
 Calibration, or View.  The File menu option controls the main window.  It  
 allows the user to shut down the program by selecting exit.  The remaining  
 menu options are more involved and will be described in subsequent sections. 
2. Digital Clock: The clock obtains the current time from the laptop’s clock. 
3. pH Monitoring Graph: This area displays a continuous signal which represents  
 pH levels of the environment to which the current  electrode is exposed.  The  
 blue cross is a marker that can be placed at any point on the pH signal, by a  
 click of the mouse, to determine the value of an instantaneous measurement  
 (refer to item number 6). 
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4. Y-axis: The y-axis displays pH units which are calculated from the electrode’s  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5.2 Main Window of the pH Monitoring Program 
 
 previously determined calibration characteristics.  The y-axis range is  
 continually adjusted to ensure maximum resolution of the current pH  
 signal. 
5. X-axis: The x-axis displays the time stamps of the pH signal in minutes.   
6. Instantaneous pH: This display shows the pH of the signal at the position of the  
 blue cross.  This feature is helpful in determining maxima and minima in a  
 given pH signal recording. 
7. Continuous Acquisition: Pressing this button will begin the continuous pH  
 monitoring.  When monitoring is engaged, a STOP button will appear which  

can be used to terminate the monitoring session.  The CONT ACQ button will  
then reappear and monitoring can be restarted at anytime, yet the time on the x-
axis will always be in relation to the initial starting time of the monitoring 
session.  

The pH monitoring feature of this program is often used to check the proper  
operation of the electrode and its calibration characteristics immediately before testing 
begins.  This allows for any faults in the electrode’s behavior to be determined and 
resolved before testing.  Sections 5.3.1 through 5.3.4 describe the elements of the 
program that can be enabled by using the main menu options. 
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5.3.1 Patient Information 
 If the users select the Patient Information menu option, they can then select view 
(see Figure 5.3).  This action will bring up a new window, which can be seen in Figure 
5.4.  The following information about the patient can be entered into the window: 
 
 
 

Figure 5.3: Patient Information menu option 
1. Patient Code: This will identify the patient as a number, keeping his/her 

identity confidential. 
2. Patient Age: The patient’s age is one of the extrinsic factors that affects the 

proper healing of a chronic wound. 
3. Age of Wound: The wound’s age is entered in terms of months from its first 

appearance. 
4. Gender: This information is used for descriptive purposes. 
5. Race: This optional piece of information is also for descriptive purposes. 
6. Description of Wound: Within this field, the user may input information about 

the wound’s cause, type, location, appearance, etc.  The purpose is to possibly 
relate the data found during testing to the wound’s qualitative characteristics.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 5.4: Patient Information Window 
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7. Notes: Any additional information that may be pertinent to the case can be  
placed here. 

8. Open, Save, and Cancel: The user can Save or Cancel the information he/she 
has input into the window.  The patient information will be saved as a .txt file, 
titled by the patient code.  The user can also open existing files to view and/or 
modify them. 

The patient window serves the purpose of recording information about the patient 
and about the characteristics of the patient’s wound.  These pieces of information are 
very important in assessing any relationships between the quantitative and qualitative 
data surrounding the patient’s medical situation.   
 
5.3.2 System Setup 
 The system setup option, as seen in Figure 5.5, is used to access the pH Probe 
Setup window.  This window has fields in which the user can input the calibration 
characteristics of the electrode that is currently attached to the system.  If the user has 
calibrated the current electrode, the calibration characteristics will automatically appear 
in the pH Probe Setup window.  In this case, the System Setup menu option can be used to 
view and record the characteristics. 
 
 
 

Figure 5.5: System Setup menu option 
5.3.3 pH-Calibration 
 Selecting the pH-Calibration menu option (see Figure 5.6) will bring up three 
different items from which to choose.  The load option allows for the user to load 
previously saved calibration characteristics.  The save option allows the user to save the 
calibration characteristics of the electrode that was calibrated most recently during the 
current session of the program.  The two-point calibration option begins the calibration 
process. 
 
 
 
 
 

Figure 5.6: pH-Calibration menu option 
 The electrode that is being calibrated should be placed in the buffer solution that 
is the more acidic of the two buffers that will be used for the two-point calibration.  The 
user will be prompted to tell the program whether the electrode is ready for calibration.  
Once the calibration setup is finalized, the Enter key can be pressed and the window seen 
in Figure 5.7 will pop up.  In this window, the user will input the value of the first pH 
buffer, here 6.0 pH units.  Once the OK button is selected, measurements will be taken 
from the electrode.  
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The measurements are displayed in millivolts in a new window, which can be 
seen in Figure 5.8.  The mV reading is the actual voltage level that the hardware registers 
from the electrochemical reaction that takes place between the electrode and the buffer 
solution. 

Figure 5.7: First step in the two-point calibration process 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.8: Electrode Stabilization Window used in the Calibration Process 
 

 The components of Electrode Stabilization window are as follows (corresponding 
to the numbers in (Figure 5.8): 

1. Electrode Output: This graph displays the voltage values that are recorded 
from the electrode’s reaction with the buffer in which it is submersed.   

2. Instantaneous Measurement: This display shows the value of the most recent 
measurement in millivolts.  This feature helps to determine the difference in 
consecutive measurements. 

3. Y-axis: Displayed in millivolts, this axis will change continuously to attain the  
highest resolution.  

4. X-axis: Displayed in minutes, this axis records the time at which the current  
measurements are being taken, relative to the starting point at time zero.   

Measurements are taken for two minutes.  At this point the user is asked to view 
the sequence of voltage levels and determine if the electrode has stabilized.  If the user 
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answers YES to the question of stabilization, the window seen in Figure 5.7 reappears 
and the next pH buffer value must be entered.  Subsequently, the same process of taking 
measurements and determining the electrode’s stabilization occurs again.   
 If the user replies NO to the question of electrode stabilization, then a couple 
more measurements will be taken and displayed on the same graph as seen in Figure 5.8.  
The user will then again be prompted to answer whether the electrode has stabilized.  
This sequence of events will continue until the user informs the program that the 
electrode has stabilized.  It is critical that the user takes great care in judging whether the 
electrode has stabilized because the final voltage that is recorded for each of the buffers is 
used to determine the calibration characteristics, which affect all future measurements 
taken with that electrode. 

When the calibration process has finished, a window will appear that displays the 
voltage level that corresponds to each of the buffers as well as the slope and intercept of 
the calibration line that was calculated from these voltages and pH levels.  These values 
are automatically entered into the pH probe setup window and all subsequent 
measurements during this session will use the calculated characteristics.  Once the 
electrode is calibrated, the system is ready for attaining pH measurements. 
 
5.3.4 View 
 Selecting the View menu option (see Figure 5.9) will bring down two items from 
which to choose.  The single pH acquisition menu item can be used to determine an 
instantaneous voltage reading resulting from the reaction between the electrode and the 
solution with which it is in contact with at the time.  A new window will appear in which 
the voltage will be displayed graphically and as a value, in millivolts.  A button, titled 
AQCUIRE, can be pressed to reacquire the voltage.   

This feature is not used often but is helpful in checking the accurate operation of 
the electrode and the previously calculated calibration characteristics.  A voltage within a 
known range should be read from the electrode for a given pH.  For example, if the 
electrode is submersed in a 7.0 pH buffer and a single pH acquisition results in a 100 mV 
reading, it is very likely that the electrode is faulty.  This is because the electrode’s 
characteristics typically intercept the x-axis near 7.0, making the millivolt reading at this 
pH close to zero.  This feature can also be used for one-point calibration, which will not 
be used in this research.     
  

 
 
 

Figure 5.9: View menu option 
The pH imaging option is used during testing to acquire tissue pH measurements.  

If calibration characteristics have not been entered before this option is selected, the user 
will be reminded that calibration must first be performed.  Once this has been 
accomplished and the electrode is prepared to measure, selecting this option will bring up 
a new window as seen in Figure 5.10. 
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Figure 5.10: pH Imaging window 
The user will first be prompted to place the electrode in the first measurement 

position.  Once this is done, the system will begin recording pH measurements and 
displaying them on the graph (Figure 5.10), which has the following elements: 

1. pH Measurement Graph: This graph displays the pH value of the solution that  
is in contact with the current electrode.  This value is calculated by using the  
calibration characteristics that are displayed in the pH probe setup window. 

2. Instantaneous pH Value: This display shows the most recent pH value that has 
been recorded.  This is helpful to visualize small changes in the pH level. 

3. Y-axis: Displayed in pH units, this axis is continually adjusted to allow for the  
maximum resolution. 

4. X-axis: Displayed in minutes, this axis contains the time stamp for the pH  
recording. 

 After a predetermined amount of time for initialization of the measurement, the 
software program verifies whether the electrode has stabilized, meaning that the 
measurement points have not greatly deviated from the current values within the last ten 
to fifteen seconds.  If the pH measurement is stable, the window displayed in Figure 5.11 
will appear and the system will be ready for the next measurement point.  If the pH does 
not stabilize in one and half minutes, another window will appear that informs the user of 
this fact.  The user must then determine whether he/she wants to continue measurements 
in the current position or terminate the current measurement and move to the next point.  
In either case, a final pH value is determined for each point measurement.  The 
algorithms used for these calculations will be explained in the next section. 
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Figure 5.11: Stabilization Notification Window 
This portion of the program simply acquires the pH values for a given testing point 

and saves the pH signal and the final value to a file.  Due to stabilization issues which 
will be discussed in the next section, pH values are acquired from one point for up to one 
and a half minutes.  The resulting signal is used to determine a pH level for that point.  
The software program labels each point by a measurement number and writes all the 
pertinent information to an output file (see section 5.4.3).  The user must record the 
locations in the wound to which the measurement points correspond.  The chapter on 
methods will explain how this is done for animal and clinical testing and how the pH data 
points, their location, and the wound’s properties will be analyzed together.   
 
5.4 Algorithm Development  

Several algorithms were developed to acquire and process the pH data.  As discussed 
in the hardware description section, calling specific addresses through a port that 
connects the laptop to the system accesses the hardware.  Once the appropriate address is 
called, the software reads the bits from the A/D converter and translates them into a 
decimal value (commonly called machine units).  This decimal value is stored and is 
manipulated to determine the pH level of the reading.  Once this pH value is calculated, it 
must be analyzed.  Algorithms were developed which determine the stabilization of the 
pH signals by real-time analysis of the measurement points. 

 
5.4.1 Calculation of pH   
 Once the decimal value of the machine units is determined and assigned to a 
variable, the millivolt level that this value corresponds to can be calculated.  This is done 
by first checking the fifth bit, attained from the A/D converter, to determine the sign of 
the voltage.  The machine units are then converted to a voltage and normalized by the 
gain of the hardware, which is 14.7 units.  The pH produces small voltages, so the value 
is multiplied by 1000 to convert it to millivolts.   
 The voltage level is then converted to pH units using the previously determined 
calibration characteristics.  This is done through the following sequence of events.  Five 
consecutive voltage levels are read in by registering the bit sequences from the hardware 
and converting them to millivolts.  An average of these five measurements is then 
calculated.  This voltage level is converted to pH units by using the following equation: 
 
pH_value = (voltage/slope) - intercept      (5.1)   
 

The slope and intercept are calculated during calibration and are specific to the 
current electrode.  The calculation results in the pH level of the solution with which the 
electrode is in contact.  Immediately following this calculation, the software checks if the 
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pH level is less than zero or greater than fourteen.  If this is true, an error has occurred 
which may be due to miscalculated calibration characteristics, hardware/software 
problems, or improper electrode operation.  The software will notify the user that such an 
error has occurred, but the user must determine its origin.   
 
5.4.2 pH Stabilization Algorithm 
 During the attainment of tissue pH measurements, it is important to determine 
whether the measurement has stabilized.  Due to the non-uniform properties of tissue, the 
electrode will not stabilize to a voltage level as quickly as it would if it were placed in a 
buffer of constant pH.  The pH will move towards a certain region in the zero to fourteen 
pH range, yet it will not remain constant at first.  The values may jump within a 0.2 pH 
interval due to the tissue’s properties and changes in the pressure that the user applies to 
the electrode.  For these reasons, an algorithm was developed to automate the 
determination of the electrode’s stability when measuring tissue pH.   
  Once calibration has been performed and the slope and intercept of the 
characteristics have been saved in the appropriate variables, the electrodes may be used 
for pH measurements.  When the pH imaging item is selected from the View menu 
option, numerous isolated points can be measured and will be saved to a text file.  When 
the user tells the software that the electrode is ready for measurement, the pH of the 
current environment will be calculated as explained in the previous section.  Figure 5.12 
shows the code that determines whether the measurements obtained from the electrode 
have stabilized enough to attain an accurate pH level. 
 
1 if(timer > 30) /*don’t enter loop during initial

measurements*/

2 {

3 for(j=k-10; j<k; j++)

4 sum += save_pH[j];

5

6 avg = sum/10; /*calculate the average of the

last 10 samples*/

7

8 for(j=k-10; j<k; j++)

9 {

10 diff = save_pH[j] - avg;

11 if(diff < 0)

12 diff = diff*-1;

13 mad += diff;

14 }

15 mad = mad/10; /*calculate the MAD of the

last 10 samples*/

16



 

 

42
 
17 if(mad < 0.008) /*if the MAD is less than

0.008 pH units, the signal

has stabilized*/

18 {

19 sel = MessagePopup(“pH Stabilized”, “The pH

Stabilized.”)

20 image_value[x_point] = avg; /*save average as the

final value for this

reading*/

21 }

22 }

Figure 5.12: Code that checks for stabilization of the tissue pH signal    
Line 1 of the code indicates that the first thirty counts of the timer are used for 

initialization of the electrode to the environment on which it is placed.  Thirty counts of 
the timer is equivalent to thirty-six seconds because the signal is sampled at 1.2 
seconds/sample.  After this amount of time, this loop of code can be accessed.  Lines 3 
through 6 average the ten most recent pH measurements.  Lines 8 through 15 calculate 
the mean absolute deviation (MAD).  This is a statistical measure that calculates the 
mean distance of the measurement points from the average of these points.  The formula 
for the MAD is as follows: 

MAD = [1/(n-1)]  | yi – y |         (5.2) 
where n is the number of samples, yi is the ith sample and y is the mean of the n samples.  
The absolute value of the current sample minus the mean is summed for all n samples and 
divided by the mean’s degrees of freedom, n-1.    
 Once the MAD is calculated for the ten most recent samples, a threshold must be 
checked to determine if the average distance of the samples from the mean is small 
enough to indicate stabilization.  This threshold is set at 0.008 as seen in line 17 of the 
above code.  The threshold was determined by analyzing data from preliminary animal 
studies.  The signals from these preliminary studies were input into Excel.  The algorithm 
that appears in Figure 5.12 was recreated in Excel and the threshold that best determined 
stabilization of the pH signals was chosen.  Thus, if the average distance from the mean 
for the last ten samples is less than 0.008 pH units, the electrode measurements have 
stabilized.  Line 19 produces a message that tells the user that the pH has stabilized.  Line 
20 saves the average (from the last ten samples) to a variable, which will be written to an 
output file.   
 If one and a half minutes pass without stabilization, the program will produce a 
window that states that the pH measurements do not appear to be stabilized.  At this 
point, the user may indicate that more measurements should be taken or that the average 
that the program computes is acceptable.  If additional measurements are opted for, the 
algorithm is initialized, and the check for stabilization begins as previously explained.   
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 If the user decides that the pH measurement is not going to stabilize by the 
algorithm’s standards, a new algorithm (see Figure 5.13) is used to determine an 
appropriate average that can be used as the pH value for that measurement. 
1 if(flag != 1) /*enter this loop if the signal did

not stabilize before one and a half

minutes*/

2 {

3 sel = MessagePopup ("pH Meaurement",“The pH did not

4 stabilize.\n An average will \n be calculated.");

5

6 sum = 0;

7 for(j=k-20; j<k; j++)

8 sum += save_pH[j];

9

10 avg = sum/20; /*calculate the average of the last

20 samples*/

11

12 for(j=k-20; j<k; j++)

13 {

14 diff = save_pH[j] - avg;

15 if(diff < 0)

16 diff = diff*-1;

17 mad += diff;

18 }

19 mad = mad/20; /*calculate the MAD of the last 20

samples*/

20

21 fprintf(file, "The pH did not stabilize so the

acceptable values in\n the last 20 samples will be

averaged.");

22 fprintf(file, "average %.2f mad%.2f", avg, mad);

23

24 sum = 0;

25 count = 0;

26 for(j = k-20; j<k; j++)

27 {

28 if((save_pH[j] < avg && save_pH[j] > avg - mad) ||

(save_pH[j] > avg && save_pH[j] < avg + mad))

30 {
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31 sum+= save_pH[j]; /*only sum samples that are

within the MAD*/

32 count +=1;

33 }

34 avg = sum/count; /*average the summed values*/

35

36 image_value[x_point] = avg; /*save average as the

final value for this

reading*/

37 }

38 }

Figure 5.13: Code that calculates an average for a signal that did not stabilize
If one and a half minutes have passed, the pH signal will be declared unstable.  

The flag variable in line 1 of Figure 5.13 will be set to 1 if the signal has stabilized; in 
that case, this loop will not be accessed.  Otherwise, the software must analyze the pH 
signal and calculate an appropriate pH level for the corresponding point measurement.  
Lines 6 through 10 in Figure 5.13 compute the average of the last twenty samples.  Then, 
lines 12 through 19 compute the MAD for the last twenty samples.  The next step is to 
use a loop (lines 26 through 37) to check whether each of these twenty samples is within 
±MAD from the average.  The samples that are within this range are summed and 
averaged.  This average is saved as the final value for the signal being analyzed.   
 The algorithms presented in Figures 5.12 and 5.13 check for stabilization and 
calculate averages of the pH signals that are good estimates of the actual pH level of the 
tissue in question.  The averaging is necessary because of the nature of tissue pH 
measurements.  Ideally, once the electrode has settled to a certain value that reflects the 
pH of the tissue, the final value of the signal would be declared the true pH level of the 
tissue.  The tissue’s properties and the nature of pH electrodes will not allow for this 
simplicity, making the software algorithm an essential part of the data acquisition 
process.  
 
5.4.3 Output File  
 The pH signals are written to an output text file for offline analysis.  Each signal 
is written to the file once the pH acquisition is completed for that measurement point.  
The signal is labeled by the measurement number, and the time stamp and corresponding 
pH value are included in the file.  Also, a statement is written to the file describing 
whether the signal has stabilized.  The software then calculates a final pH level for the 
signal based on the MAD (explained previously) and writes these pieces of information 
to the file.  
 The same process is performed for as many measurement points as the user would 
like to measure.  Once pH acquisition is completed, a summary of the data points that 
have been measured is included at the end of the file.  The entire signal information for 
each of the points is included in case the user would like to inspect the nature of the pH 
signal.  This is also beneficial in determining trends in the pH measurements during 
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preliminary testing.  Figure 5.14 displays portions of a sample output file that was 
recorded during preliminary animal testing. 
 
Measurement 1

0.00 6.463

0.03 6.629

0.05 8.439

0.07 7.264

.

.

.

1.33 7.401

1.37 7.430

1.38 7.407

1.40 7.407

1.43 7.389

1.45 7.389

1.47 7.430

1.50 7.418

The pH did not stabilize. An average will be calculated.

MAD - 0.27

Final Average - 7.43

Measurement 2

0.00 6.950

0.02 7.045

0.03 7.080

0.07 7.104

0.08 7.211

0.10 7.116

.

.

.

Measurement Number pH Value

1 7.4310

2 7.3784

3 7.1628

4 7.4177

5 7.4125

6 7.4492

Figure 5.14: Portions of an Output File from pH Acquisition Software 
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 As can be seen, the data points from measurement number one are recorded in the 
text file with a time stamp (in minutes) and a pH value for each sample of the signal.  
After 1.5 minutes, the pH signal is proclaimed unstable.  An average is calculated (see 
Figure 5.13) and written to the file because the user opted not to continue measurements 
of this point.  The MAD is recorded in terms of pH units, indicating the variation in the 
signal.  The next point is measured using the same process.  Once all of the points were 
measured, a summary of the pH values was printed to the file.  Figure 5.1.4 shows that 
six points were measured during the acquisition session.  This file format allows for the 
user to understand where the pH levels for each of the measurement points are derived 
from.  It is an efficient way to keep records of all of the data acquired during testing. 
  
5.5 The pH Monitoring System 

The hardware and software components that have been described together produce a 
system that is effective in measuring tissue pH.  The software program, placed on a 
laptop computer, controls the actions of the hardware, which attains signals from the 
electrodes.  The software also contains algorithms that calibrate the electrodes and check 
for stabilization of the pH signal.  The program calculates an average of the measurement 
points, which excludes outliers, and saves this average as the final value of the 
corresponding signal.  The acquired pH signals are written to an output file along with a 
summary of the tissue pH values for each point.  Thus, the actions of the hardware and 
software result in a single value for each point measurement.  This data will be used to 
research relationships between tissue pH levels and tissue properties in wounds, 
specifically bacterial contamination.   
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6. METHODS AND PROTOCOLS 
 

It is very important to carefully develop the methodology used to perform the 
testing in this research.  This essential research step, methods and protocol development, 
provides the required preparation leading up to the testing portion of the research.  This 
chapter will include the explanation of the procedures used in the research, starting with 
the testing of the equipment and finishing with the techniques used for data analysis.  
Each section in this chapter corresponds to a separate section in the chapters on results 
and discussion.  Thus, the methods are used to produce the results that are presented in 
chapter seven and discussed in chapter eight.   
 
6.1 Testing of the MI-414 Electrodes 

In this research, MI-414 glass micro-combination pH electrodes, manufactured by 
Microelectrodes Inc., will be utilized.  These electrodes are ideal for this research because 
they are combination electrodes, meaning that the reference electrode is imbedded in the 
pH probe.  More importantly, the tip of the electrode is small (1.7 mm in diameter) and 
therefore can read the pH of micro-samples.  This is crucial for this research because a 
limited amount of fluid is present on a tissue’s surface.  In addition, Microelectrodes, Inc. 
donated the electrodes, which helps to reduce the cost of the research.   

All electrodes theoretically have identical parameters.  Realistically, they are  
very similar.  For example, the time that it takes for each electrode to stabilize in a given 
medium was found to be almost identical for all electrodes.  Thus, all tests will be done 
on a few of the electrodes and an average of these results will serve to represent all of the 
electrodes.  Extensive testing is not needed because analysis of the electrode’s properties 
is not the central aim of the research; although, it is needed to optimize the experimental 
protocol.  Enough testing will be performed to achieve an accurate idea of the electrode’s 
performance in a given area.  Statistically sound data is not necessary.  

Thus, testing the electrodes is an essential step because the accurate operation of 
the pH electrodes will dictate whether the pH measurements are correct.  Thus, all aspects 
of the electrodes will be analyzed for the following reasons: 1) to make sure that they are 
appropriate for our research purposes; 2) to attain a thorough understanding of their 
operation; and, 3) to gain practice handling and utilizing the electrodes before testing 
begins.   

Several key testing areas were identified based on the manner in which the 
electrodes will be used.  The testing of the electrodes will give us a total understanding of 
the operation and limitations of the pH electrodes.  The following aspects of the 
electrodes’ operation will be tested. 

��Time constants – calibration time constant and electrode time response; 
��Stability  – long term stability and electrode stability while being handled; 
��Temperature dependence; and, 
��Effects of sterilization.   

The methodology used to perform each of these tests will be explained in the following 
sections.   
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6.1.1 Time Constant Determination 
 The response of the electrode to different pH solutions is not instantaneous.  This 
is due to the fact that an electrochemical reaction takes place between the electrode and 
the solution in which it is immersed.  When the electrode is placed in a solution, the flow 
of ions in the electrolyte must readjust as the new electrochemical reaction is introduced.  
This reaction needs some time to equilibrate.  In addition, analog and digital signal 
processing introduces an additional minimal time delay. 
 Two different time constants need to be determined to better understand the 
operation of the electrodes.  The first time constant is used in the calibration procedures, 
and the second is used during measurement of tissue pH at different sites in the wound.  
The determination of these time constants is necessary to develop the most time-efficient 
algorithms in the software program of the pH acquisition system. 
 
6.1.1.1 Calibration Time Constant  

During calibration of the electrodes, it is important to allow sufficient time for 
stabilization of the electrode/reference combination.  If readings are taken before the 
electrode has stabilized, the calibration characteristics will not be accurate, and the pH 
readings that are taken using these characteristics will be inaccurate.  The calibration 
characteristics are therefore the basis for all subsequent measurements.  Because of the 
extreme importance of electrode stabilization, several studies were conducted to 
determine the minimum time needed to accurately calculate the electrodes’ calibration 
characteristics. 

Two electrodes were utilized in this portion of the testing.  The software program 
was altered to graph the computer units that the software is reading from the hardware 
versus a time axis in order to visualize trends in the electrode stabilization curves.  These 
values were also saved to a text file to be later analyzed.  The following procedure was 
used to collect the data: 

1. Place three test tubes in a tray and fill each with one of the following 
solutions: 6.0 pH buffer, 8.0 pH buffer, and distilled water. 

2. Place the electrode in the distilled water. 
3. Lift the electrode from the water and begin the calibration as the electrode is 

lowered into one of the two buffer solutions routine (see section 6.2 for an 
explanation of the calibration procedure). 

Using this method, the initial recorded voltages are a result of the electrode being 
exposed to the air.  The electrode is then submersed into the first buffer, and it is allowed 
sufficient time for stabilization.  The process is stopped when, by viewing the graph of 
computer units versus time on the laptop screen, it is obvious that the voltage reading has 
stabilized.  This process is repeated for the second pH buffer and repeated for two more 
trials.  The entire process is then repeated for another electrode to ensure that the results 
are reproducible and representative. 
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6.1.1.2 Electrode Time Response 
 The time that it takes for the electrode to respond and stabilize when introduced to 
a new medium is an extremely significant parameter in this research.  During the clinical 
testing stage of the research, several tissue pH measurements will be made on patients 
with chronic wounds.  Because the time spent with the patient should be kept to a 
minimum, the time used for testing must be as efficient as possible.  One of the factors 
that may lengthen the process is the time response of the electrode to variations in pH.  
Although the manufacturer claims that the response time of the electrodes is within 
fifteen seconds, they have not performed extensive testing with our pH meter.  Thus, tests 
were performed to determine how fast the electrode and system register changes in pH.  
The change in pH per unit time that the electrode reads when it is initially immersed in a 
solution is noted.  The determination of this time constant is important because the 
software program can be designed to allow the electrode to stabilize without using 
excessive amounts of time. 
 Two different electrodes were tested to ensure reproducibility of the results.  Each 
of the electrodes was first calibrated, and then the “pH monitoring” feature of the 
software program was utilized to measure different buffers.  Three pH buffers of 8.0, 7.0, 
and 6.0 pH units were used.  The procedure for this portion of the testing is as follows: 

1. Place electrode in pH buffer #1. 
2. Begin pH monitoring.  
3. Place the electrode in buffer #2 and allow for stabilization. 
4. End pH monitoring. 
5. Repeat steps one through four for different combinations of pH buffers. 
Each of the results was analyzed and four parameters were identified as follows: 

1) time of initial drop in pH; 2) time of gradual stabilization of the pH; 3) percentage of 
the final pH reached after the initial drop in pH; 4) average drop and rise of pH (pH/s).  
The results were averaged for each of the electrodes tested and compared to determine if 
any outliers were present.  Determination of these parameters will give a thorough 
understanding of the behavior of the electrode when it is transported from one medium to 
another. 

 
6.1.2 Stability Tests 
 The stability of the electrode will affect the readings that are recorded by the 
monitoring system.  Thus, two tests for stability were performed.  The first was a long 
term test to determine the trends of the electrodes’ performance over time.  A small 
amount of drift is inherent in the electrodes, and it is important to determine if this drift 
will affect the testing being done in this research.  The second test is for the stability of 
the electrode when being held.  During testing, the electrode will be held, and minor 
movements are unavoidable.  It must be determined whether these movements will 
greatly affect the pH level recorded by the monitoring system. 
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6.1.2.1 Long Term Stability 
 Although this research does not involve long term monitoring of pH, it is 
important to determine the long term characteristics of the electrodes for several reasons.  
The results of the long term tests may or may not show that the results achieved in 
Gumbrell’s thesis work are reproducible [4].  The instrument developed during that 
research is being utilized for testing of the MI-414 electrodes, and many of Gumbrell’s 
methods have been referenced in this research.  In addition, a significant change in pH 
over time may be a result of factors other then instrument drift, as discussed in 
Gumbrell’s thesis [4].  If a significant amount of drift is apparent, it may even affect the 
accuracy of the electrode during the testing period.  Thus, long term tests are warranted. 
 The procedure for these tests is as follows.  The pH buffers were set up in a water 
bath adjusted to 38° C to simulate the temperature of the human body.  A calibrated 
electrode was then placed in a buffer solution and the top of the test tube was sealed with 
cotton and aluminum foil to decrease the amount of evaporation of buffer solution over 
the time of the long-term test.  The test tube and electrode were then placed in the water 
bath.  pH monitoring started when the temperature of the pH buffer reached 38° C.  Once 
pH values were being recorded, the apparatus was checked periodically to ensure that the 
temperature was stable and all other components of the setup were operating correctly.  
Two long-term studies were conducted to ensure reproducibility of results. 
 
6.1.2.2 Stability while Holding the Electrode 
 The most important part of this research is collecting data during animal and 
clinical trials.  During these trials, the pH will be recorded by manually holding the 
electrode to the animal’s or patient’s tissue surface.  The electrodes contain a small glass 
bulb at the tip making them extremely fragile.  A movement of the hand during 
measurement of tissue pH may adversely affect the recorded pH.  This movement may 
cause a change in the electrochemical reaction between the tissue and the electrode or the 
electrode might be exposed to air.  Both of these properties may cause a reading that does 
not reflect the tissue’s true pH level. 

Thus, tests were performed before animal and clinical trials were begun, to 
practice holding the electrode with minimal movement and to determine the average 
variation in measured pH due to involuntary movements of the arm.  This test looks at the 
researcher’s stability and the amount of movement that the electrode can tolerate without 
resulting in major variations of the recorded pH.  In an attempt to simulate the 
environment that will be encountered during testing, a sponge was saturated with a pH 
buffer and the electrode was held to the surface of the sponge.  Although this is not an 
exact model of measuring tissue pH, it is more realistic then immersing the electrode into 
a buffer, which produces an ideal reaction between the glass electrode and the ions in the 
solution. 
Five trials were performed for each electrode.  The procedure is as follows: 
 1. Allow the electrode to stabilize in the buffer saturated sponge.  
 2. Hold the electrode against the surface of the buffer saturated sponge. 
 3. Record pH values for approximately two minutes. 
 4. Repeat steps 1through 3 using the other hand. 
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Holding the electrode with each hand was tested to determine if one hand 
consistently produced better results than the other.  This test was performed at room 
temperature because the variations in pH are independent of temperature.  Again, the 
setup for this test is not an exact simulation of the environment in which pH will be 
measured during testing.  In the animal and clinical trials, only the tip of the electrode 
will be in contact with the tissue fluids, which may be minimal.  Issues that arise during 
actual testing will be addressed at the beginning of the animal studies.  The purpose of 
the current bench test is to determine if any significant changes in pH occur due to 
involuntary movements of the arm or hand. 
 
6.1.3 Temperature Dependence Tests 
 It has been proven that temperature affects the pH level of a given medium.  On 
the label of the pH buffers manufactured by Fisher Chemical, a chart is provided that lists 
the pH level of the buffer at various temperatures.  The buffers have a given pH value at 
room temperature (approximately 25° C), yet the pH of the buffer varies with changes in 
the buffer’s temperature.  Another issue is the temperature at which the calibration will 
be performed.   

A vital concern is that if the temperature in the wound varies from 37° C, then the 
pH reading may be inaccurate.  This is the motive for testing the temperature dependence 
of the electrode reading within a given range.  The test for temperature dependence 
involved first calibrating an electrode at 37° C, and then measuring the pH of a given 
buffer while varying the temperature of the buffer by using a water bath.   The range of 
temperatures that are tested are those that can be typically found on a wound (33°- 41°C).  
The procedure is as follows: 

1.   Calibrate the electrode at 37° C. 
2. Set the temperature in the water bath to 41° C. 
3. Place a calibrated electrode into a buffer in the water bath. 
4. Begin recording of the pH. 
5. Shut off the water bath heating. 
6. Record the temperature and pH for various times throughout the test. 
7. Stop the test when the water bath reaches 33° C.  
The pH values versus the temperature were analyzed to determine the variation of 

pH with changes in temperature.  This graph was compared to the manufacturer’s values 
of pH dependence on temperature to determine if the MI-414 pH electrodes recorded 
similar variations in pH with changes in temperature.  

Because the testing in this research involves using the electrodes at body 
temperature, calibration would ideally be performed at 37° C.  The manufacturer provides 
the pH of the buffer at various temperatures within ±0.01 pH units.  Using linear 
interpolation, the value of the buffers at 37° C are calculated and used in the calibration 
procedure.  One of the questions that needs to be answered is the following: does it make 
a significant difference if the electrodes are calibrated at room temperature for this 
application?  Calibrating at room temperature would simplify the process because a water 
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bath would not be needed to heat the buffers before calibration is performed.  To answer 
this question, two of the electrodes were calibrated at room temperature and then at  
37° C.  The differences in the calibration characteristics, calculated for each of the two 
temperatures, were analyzed.  These studies were performed to assess whether changes in 
the temperature of tissue pH will greatly affect the accuracy of the measurements. 
 
6.1.4 Effects of Sterilization on Electrode Characteristics    
 It is required that the electrodes be sterilized before patient testing.  This practice 
complies with hospital and FDA regulations on the handling of hospital equipment.  As is 
standard for equipment that comes into contact with patients at the hospital, the 
electrodes will be sterilized by application of ethylene oxide.  The electrodes are sensitive 
to temperature; thus, autoclaving or other high temperature sterilization procedures were 
ruled out and gas sterilization was deemed appropriate.  Sterilization by ethylene oxide is 
done at a relatively low temperature, and ethylene oxide is sufficient in killing bacteria 
and other foreign substances that may be present on the pH electrodes. 
 Testing was performed on the electrodes to determine if sterilization by ethylene 
oxide would harm the MI-414 electrodes.  These electrodes have never been utilized in 
the clinical environment, and the manufacturer could not provide information on the 
effects of sterilization on the electrode operation.  Thus, initially two electrodes were 
sterilized at UMMC’s Central Sterile Area to determine if the electrodes were operational 
after the sterilization procedure.   

The second reason for performing sterilization tests is to see if the gas sterilization 
greatly effects the calibration characteristics and if there are any patterns in the change of 
the calibration characteristics.  From work done during Gumbrell’s research, it was 
hypothesized that the calibration characteristics will change due to the increased 
temperature used during ethylene oxide sterilization (55° C) [4].  To test the effect of this 
process on the MI-414 electrodes, the following procedures were followed: 

1. Calibrate the electrodes using the two-point calibration. 
2. Gas sterilize the electrodes at UMMC’s Central Sterile Area overnight. 
3. Recalibrate the electrodes to determine if a change in the calibration 

characteristics occurred. 
These steps were followed repeatedly for several of the electrodes to determine if 

a pattern could be revealed in changes that may occur in the electrodes’ calibration 
characteristics.  It would be beneficial if a definitive trend in the change of the 
characteristics could be recognized so that calibration did not have to be done after 
sterilization.  If calibration needs to be performed, all materials used in the procedure 
must also be sterile.  These tests will give us a complete picture of how ethylene oxide 
sterilization affects the pH electrodes.  This will also give the manufacturer some 
invaluable information for future customers who wish to incorporate sterilization into 
their use of the MI-414 electrodes. 

 
6.2 Calibration of Electrodes 
 Calibration of the MI-414 electrodes is a crucial step in this research.  Several 
factors must be taken into consideration, and the conditions must be ideal for the 
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determination of the accurate calibration characteristics.  Each of the factors that must be 
considered, and the procedures that are followed for calibration will be discussed here.   

During the testing of the electrodes, several parameters were determined which 
apply to the calibration procedure.  The most crucial parameter is the minimum time 
required for the electrodes to stabilize during calibration.  The voltage level that registers 
for a given buffer solution does not instantaneously appear on the user interface of the 
device.  The cause of this apparent time delay is twofold: 1) the adjustment of the 
electrode to the concentration of hydrogen ions in the current solution; and,  2) the time 
delay of the hardware/software configuration.  The hardware was designed and tested in 
previous research [4].  The software contains minimal filtering; thus, the 
hardware/software configuration does not contribute significantly to the time delay of the 
signal.   

Therefore, the electrode’s reaction to a given medium is the major contributor to 
any time delay experienced in reading a pH level.  To minimize the time delay due to the 
electrode adjustment, the electrodes are preconditioned in a buffer of 4.0 pH units.  Then, 
before measuring is begun, the electrodes are dipped in a 7.0 buffer and then a 4.0 buffer 
repeatedly for about five seconds each to exercise the probes.  This technique is 
suggested by the manufacturer.   
 
6.2.1 Calibration Procedure 

The calibration process is critical to the accurate operation of the electrode and 
instrument combination.  The calibration of the electrodes should be performed before 
each use.  Although, theoretically, the calibration characteristics should not change, the 
MI-414 electrodes have not been extensively used in industry or in other research 
projects; thus, factors affecting the electrode’s performance have not been fully 
identified.  The electrodes must be recalibrated after sterilization because it has been 
observed that calibration characteristics change during the ethylene oxide process.  

The temperature of the buffers used during calibration and that of the medium 
being measured must be considered.  Calibration will be performed at 25°C to simplify 
the calibration process.  The temperature of the wound surface varies from 33°C to 41°C.  
During the testing of the electrodes, it was discovered that the electrode characteristics 
that were determined by calibrating at room temperature and those found by calibrating at 
37°C, the theoretical temperature of the wound, do not vary greatly.  In addition, the two 
characteristic lines obtained from calibrating at 25°C and 37°C intersect in the region of 6 
to 8 pH units.  This is ideal for this application because tissue pH values should fall 
between 6.5 and 7.7 pH units.  In addition, the electrode is placed on the tissue for 
approximately one minute, making the effects of any temperature variations even less 
significant.  Thus, calibrating at room temperature and subsequently taking tissue pH 
measurements will not cause significant errors.  See sections 7.1 and 8.1 for a full 
analysis of this subject. 

The following procedure has been developed by researching methods by which 
other investigators have calibrated glass microelectrodes and by using trial and error in 
calibrating the MI-414 electrodes. 
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1. Place the electrode in a buffer solution with a pH of 4 pH units.  Let the 
electrode soak in this buffer for at least 12 hours. 

2.   Setup the hardware/software system for calibration. 
3.   Immerse the electrode in a pH of 7 units for approximately 5 seconds and then  
      in a pH of 4 units for another 5 seconds.  Repeat this one more time.   
4. Place the electrode in the more acidic of the two buffers that have been chosen 

for calibration, here the buffer has a pH of 6.  Allow the electrode reading to 
stabilize. 

5. Place the electrode in the second buffer (the more basic of the two, here a pH 
of 8).  Allow the electrode reading to stabilize. 

6.   Rinse the electrode and place it back in the storage buffer (4 pH units).  
These steps are done in conjunction with the running of the software program.  

When the two-point calibration option is chosen from the main menu, the program will 
lead the user through the calibration process.  The user must enter the values of the pH 
buffers that are being used and indicate whether the electrodes have stabilized.  The 
program will record the voltages that are read while the electrode is in each of the buffers 
and use these voltages to calculate the slope and intercept of the calibration line.    

Once the calibration has been performed, the voltage levels that are attained for 
each of the buffers are used to calculate the electrodes’ calibration characteristics.  It is 
traditional to express these characteristics in the equation of a straight line (y = mx + b).  
The output, y, is the electrode potential in millivolts and the input, x, is the pH of the 
medium in which the electrode is immersed.  The two parameters that must be 
determined are the slope and the intercept.  The slope and intercept are calculated by the 
following equations: 
 slope = (mV1 – mV2)/(pH1 – pH2)     (7.1) 
 intercept = mV1 + (slope)(pH1)     (7.2) 
 
The slope is in units of mV/pH and the intercept is in mV.  Thus, the lines describing the 
electrodes’ calibration characteristics have negative slopes and will be plotted on graphs 
of millivolts versus pH.  For any pH value, the corresponding voltage that the electrode 
will produce can be discovered by using the calculated slope and intercept and the 
equation of a line. 
 
 E(mV) = (slope)(pH) + intercept     (7.3) 
 
This equation is the basis for determining pH values of the medium in question.  Solving 
the equation for pH gives the following:  
 
 pH = (E(mV) – intercept)/slope     (7.4) 
 

To attain a basis for later calibrations, each of the electrodes was calibrated and 
the calibration curves were plotted using Excel.  These graphs can be referred back to 
later on in the research to see if and how the electrode characteristics have changed over 
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time due to environmental factors that the electrodes encounter during the research.  The 
voltage that each electrode produces for a specified pH value should be within a given 
range and can therefore be used as an indicator of the pH electrode’s correct operation.  
Since little is known about the MI-414 electrodes, checking the calibration characteristics 
by referring back to the calibration curves determined at the beginning of the research is a 
good laboratory practice.  It will also eliminate the occurrence of performing tests with a 
faulty electrode, which would produce erroneous data and necessitate retesting. 
 
6.3 Animal Studies 
 Animal studies will be conducted at UMASS Memorial Healthcare in Worcester, 
MA.  The studies will be a joint effort between WPI and UMASS.  Adam Lowenstein, 
M.D., who is a surgical resident at UMASS, prepared the animal protocol that will be 
used for the studies and is the principal investigator of the study.  This section will 
summarize the information contained in the protocol, including the methods that will be 
used during the animal testing.   
 The title of the animal studies, Correlation between pH and Quantitative 
Bacteriology, explains what is sought to be accomplished during the testing.  pH 
measurements and biopsies for bacteria quantification will be taken from wounds that are 
created in Sprague-Dawley rats.  The exposed tissue will be infected with bacteria to 
create the model for a contaminated wound.  The bacteria in the created wound will be 
allowed to grow for a set period of time, producing varying levels of infection.  The 
levels of bacteria and pH will then be measured and compared, and the relationship 
between the pH and bacteria will be analyzed.   

The animals used during this study will be Sprague-Dawley male rats, weighing 
approximately 250 grams.  The justification for using animals in this research is twofold.  
First, there is no known non-animal model that can accurately predict the tissue’s 
inflammatory response to wound infection and allow for the measurement of tissue pH.  
Secondly, an established correlation between wound pH and bacteria levels has 
applicability in wound healing in humans, and animal studies are a necessary precursor to 
clinical testing.  The use of rats is appropriate for this animal study because rats exhibit 
the necessary inflammatory response to inoculation.  Animal studies will afford 
information that will be valuable in future clinical trials.   
 
6.3.1 Animal Studies Protocol 

Several attempts were made to achieve a successful animal model.  The model of 
wound infection that was originally proposed for this study is described in a protocol that 
was previously approved by the UMASS Memorial Healthcare Department of Animal 
Medicine.  This animal protocol is modeled after a study described by Saymen, et al. 
[41].  This section will describe the models that were used and the methodology for 
performing the animal studies. 

Regardless of the model that is used, the rats are prepared for the procedure in the 
same way.  A rat is first removed from its cage and placed in a container with Halofane.  
This makes the rat drowsy and easier to handle.  The rat is anesthetized using 5 mg/kg of 
Rompun and 20 mg/kg of Ketamset.  These anesthetics are administered intramuscularly.  
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Once the rat is anesthetized, its hair is shaved off of the dorsolateral surface, and the 
shaved area sterilized.  A wound is then created in the shaved area by using a surgical 
blade to incise a one-inch square of skin overlying the panniculus muscle.  At this point 
in the procedure, two different models were tested to devise the procedure that will 
produce the best experimental results.  

 
6.3.1.1 Model One   

Saymen et al. developed a model to create infected wounds in rats [41].  They 
proposed that a total of forty-two rats, broken into groups, be used in the study.  Table 1 
displays the number of rats in each group and the length of time that the bacteria should 
be allowed to grow in the induced wounds.  Each of the study groups contains ten rats 
with infected wounds and three rats that will be used as controls.  A preliminary study 
will be done with three controls to practice the surgical and measurement procedures.  
Each group of rats will be housed in separate cages for identification purposes.  
 

Table 6.1: Categories of rats and times of biopsies following inoculation 

Number of Rats Time of Biopsy 
following inoculation 

3 (controls) 0 
10 + 3 (controls) 24 
10 + 3 (controls) 36 
10 + 3 (controls) 48 

 
 Once the skin is incised, the full thickness of the skin in the one-inch square area 
will be removed and discarded.  A tissue pH measurement will be taken of the healthy 
exposed tissue and will be used as a reference.  The next step is to inoculate the 
underlying tissue with 107 Pseudomonas sp. bacteria.  This is done by pipeting 0.1 ml of 
the cultured bacteria onto the panniculus carnosus.  This action essentially pours the 
bacteria over the exposed tissue. 
 
6.3.1.2 Model Two 
 The second model is very similar to the first with the exception of the way in 
which the bacteria is applied to the exposed tissue.  In this model, the bacteria is injected 
into the tissue.  This speeds up the progression of the infection in the wound.  Another 
change that was made is the way in which the groups were divided.  Controls were not 
used in this study because it was decided that they were not applicable for this study.  In 
addition, the 36-hour study was removed.  The differences in the level of bacteria that 
grows between the 24 and 36 hours study or the 36 and 48 hour study was not significant. 
Thus, ten rats were used in each of the 24 hour and 48 hour studies.  This model was 
more applicable to our research than the one proposed by Saymen et al.   

After the wounds are infected with bacteria, they will be covered with an Op-Site 
occlusive dressing.  The wound will then be covered to ensure that the rat’s movements 
do not effect the exposed tissue area.  In addition, the covering of the wound creates a 
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humid environment in which the bacteria will thrive.  The methods for covering the 
exposed tissue are discussed in the next section.   

At the time of biopsy, five pH measurements will be taken, at sites on the wound 
as seen in Figure 6.1.  See chapter 5 for an explanation of how the pH measurements are 
acquired.  The biopsies will be taken at the location at which the pH measurement is 
taken. 
 
 
             1 inch 
 
 
 

Figure 6.1: Representation of the wound area and the locations 
of the pH measurements and tissue biopsies 

 
Once the rat recovers from the anesthetization, it will be left its cage for a set 

amount of time.  Varying the amount of time after the wound is inoculated will cause 
different degrees of wound infection.  Varying amounts of bacteria should cause different 
levels in the tissue pH.  The discovery of this fact is the main focus of the research. 

The animals will be sacrificed in accordance with standard UMASS Memorial 
Healthcare protocol.  The pH measurements will be saved on the hard drive of the laptop 
computer used for pH measurements, for later analysis.  The tissue biopsies will be sent 
to the lab for quantitative analysis of bacteria.  This process involves a standard plate 
count method in which colonies are counted after 48 hours of incubation at 35°C.  The 
bacterial count is measured as the number of cells per unit surface area of the tissue 
biopsied.  The bacterial concentration is equal to the total viable count of the tissue 
biopsied divided by its wet weight.   
  
6.3.2 Methods for Securing the Wound 
 Once the rat’s skin is removed and the bacteria is applied to the tissue, the wound 
must be covered.  As explained, this will ensure that an appropriate environment is 
created for the growth of the bacteria in the tissue.  The proper criteria for the wound 
“cover” are as follows: 

1. cover the wound completely to allow for a humid environment to develop on  
the tissue surface; 

2. provide enough comfort and strength to dissuade the rat from disrupting it; 
and, 

3. make no disturbance to the rat’s physiological and behavioral states.  
All three of these criteria must be met before the chosen covering method will be 

accepted.  The method of covering the rat’s wound will affect the outcome of the 
experiments as well as the livelihood of the rat.  Therefore, this is an extremely important 
issue in the development of an efficient animal model in our research.   

  Unfortunately, once a methodology for covering the exposed tissue is developed, 
the only way to test whether it is acceptable is by performing the experiment.  Thus, 
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several tests were done to determine the methodology that would best fulfill the 
objectives of the animal study.  Each test was done as explained in the procedures so that 
if a methodology worked well, the data could be used and the sacrificing of the rat would 
not be a wasted effort.   

Several methods were tested, many of which failed.  The types of coverings that 
were used will be detailed here.  See the corresponding section on discussions for 
reasoning why a specific method failed or succeeded.  Data was taken from testing that 
worked properly, even though new and better techniques were being constantly explored.  
Following are the different techniques that were used to secure the wound site: 

1. The first attempt was to place a plastic cap on the wound and secure it with 
bandages by wrapping them around the rat’s body.  

2. The next method was to place a standard bandage over the exposed tissue and 
place Benzoin on it to dissuade the rat’s from chewing at the bandage. 

3. The third method is an alteration of the second.  In addition to the bandage 
and Benzoin, a wire grating was stapled on top to prevent the rat from 
chewing at the bandage. 

4. The fourth technique is an actual change to the procedure explained above.  
Instead of completely removing the rat’s skin, it is partially excised and pulled 
back so that inoculation of the tissue can be performed.  The skin flap is then 
secured onto the rat by staples.   

The fourth method used appears in a research paper that explains a rat wound  
model for human chronic wounds [42].  All of these methods were developed in an 
attempt to fulfill the criteria needed to develop a good animal model for this research.  
None of the articles that were reviewed during the preparation of the animal model detail 
the possible difficulties that may be encountered during animal studies of this kind.  
Thus, this was a learning experience which slowed the progression of the animal studies. 
 Each of the methods that was used was an attempt to develop the best infected 
wound model.  The aim is to grow bacteria in the rat’s tissue and to take tissue pH 
measurements of the infected areas.  Although complications arose in each of the models, 
data was acquired during each study.  
 
6.3.3 Final Animal Model 

This concludes the explanation of the procedures that will be used for the animal 
studies.  Both of the two explained models in conjunction with the methods for securing 
the wound were tested.  The combination of animal and securing method that proved to 
be most efficient and accurate was model two and the fourth method for securing the 
wound.  This model will be used to attain the final results.  See the corresponding section 
in the chapter on discussions for analysis of the models and an explanation of why one of 
the models worked most efficiently. 

The two most vital pieces of information collected from the rats are the tissue pH 
levels and the corresponding bacteria counts.  It is important to perform animal studies to 
obtain preliminary results and justify the appropriateness of clinical studies.  Thus, it is 
crucial to carefully prepare the animal model and continually improve it to achieve the 
most accurate results.  
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6.4 Sterilization Protocol 
 It is of extreme importance to have a good sterilization protocol for the clinical 
testing portion of this research.  The patients will be seen at the UMMC outpatient clinic; 
thus, every material that will be in contact with the patient must be sterile.  An object is 
considered sterile if it has been sterilized by the manufacturer and individually packaged, 
or is gas sterilized before use. 
 The pH electrodes are not sterilized by the manufacturer and are not disposable.  
Therefore, they must be sterilized and kept sterile until the time of contact with the 
patient.  Sterilization is performed at the UMMC Sterile Area.  At this location, the 
electrodes are gas sterilized overnight in ethylene oxide.  This form of sterilization is 
appropriate because it kills all bacteria on the electrode surface without damaging the 
electrode.  Methods such as autoclaving will harm the electrodes because of the extreme 
temperatures that are used.   
 The sterilization of the MI-414 electrodes was reviewed during the testing of the 
electrodes (see section 6.1.4).  This was beneficial in developing the sterilization 
protocol.  To prepare for sterilization, the electrode is placed in the foam casing that it 
was originally packaged in.  The glass sleeve that protects the electrode tip during storage 
is not used and the foam area surrounding the tip is removed.  This is done so that the 
electrode tip (the portion that will be in contact with the patient) is sterilized properly and 
no material adhere to the tip during the process.   

It was found that the electrolyte that is held in the electrode casing leaks out 
during the sterilization process because of a change in pressure differences between the 
electrode’s inner tube and the environment.  The excess electrolyte then forms a crusty 
coating on the outer tip of the electrode.  This is unacceptable because the aim of 
sterilization is to attain an electrode that can be considered antiseptic.  To solve this 
problem, the electrolyte will be removed from the electrode casing prior to sterilization.  
Distilled water will be used to rinse out excess electrolyte.  After sterilization, the 
electrolyte will be replaced. 
 The next issue is the calibration of the electrodes.  It has already been determined, 
from testing of the electrodes, that the gas sterilization process changes the electrode’s 
calibration characteristics.  Because it is imperative that the measurements are accurate 
during testing, a two-point calibration will be performed after sterilization.  Before 
calibration can be performed (and after sterilization), the electrodes must be conditioned.  
This is done using Lactated Ringer’s solution, which is a sterile saline that has a slightly 
acidic pH.  A sterile, disposable syringe and needle are used to extract three mL of 
Lactated Ringer’s from an IV bag.  The solution is then deposited into a sterile, 
disposable test tube.  Tegaderm HP, which is a sterile transparent dressing material, is 
secured over the top of the test tube.  The sterile electrode is then placed in the Lactated 
Ringer’s solution by punching a hole through the Tegaderm.  This material works well 
because it is sterile and also holds the electrodes in place in the Lactated Ringer’s 
solution. 
 Once the electrodes have soaked in the Lactated Ringer’s solution for 
approximately twelve hours, they are ready to be calibrated.  The pH buffers used for the 
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two-point calibration must also be sterile because they will come in contact with the 
electrodes before testing.  It is sufficient to sterilize the pH buffers by filtering them 
through a filtration material that has pores that are smaller than any contaminants that 
may be present.  Sterile Acrodiscs are appropriate for the filtering of the pH buffers.  
These discs are sterilized by gamma irradiation by the manufacturer and are individually 
packaged and disposable.  The disc is attached to the end of a syringe.  Three mL of pH 
buffer is poured into a syringe and pushed through the filter into a sterile, disposable test 
tube.  The Tegaderm HP is placed over the test tube.  The same is done for the second 
buffer.  The calibration process is then performed (see section 6.2).  Once the electrodes 
are calibrated, they are placed back in the sterile Lactated Ringer’s solution until testing 
is performed.      

Thus, the sterilization protocol allows for the electrodes to be sterilized, 
calibrated, and prepared for testing while keeping the electrodes sterile.  The procedures 
are summarized in the following steps.  Each electrode will be put through this procedure 
before being used on a patient. 
1. Remove the electrolyte from the electrode.  This is done to eliminate the leaking of 

the electrolyte that occurs during sterilization because of pressure differences.   
2. Flush the electrode with distilled water to rinse away any remaining electrolyte that 

would cause crusting on the electrode’s surface. 
3. Sterilize the electrode by ethylene oxide (UMASS Memorial Central Sterile Area). 
4. Refill the electrode with new electrolyte.   
5. Filter-sterilize the two pH buffers, used for calibration, into a sterile test tubes. 
6. Calibrate the sterile electrode with the filtered buffers, using a sterile saline to rinse 

between buffers. 
7. Place sterile Lactated Ringer’s in a sterile test tube and secure the electrode in this 

test tube.  Leave the electrode in this solution until the time of testing.  This serves the 
purposes of keeping the electrode sterile and conditioning the electrode in an acidic 
solution.   
These steps summarize the sterilization protocol that will be used for the clinical 

testing portion of this research.  Great care must be taken in handling the electrodes and 
ensuring that they remain sterile after being exposed to the ethylene oxide process.  
Keeping the electrodes sterile prior to contact with patients is required by FDA and 
hospital regulations and is an ethical issue that must be reviewed thoroughly.  Following 
the developed sterilization protocol will allow this study to comply with all safety 
regulations.     

 
6.5 Clinical Studies 
 Once animal testing was performed, it was apparent that the instrument and 
electrodes were working, and the research’s main hypothesis seemed to be true, we could 
proceed with clinical testing.  Only at this stage will all aspects of the study be able to be 
tested.  Although animal testing is helpful as a preliminary step, the environment 
encountered in the hospital and the wounds seen in the patients cannot be accurately 
simulated.  Also, patients have a variety of chronic wounds, the examination of which 
will produce realistic results. 
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Careful preparation was taken in choosing the materials that will be used during 
clinical testing.  This is important so that the protocol is in accordance with hospital and 
Food and Drug Administration regulations.  The sterilization procedures, explained in the 
previous section, are carried out before clinical testing is performed.  Once the electrodes 
have been sterilized and calibrated, the monitoring system is ready for use.   
 After Dr. Dunn, the principal investigator of the study, has talked to the patient 
about the procedure, he/she must agree to participate and sign a consent form.  This 
consent form, which can be seen in Appendix A, is mandated by the hospital and the 
FDA.  The consent form explains the procedure that will be performed during the visit 
with the patient and the rights that the patient is entitled to.  The patient must understand 
the following: 1) participation in the study is voluntary; 2) withdrawal from the study is 
allowed at anytime; and,  3) information about changes in the study will be readily 
available to the patient.  The consent form also details any risks and/or benefits that may 
exist during the patient’s participation in the study.  There are no direct benefits in this 
study yet, development of new medical practices that stem from this research would 
benefit patients in the future.  The patient will not incur any costs and his/her identity will 
be kept confidential.   
 Finally, the patient is requested to sign the consent form to confirm that he/she 
has read the form, understands what is involved in the participation in the study, and has 
discussed issues with the principal investigator, Dr. Dunn.  Once the patient has signed 
the consent form, testing may begin.  The testing will be performed at UMASS Memorial 
Healthcare’s outpatient clinic during the patient’s regular visit.  The following materials 
will be brought into the patient room for testing:   
 pH monitoring system 
 patient information sheet  
 pH electrodes  
 Lactated Ringer’s  
 sterile test tubes 
 digital camera 
 wound measuring guide 
 In addition, materials necessary for normal treatment of the patient will be used.  
The procedure will begin by taking information about the patient including age, gender, 
and race (optional).  Next, information will be recorded about the wound, including age 
from initiation, appearance, type, cause, and treatment on the patient information sheet 
(see Appendix B).  Then, one of the sterile pH electrodes will be selected and attached to 
the unit.  The corresponding calibration characteristics will be entered into the system.  
The monitoring system is now prepared for testing.   
 The next step is to place one of the sterile wound measurement guides (see 
Appendix C) on the patient’s wound.  A marker will be used to identify on the guide the 
locations in the wound that will be examined.  A digital photograph will be taken of the 
wound measurement guide on the wound to achieve a sense of the wound size.  The 
wound measurement guide will then be removed and a digital photograph will be taken of 
the exposed wound without the measurement guide to get a better look at the wound’s 
appearance.   
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 The pH electrode will then be placed on the wound tissue.  The electrode should 
be held in place for up to forty-five seconds to attain an accurate reading.  If the electrode 
stabilizes, before that time, the software program will recognize this and end the 
measurement of that point.  All pH values registered by the system are written to a text 
file, and the program will calculate an appropriate average for each measurement point.  
The electrode will be rinsed in sterile Lactated Ringer’s solution between each 
measurement point.  Measuring of each point on the wound will proceed in the same 
way.  
 After each identified point on the wound is measured, a tissue biopsy will be 
taken at the same location.  These biopsies will be cultured, and the bacteria counts in the 
tissue will be determined.  Once interaction with the patient has concluded, the wound 
measurement guide and Lactated Ringer’s used for rinsing will be discarded.  The 
electrode will be replaced to its storage test tube.  The measurement locations, tissue pH, 
and biopsies will be carefully recorded so that they can be related to each other during 
analysis of the data. 
 Five electrodes are used for the clinical testing portion of this research.  After the 
electrodes are used to measure tissue pH, they are put through the gas sterilization 
process and are calibrated prior to the next set of tests.  See sections 6.2 and 6.4 for 
explanation of these procedures.  The accurateness of the results relies on the careful 
handling and preparation of the electrodes.  The issue of sterility is equally important.  
Steps were taken to ensure that all of these issues were addressed meticulously.  
 
6.6 Data Analysis 
 Three different stages of analysis of the acquired pH data must be performed.  
The first involves the determination of a single pH value from the data points that are 
acquired from one measurement position.  It is necessary to take measurements of the 
tissue pH at one position for approximately a minute to get a good estimation of the tissue 
pH level at that point.  The second stage consists of analyzing the variation of tissue pH 
levels within one subject and between different test subjects.  The third stage involves the 
analysis of the tissue pH levels in relation to different descriptors of the wound’s 
condition.  These parameters include bacterial contamination, location, and wound 
appearance.  All three stages of the analysis are essential to the understanding of the pH 
signals and the achievement of the research objectives.  The first helps to determine the 
true pH level of the tissue; the second analyzes pH variations; and the third aims at 
achieving the goal of this research, which is to determine a relationship between pH 
levels and chronic wound properties. 
 
6.6.1 Analysis of pH Signals 

Due to the adjustment of the electrode to the medium with which it is in contact, 
the pH signal can exhibit large variations initially.  Also, variations are introduced 
because of subject movement (breathing in the rats and actual movement in humans).  
Therefore, signal processing techniques must be developed to attain an appropriate 
average of the pH signal which will be representative of the actual tissue pH level at that 
point.   
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The algorithm that is used, termed the pH stabilization algorithm, is detailed in 
section 5.4.2, within the chapter on software description.  The main idea is that the 
electrode is stable if the pH signal has not varied greatly from the mean of the last twenty 
samples.  The signal is analyzed as it is being acquired.  The software program 
determines the stability and then stops the pH acquisition if the signal has stabilized.  The 
program also informs the user if the signal has not stabilized in a set amount of time.  In 
this case, an average of the most recent sample points that are within the mean absolute 
deviation from the calculated mean will be used as the pH level for that point.   

This algorithm works efficiently for the animal studies.  It is altered slightly for 
the clinical studies to reduce the amount of time needed for each tissue pH measurement.  
When the acquired data is taken offline for analysis, the signals and the pH level that was 
calculated for that specific measurement are reviewed.  This is done to ascertain that the 
algorithm calculated an appropriate average as well as to view trends in the pH signals.  
Common patterns in the pH signals from different rats or patients will afford information 
about the electrode operation in a testing environment and give us valuable information 
about its applicability in future research.   

   
6.6.2 Analysis of Tissue pH Variations  
 Once the signals have been acquired and an average is calculated for each 
measurement location, the data points must be analyzed collectively.  Similar techniques 
will be used for analysis of the data obtained from the animal and clinical studies.  The 
amount of information acquired varies with each test, but the principles are the same.  
The overall goal is to determine the relationship between pH levels and other properties 
of the wound, specifically bacteria content, appearance, and location. 
 The first step will be to put the pH data points in a scatter plot to understand the 
variation that is present in the pH values taken from different rats or patients.  This will 
give us a picture of the typical pH levels found in the created wounds in the rats and in 
the chronic wounds found in the patients.  Another plot that will be used is the stratified 
plot.  This plot groups the measurement points for each subject in a different position on 
the x-axis; therefore, the x-axis displays the subject number and the y-axis displays the 
pH values.  This graph will help to determine the within variation (differences in pH 
levels for one subject) and between variation (differences in pH levels between different 
subjects).   
 The variations that are apparent between the pH measurements of different 
subjects may be partly due to the fact that the “normal” pH level of a given person or 
animal is different from that of another.  This is resolved in the animal testing by taking a 
measurement of the normal tissue pH and calculating differential measurements 
(percentage of the actual pH value from the normal value).  This normalizes the data so 
that the measurements taken from all of the rats can be compared collectively.  Taking a 
healthy tissue pH measurement from the clinical patients is not possible.  This would 
cause additional pain to the patient and is not part of the clinical protocol. 
 Another plot that will be used to take a different look at the pH data is a frequency 
histogram.  This graph will display the regions in which most of the pH values fall and 
identify any outliers in the data set.  A final technique that will be used to view the tissue 
pH variations will be the formation of pH image.  This “image” will be a two-
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dimensional contour plot that graphically shows the variations of tissue pH area from 
which it was acquired.  The software program, Mathcad, will be utilized for its 
interpolation algorithms and graphical display.   This tool will aid in visualizing the 
variation of pH levels in relation to the origin of the measurement point.  Together, the 
scatter plot, stratified plot, and frequency histograms, and pH image will give us a good 
picture of the variation of pH within one subject and among the chosen sample.   
 
6.6.3 Analysis of the Relationship between Tissue pH levels and Wound Properties 

The next step will be to determine the relationship between the pH levels and 
other wound properties.  One of the most interesting aspects of the chronic wound, and 
the hardest to determine, is the bacterial contamination level.  Infection is a leading cause 
in the nonhealing state of a chronic wound.  Thus, we would like to determine if tissue 
pH levels directly relate to bacteria content in the tissue.  To do this, we will compare the 
tissue pH levels to the bacteria counts found in the tissue.  During the animal studies, 
tissue biopsies are taken for every pH measurement and quantitative bacteria counts are 
determined.  Conversely, during the clinical studies, only a qualitative swab culture can 
be taken from the patient at a representative point on the wound.  This makes it difficult 
to perform a strong statistical analysis of the bacteria and tissue pH data from the clinical 
testing portion of this research. 
 For the data acquired during animal studies, the bacteria levels will be graphed 
versus the pH levels.  This scatter plot should be analyzed to see if any type of 
association, linear or nonlinear, is noticeable.  Another plot that will be beneficial to look 
at is a median trace.  This is formed by dividing the x-axis data, here pH levels, into 
slices.  Then, the median in each slice for the x and y-axis data, here the bacteria counts, 
is found and plotted for that interval.  This essentially smoothes the data to see if there are 
any underlying trends that can be noticed.   
 If the association between the bacteria content and the tissue pH levels is linear, 
then several other statistical techniques can be used to analyze the data.  The Pearson 
correlation coefficient, which is a measure of the strength of the linear association 
between two quantitative variables, can be calculated.  In addition, linear regression can 
be used to determine a model for the data.  This methodology treats one variable as the 
predictor or independent variable and the other as the response or dependent variable.  In 
this study, the tissue pH level would be the predictor and the bacteria content would be 
the response.  These methods depend heavily on a linear association of the data.   
 It is also of interest to relate the data to the location in and appearance of the 
wound.  This will be done qualitatively by recording the positions on the wound where 
the measurements were taken from and by taking digital photographs of the wounded 
area.  By viewing the photographs, it can be seen what areas of the tissue appear reddish 
and healthy and what areas have low blood supply and are infected and therefore appear 
unhealthy.  Another important element is the doctor’s opinion of the wound’s status.  Dr. 
Dunn, the principle investigator of the clinical studies in this research, has experience 
with the patients being tested and can comment on whether the wounds in a given patient 
are on their way to recovery or are chronic problem wounds.  This is another 
classification of the wounds that can be related to the acquired tissue pH levels. 
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 Although much of the data is being qualitatively analyzed, the information 
afforded by this analysis will be beneficial to the study of chronic problem wounds.  The 
instantaneous acquisition of tissue pH levels in chronic wounds is of great interest in the 
clinical field.  Thus, data that can exemplify variations of tissue pH within the wound will 
provide a good scientific contribution.  Correlation levels between bacteria content and 
tissue pH is difficult to test in the clinical environment but will be looked at to determine 
what kind of relationship exists.  Tissue pH is an excellent tool for characterizing tissue 
properties, and this research will hopefully further the knowledge in this field. 
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7. RESULTS 
 
 In this chapter, all of the results that were attained during the testing portion of 
this research are presented.  The results are displayed in graphical as well as tabular form 
so that they could be well understood.  Three major areas are concentrated on in this 
chapter: results of electrode testing, results of animal studies, and results of clinical 
testing.  The results from the electrode testing were needed only to acquire a better 
knowledge of the operation of the electrodes and the pH monitoring system.  These 
results helped to avoid technical problems that might have arisen during animal model 
and clinical testing.  Because the electrode testing is not the focus of the research, all 
electrode tests were not necessarily performed to produce statistically significant results.  
The data from the animal model and clinical testing will be presented in their entirety. 
 
7.1 Testing of the MI-414 Electrodes 
 The electrodes were thoroughly tested using the protocols described in the chapter 
on methods.  The results that were achieved are important to the understanding of the 
operation of the electrodes.  The acquisition of pH measurements is a critical part of this 
research; thus, accurate and efficient use of the electrodes is extremely important.   
 
7.1.1 Results of Time Constant Determination 
 The following are the results from testing the stabilization time of the electrodes.  
Two areas in which this characteristic is used are in calibration of the electrodes and in 
pH acquisition.  It is desirable for the electrode to react as quickly as possible to changes 
in the medium with which it is in contact. 
 
7.1.1.1 Calibration Time Constant 
 Figures 7.1 displays examples of the signals measured during calibration.  This 
signal is a result of the electrochemical reaction that occurs between the electrode and the 
buffer solution.  It gets digitized and is then registered by the software program in 
machine units.  These units are then converted to the actual voltage levels (see Chapter 
five for a more thorough explanation).   

The calibration was performed until it visibly appeared that the electrode had fully 
stabilized.  Two different electrodes were tested in several trials.  The graphs show that 
the two electrodes produce slightly different voltage levels.  Table 7.1 displays the time 
that it took for each electrode to stabilize during each trial.  An average and standard 
deviation are calculated.  
 
7.1.1.2 Electrode Response Time 
 The response time of the electrode to step changes in pH is a valuable 
characteristic.  Figure 7.2 shows the change in pH acquired during step tests.  The 
electrode was switched between two different pH buffers, and the response was 
measured.  The quicker this transition occurs, the more useful the electrode will be.  It 
can be seen that the electrode is allowed to stabilize before and after the change occurs. 
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Table 7.1: Table of times needed for stabilization during 
calibration. The data is plotted in Figure 7.1 

Buffer Acidity  
(pH) 

Final Machine Unit Level Time for Stabilization 
(minutes) 

6.0 316 6.99 
6.0 316 7.68 
6.0 312 8.10 
6.0 310 7.15 
8.0 300 6.43 
8.0 298 5.85 
8.0 294 7.10 

 Average 7.04 
 Standard Deviation 0.746 

 
  The point of interest in these graphs is the time that it takes for the electrode to 
register a change in the pH with which it is in contact.  The change in pH has two 
apparent components: a steep almost linear change followed by a gradual asymptotic 
stabilization.  Because the signals do not exhibit a purely exponential trend, it does not 
make sense to talk about the time constant of the electrode response.  Therefore, several 
different parameters were identified.  Table 7.2 shows the data from six trials and the 
averages that were calculated for the specified parameters.  These parameters are labeled 
in Figure 7.2.  Table 7.3 shows a summary of the statistics calculated from these response 
time tests.  It can be seen that it takes approximately thirty-five seconds for full 
stabilization. 

 
Table 7.2: Data describing the response of the electrode to step changes in pH.  This data 

is obtained from the signals seen in Figure 7.2 and is summarized in Table 7.3 

Measured Parameters 8 to 6 8 to 7 7 to 8 6 to 8 7 to 6 6 to 7 Averages 
Initial Time (seconds) 24 14 22 25 44 25 
Time 1 (seconds) 29 18 24 30 49 29 
Time 2 (seconds) 62 56 48 61 78 53 
pH 1 (pH units) 8.07 8.03 7.00 6.08 7.04 6.04 
pH 2 (pH units) 6.34 7.16 7.80 7.80 6.19 6.87 
pH 3 (pH units) 6.08 7.05 8.04 8.04 6.04 7.01 
Delta Time 1 (seconds) 5 4 2 5 5 4 4
Delta Time 2 (seconds) 33 38 24 31 29 24 30
% of final value at Time 1 95.69% 98.51% 97.10% 97.10% 97.50% 98.00% 97.32%
Slope (pH/s) -0.348 -0.217 0.407 0.347 -0.168 0.211 
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Table 7.3: Summary of statistics of response time of electrode 
to changes in pH calculated for data in Table 7.2. 

Time of initial drop of pH  5 seconds 
Time of gradual stabilization 30 seconds 
 Percentage of final pH reached after the initial drop 97% 
 Average Initial Slope (fall in pH) -0.19 pH/s 
 Average Initial Slope (rise in pH) 0.26 pH/s 

 
7.1.2 Results of Stability Tests  
7.1.2.1 Long Term Stability 
 The long-term stability of the electrodes can be evaluated by using the system to 
record the pH of a given buffer for an extended period of time. The variations in the 
recorded pH during a typical long-term test that was performed for approximately 12.5 
hours can be seen in Figure 7.3.  Additional long-term tests were performed and 
confirmed that the results seen in Figure 7.3 are reproducible. 
  Because the electrode is calibrated before each testing period, we are concerned 
with the chance of drift causing error during that testing time.  This can be calculated by 
finding an approximate slope of the signal displayed in Figure 7.3.  During the long-term 
tests, the electrodes would typically drift 0.088 pH unit/12.5 hours.  The drift is always 
linear.  Thus, the approximate drift is 0.00012 pH units per minute.  In this research, the 
electrode is used between 15 minutes and an hour before being recalibrated.  Fifteen 
minutes of testing may result in about 0.0015 pH units of drift.  One hour of testing could 
result in 0.007 pH units of drift.  These values are not significant for this research and 
therefore will not result in erroneous data interpretation.     
 
7.1.2.2 Stability while Holding the Electrode 
 During testing, the electrode will be held by hand.  Testing was done to determine 
if this would greatly affect the results.  Figures 7.4 shows the results of holding the 
electrode with the right and left hand to a sponge that is saturated with 7.0 buffer.  The 
recorded pH level is in the 6.5 range (not at 7.0) because the contact the electrode has 
with the pH buffer in the sponge is not direct.  The sponge material and the environment 
play a role in affecting the pH measurement.  It can be seen that the variation in measured 
pH is about 0.01 pH units, which is not significant enough to necessitate further 
exploration.  Several tests were done with various electrodes.  The variation between tests 
was not noticeable but the pressure that was applied during the test did effect the results.  
This experimental setup was devised in an attempt to simulate the touching of the pH 
electrode to wound tissue.   

Another test was done to see to what pH value the electrode would stabilize when 
exposed to the air.  This is applicable because the electrode often comes into contact with 
air when it is being transferred between different environments.  The electrode stabilized 
to about 7.6 pH units.  This may vary slightly, but it gives us an idea of the typical value 
that can be expected. 
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7.1.3 Results of Temperature Dependence Tests 

Several tests were done to determine if and how the temperature of a medium 
affects the measured pH.  Varying temperatures are encountered in the wound, although 
this has never been explored to our knowledge.  The wound tissue will typically be at 
temperatures between 33 to 41°C.  It has been documented that the pH of buffers varies 
with changes in temperature; thus, the electrode’s response to these changes is of interest.  
Figures 7.5 through 7.7 show that when starting from approximately 32 °C, the recorded 
pH first decreases and subsequently increases.  This response is in accordance with the 
theoretical change in pH with changes in temperature.  As explained in the background 
section, the pH is proportional to the temperature of the medium (see Equation 4.4).  
Therefore, as the temperature rises, the pH will rise; conversely, as the temperature drops, 
the pH will drop.  This relationship can be seen in the results for testing the temperature 
dependence of the electrodes.  The average rate of change in the recorded pH when the 
temperature is varied between 36.5 and 44 °C is 0.0055 pH/ °C.  When the temperature is 
varied between 33 and 36 °C, the average rate of change of pH is –0.01 pH/ °C.  
 
7.1.4 Effects of Sterilization of the Electrodes 

Successive sterilizations were performed on several of the electrodes.  Any sign 
of change in the electrode operation was monitored and changes in the calibration 
characteristics were recorded.  One general observation was that residue formed on the 
outside of the tip of the electrodes after they were sterilized.  In addition, the level of 
electrolyte decreased in the electrode casing.  Thus, it appears that the residue at the tip is 
a result of the leakage of the electrolyte during the sterilization process.  No other 
physical alterations were noticed as a result of the ethylene oxide process.   

The electrode’s characteristics did change as a result of the sterilizations.  Table 
7.4 shows the change in the electrode characteristics for one of the electrodes that was 
sterilized three times.  Similar changes in slope and intercept were seen for the other 
electrodes that were sterilized.     

 

Table 7.4: Electrode 64236 calibration characteristics before and after sterilization. 

Sterilization Number Slope (mV/pH) Intercept (pH) 
0 -62.567561 6.977164 
1 -62.908839 7.225136 
2 -62.965718 7.158934 
3 -62.624441 7.197257 
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Figure 7.2: Measured responses of the pH electrodes when immersed in an initial

Figure 7.1: Typical electrode stabilization recordings during 
calibration in 6.0 pH and 8.0 pH buffers.

pH buffer and then swithed to a second pH buffer.  The times and levels of interest
 are labeled and are analyzed in Tables 7.2 and 7.3.
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The total drift is 0.008 pH units.

Figure 7.4: Typical results of testing for stability while holding the electrode with the left 
and right hands against a sponge saturated with a 7.0 pH buffer.

The electrode is in a 7.0 pH buffer heated to 37 degrees Celsius in a water bath.   
Figure 7.3: Results of a typical long-term stability test (approximately 12.5 hours).  
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   The dashed curve is the actual change in pH per change in temperature that the 
 electrode reads.  The black curve is a trendline fit to this curve.

Figure 7.6: Recorded pH versus temperature while electrode is in a 7.0 pH buffer. 

Figure 7.5: Recorded pH versus temperature.  The electrode was immersed in a 7.0 
pH buffer while the temperature was regulated using a water bath.
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Figure 7.7: Recorded pH versus temperature while electrode is in a 7.0 pH buffer.  
   The dashed curve is the actual change in pH per change in temperature that the 

 electrode reads.  The solid curve is a trendline fit to this curve.
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7.2 Calibration of Electrodes 
 Each of the electrodes was calibrated at room temperature initially to attain an 
understanding of the voltages that will typically be obtained from the electrodes when 
immersed in a range of pH values.  A graph of the calibration line helps to visualize how 
calibration characteristics are used to calculate a pH value from the voltage that is 
registered from the electrode.  The characteristics include a slope and an intercept, which 
are used to form a straight line as can be seen in Figure 7.8.  The slope and intercept are 
obtained by a two-point calibration, as described in section 6.2.  Each pH value 
corresponds to a specific millivolt reading.  For electrode number 64804, the x-intercept 
is 6.94 pH and the slope is –58.80 mV/pH.  The equation of this characteristic line is as 
follows: 

  
mV = –58.80*pH + 407.92           (7.1) 
 
In theory, the relationship between the mV reading and the pH of the medium in 

question is linear.  The millivolt reading at an additional point (pH of 6) was taken and 
plotted on the characteristic line to validate this linear relationship.  
 Table 7.5 shows the calibration characteristics for five electrodes.  An average is 
calculated for the intercepts and slopes.  These values are good estimates of the typical 
range of the calibration characteristics.  The theoretical values of electrode calibration 
characteristics are –56 mV/pH for the slope and 7.0 pH units for the x-intercept. 
 

Table 7.5: Calibration characteristics for MI-414 electrodes 

Electrode 
Number 

X-intercept 
(pH units) 

Y-intercept 
(mV) 

Slope 
(mV/pH) 

64804 6.94 407.92 -58.80 
64233 6.23 325.97 -52.26 
61931 6.98 391.31 -56.14 
64236 7.23 434.27 -60.07 
64241 6.69 374.92 -56.03 

Average 6.81 386.88 -56.66 
 

Next, the effects of calibrating the electrodes at different temperatures was 
explored.  This is very important because if temperatures greatly affect the recorded pH, 
then calibrating at one temperature and measuring at another will cause erroneous 
measurements.  Figure 7.9 shows the calibration characteristics for an electrodes at 21° C 
(room temperature) and 37 ° C (body temperature).  The graph focuses on the region of 
interest on the pH scale for this research, which is in the seven pH unit range.   
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the characteristic line was properly calculated.

Figure 7.9: Calibration characteristics for electrode #64236 
zoomed in to the region of interest, 7 to 8.5 pH units.  

Figure 7.8: Calibration curve for electrode # 64804.  The calibration was performed 
using a 4 and 10 pH buffer.  The voltage level of a 6.0 buffer was recorded to ensure that 
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7.3 Animal Studies Results 
 The animal studies involved a long process of determining the animal model that 
would produce the best and most accurate results.  Problems arose that prevented the 
acquisition of accurate tissue pH data.  In many cases, bacteria did not grow significantly, 
making some of animal trials useless.  Once the model was improved, data was collected 
and analyzed.  The results obtained with the different models that were presented in the 
chapter on methods will be discussed in the Discussions chapter.  This section will 
present the cumulative results acquired from all of the models, and then an analysis of the 
results that were achieved using the best animal model.   

A summary of the animal models that were used throughout the animal study and 
notes on the results that were attained is presented in Table 7.6.  Digital photographs 
were taken of several of the animal models and infected wounds.  Figure 7.10 shows the 
preparation of a rat using model one (see Section 6.3.1.1) and a wire mesh covering (see 
Section 6.3.2).  Figure 7.11 is a picture of a wound that produced relatively high levels of 
bacteria, on the order of 106 bacteria counts/gram tissue.  Figure 7.12 shows the method 
of stapling that rat’s skin.  This method worked best for securing the wound during the 
incubation time.  Finally, Figure 7.13 displays the positioning of the created wounds on 
the dorsal, medial area of the rat’s body.  Model two was used in the preparation of this 
wound (see Section 6.3.1.2).  Each of the models will be discussed in section 8.3.   
 
7.3.1 Cumulative Results of Animal Tests 
 Nine separate animal studies were performed over the course of six months with a 
total of forty animals.  The number of rats used in each of the studies and the number of 
measurement points acquired per rat were limited by the microlab at UMMC which 
would not accept a significant number of biopsies to be cultured at one time.  Figure 7.14 
is a scatter plot of all the tissue pH data that was acquired during the course of these nine 
studies. Figure 7.15 is a frequency histogram of all the data.  It shows the variation of 
tissue pH measurements that were found among the rats that were tested.  It can be seen 
that a majority of the data lies in the range of 7.1 to 7.5 pH units. 
 
7.3.2 Analysis of Relationship between Tissue pH Levels and Bacterial 

Contamination 
 Due to the obstacles encountered in developing a good animal model, eighty-three 
data points were acquired that are usable for analysis.  This number of measurement 
points is not large enough to determine a statistically significant correlation between 
tissue pH and bacteria levels, but they can be used to determine whether or not the 
research’s hypothesis is feasible.   
 Figure 7.16 displays the measurements points from the last four animal studies.  
The data plotted along the y-axis represent differential measurements, and is calculated 
using the following equation: 
 
pHDifferential = pHInfected/pHHealthy                      (7.2)  
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where the healthy tissue pH measurement was taken from each rat.  This allows for a 
comparison to be made between different rats.  The x-axis shows the bacteria counts 
times 105.  A trendline is fit to the data with a low R2 value of 0.23.  
 Figure 7.17 shows the data from the last three animal trials.  Only the 
measurement points that had greater than 1 x 104 bacteria counts/gram tissue were 
graphed here.  We are not concerned with data points that exhibited less than 1 x 104 
bacteria counts/gram tissue because this level of contamination is not considered an 
infection.  A trendline is fit to the data points and is descried by the following equation: 
 
y = -0.0032x + 0.9947                        (7.3) 
 
where the independent variable, x, represents the bacteria counts and the output, y, 
represents the differential tissue pH.  The R2 value for this trendline is 0.57.  Again the 
lack of data points with greater than 1 x 106 bacteria counts/gram tissue makes it difficult 
to determine a linear trendline that is statistically significant.  
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Table 7.6: Overview of the methods used for each animal study 
# Rats Bacteria 

counts/ 
mL  

 Incubation 
Time 

Method  Notes 

1 5 2 x 102 24 hour Incised and removed skin 
from lateral, dorsal area 
of rat; Secured with 
plastic cup and wrap. 

Gram negative bacteria counts did 
not appear in all biopsies. The 
counts were low and many of the  
bandages were chewed off making 
the acquisition of tissue pH 
difficult. 

2 5 2 x 105 24 hour Incised and removed skin 
from lateral, dorsal area 
of rat; Used a standard 
bandage. 

Bacteria levels were higher but a 
linear relationship between the 
bacteria levels and tissue pH was 
not apparent.  Many of the 
bandages were chewed off. 

3 5 2 x 107 48 hour Incised and removed skin 
from lateral, dorsal area 
of rat; Used a bandage 
and wire mesh. 

Rats still attacked bandages.  
Bacteria levels were 
105 – 106.  Exposed tissue dried up, 
interfering with pH measurements. 

4 5 2 x 107 48 hour Incised three sides of 
square on lateral, dorsal 
area of rat; Stapled skin 
flap. 

This technique of securing the 
wound did not bother the rats 
nearly as much.  The bacteria 
levels were low, and no gram 
negative counts were seen. 

5 3 1.8 x 108 48 hour Placed wound on upper 
back; Incised two sides of 
square, injected bacteria, 
and secured by stapling 
skin. 

The location of the created wound 
was very good.  The rats were not 
bothered by the presence of the 
staples. The bacteria levels were 
low. 

6 2 2 x 108 72 hour Same as animal study 5 The bacteria levels were higher 
(clinically infected).  The pH levels 
corresponded well. This method of 
preparing and securing the wound 
appears to be the most appropriate. 

7 5 2 x 108 72 hour Same as animal study 5 The bacteria levels ranged from 
2x102 to 2 x106.  A weak 
correlation between bacteria and 
pH levels can be seen.   

8 5 2 x 108 72 hour Same as animal study 5 The bacteria levels ranged from 
5x102 to 1.5x106.  A decreasing 
trend is apparent for pH 
measurements versus bacteria 
counts (greater than 5 x 104). 

9 5 2 x 108 96 hour Same as animal study 5 The bacteria levels ranged from 
none to 3x106.  Again, a decreasing 
trend is seen in the pH versus 
bacteria but a lack of points with 
high bacteria levels makes the 
relationship difficult to ascertain. 
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Figure 7.10: Preparation of a rat using model one and a wire mesh covering.  The 
created wound was inoculated with 2 x 105 bacteria counts/mL. 

Figure 7.11: Infected wound.  Incubation time     Figure 7.12: Method of stapling  
of 72 hours.  Created wound was infected with          rat’s skin after inoculation. 
           2 x 108 bacteria counts/mL.   

Figure 7.13: Infected wound using model two.  The skin had been stapled, and 
the rat was not bothered by the presence of the wound during the incubation time. 
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Figure 7.14: Scatter plot of all the data points acquired during animal testing.  
Forty rats were tested producing 188 measurement points.  Due to problems with the

animal model, only 44% of this data was used for analysis.

Figure 7.15: Frequency histogram of all the animal study data. 
 Forty rats were tested with a total of 188 points.  
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points are shown here.

Figure 7.16: Data from last four animal studies (all using the same animal model).  The
y-axis displays the differential measurement (tissue pH/healthy tissue pH) and the 

x-axis displays the bacteria counts/gram tissue.  Eighty-three measurement  

points are shown here.

Figure 7.17: Relationship between tissue pH measurements from the last three animal
studies and bacteria levels greater than 1 x 10^4 counts/gram tissue.  The y-axis 

displays differential measurements (pH measurement/healthy tissue pH meaurment 
for each rat).  The x-axis is bacteria counts times 10^5.  Thirty-two measurement 
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7.4 Clinical Study Results 
 The clinical testing was performed over a period of three months.  A total of 
sixty-three tissue pH measurements and ten bacterial cultures were acquired from sixteen 
wounded on ten patients.  Several patients possessed multiple isolated wounds.  The 
acquired tissue pH data and bacteria counts, together, indicate the health of the wound 
tissue.  Because of the discomfort and harm that could be caused to the patient, numerous 
quantitative cultures could not be taken from the patients.  Thus, these results will not 
yield enough quantitative information to assess a concrete relationship between tissue pH 
bacteria levels and bacterial contamination; yet, because no one has previously acquired 
tissue pH measurements from several points in a wound, the results present a substantial 
scientific contribution.   
 
7.4.1 Patient Information 

Several different kinds of patients were examined, including inpatients, 
outpatients, and surgical patients.  These patients had a variety of ailments ranging from 
acute wounds caused by trauma, to chronic ulcers that have existed for up to six years.  
The number of measurements taken from each of the patients depended on the patient’s 
situation and the location in the hospital at which he/she was located.  Very few 
measurements were taken from outpatients because they were seen in the clinic; thus, the 
patients as well as the doctors were on a tight schedule.  The largest amount of 
measurements was acquired from each of the inpatients because they were bedridden.  A 
fair number of points were measured on each of the surgical patients’ wounds.  Again, 
during these cases, the priority is to perform services to the patient in a timely fashion. 

Several pieces of information were collected from each of the patients.  This will 
give us a good background on each of the cases.  Table 7.7 displays a summary of the 
personal information that was obtained from each patient.  Each patient was assigned a 
number to keep his/her identity confidential.  Table 7.8 includes background on each of 
the patients’ wounds (age of wound from initiation, type, and location).  From the 
information contained in Tables 7.7 and 7.8 and from observations made at the time of 
testing, a description of each patient can be developed. 

Table 7.7: Summary of patients’ personal information 
to provide background on patient status 

Patient Number Patient Type Age/Gender Race 
1001 Out 52/M Caucasian 
1002 Out 63/F Hispanic 
1003 Out 56/M African American 
1004 Out 32/M African American 
1005 In 82/M Caucasian 
1006 In 46/F African American 
1007 Out 79/F Caucasian 
1008 Surgical 32/M Caucasian 
1009 Surgical 43/M Caucasian 
1010 Surgical 20/F Caucasian 
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Table 7.8: Summary of wound information to provide background on wound status. 

Patient 
Number 

Wound Age Wound Type Wound Location 

1001 7 months venous ulcer Left medial lower leg 
1002 --- venous ulcer Right and left lateral lower legs 
1003 6 years venous ulcer Left lateral lower leg 
1004 1 year pressure ulcer Upper posterior legs 
1005 --- ischemic/vasculitic ulcer Anterior lower legs 
1006 1 month infection/open wound/trauma Lower left arm 
1007 --- saphenous vein leg harvest wound Left medial leg and thigh 
1008  --- trauma Right foot 
1009 < 1 month burns Both legs  
1010 < 1 month trauma Right medial lower arm 

 
Patient 1001 is an outpatient who has venous ulcers that overlaid an ulcer that had 

been skin grafted previously.  He underwent tissue transfer six years before, and new 
wounds have developed since that time.  The patient experiences pain when walking and 
visits the outpatient clinic quite frequently.  Figure 7.18 shows a picture of this patient’s 
wounds.  The outline of the existing ulcer can be seen.  The wounded areas that are 
labeled were measured.  The patient commented that he could not feel any discomfort 
while testing occurred.   

Patient 1002 is an outpatient and has venous ulcers located on both lower legs.  
The tissue was exposed and surrounded by an abundance of necrotic skin.  This patient 
was very sensitive and moved her legs when the electrode was placed on the tissue, 
which affected the tissue pH measurements.  Figure 7.19 displays the area of the patient’s 
leg that was measured. 

Patient 1003 has been an outpatient for several years.  He has venous ulcers on 
both of his lower legs and wears a leg boot as part of his treatments.  He has had wounds 
in this area for the past 28 years.  Several small areas of tissue were exposed and these 
were the sights at which the tissue pH measurements were taken.  The wounded areas that 
were measured can be seen in Figure 7.20.  The patient did not experience any discomfort 
during testing. 

Patient 1004 is an outpatient who has pressure ulcers on the upper leg and 
buttocks.  These wounds were fairly deep, and the patient was in a substantial amount of 
pain.  A large portion of the patient’s wounds were not receiving sufficient blood supply, 
making the tissue appear whitish.  Measurements were taken from areas of the wound 
that possessed some fluid.  A photograph of the wound can be seen in Figure 7.21. 

Patient 1005 is an inpatient who has severe chronic wounds, ischemic/vasculitic 
ulcers, on both lower legs.  The wounded area extends from the medial to lateral side of 
each lower leg on the anterior side.  The wounds were deep; the tibia is exposed on both 
legs, and an abundance of necrotic tissue was apparent.  The wounds on the left leg 
extend over an area of about 3 by 2 ½ inches; the right leg wounds cover about 9 by 1 ½ 
inches.  The patient is unable to walk and is in a lot of pain.  Several areas of the wound 
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were sensitive to the touch of the electrode.  Figures 7.22 through 7.24 display digital 
images of the wound. 

Patient 1006 is an inpatient who has a wound that resulted from an 
infection/trauma on her lower left arm.  The patient was in considerable pain but was 
patient while testing was performed.  The wound is approximately 6 by 5 inches in area, 
extending the length of the patient’s lower arm (see Figure 7.25).  The patient is receiving 
antibiotic treatments on the wound surface; these were removed prior to testing.   

Patient 1007 is an outpatient who has three wound: one larger on the lower, 
medial left leg and two smaller ones on the left thigh (see Figures 7.26 – 7.27).  They are 
saphenous vein harvest wounds.  The larger wound is mostly reddish in appearance, 
while the other two wounds are whitish, indicating their unhealthiness.  There was an 
abundance of fluid in these wounds, making it easy to acquire stable tissue pH 
measurements quickly.  The patient did not feel any discomfort during the testing.   

Patient 1008 was a surgical patient who was receiving a tissue transfer on his right 
foot.  A portion of his right foot was gone due to frost bite, and a large area of reddish 
tissue was present (see Figure 7.28 and 7.29).  The tissue transfer was being taken from 
the patient’s left thigh.   

Patient 1009 was a surgical patient with 3rd degree burns on thirty percent of his 
body.  He was involved in a traumatic experience that caused these burns.  The leg that 
was measured can be seen in Figures 7.30 and 7.31.  The tissue appearance ranged form 
reddish to black (necrotic tissue).  Only four points were measured because the surgeons 
were beginning the surgical procedure. 

Patient 1010 was a surgical patient who experienced an acute trauma, causing a 
large open wound on her lower right arm.  Variable depths of tissue were apparent.  
Figure 7.32 shows the wounded area.  The patient was receiving a tissue graft from her 
right thigh to close the wound.  Prior to this surgery, a portion of the wound was closed 
by stapling.  The wound was deep and contained a good amount of necrotic tissue. 

      
7.4.2 Cumulative Results of Clinical Testing 
 To get a sense of the values that were acquired during the clinical testing, a scatter 
plot was created of all the tissue pH measurements acquired during clinical testing (see 
Figure 7.33).  This plot displays the pH values versus the sample number; the data from 
each patient is displayed directly after the other.  A total of sixty-three points were 
acquired from ten patients.  It can be seen that the tissue pH values range from 
approximately 6.8 to 7.6; yet, a majority of the points lie between 7.1 and 7.55.  The 
mean of these data points is 7.33 pH units, and the standard deviation is 0.17 pH units.  
Another interesting statistic is the average of the absolute deviations from the mean 
which is 0.13 pH units.   
 Figure 7.34 displays a frequency histogram of the entire data set.  This gives 
another illustration of where the data lies and what values are typical of wound tissue pH.  
It can be seen that a majority of the points lie between 7.3 and 7.4 pH units.  Figure 7.35 
shows another frequency histogram with a step size in the pH value range of 0.05 as 
opposed to 0.1 pH units.  A majority of the pH data falls between 7.15 and 7.55 pH units, 
the maximum being between 7.35 and 7.40 pH units.  Healthy tissue pH usually falls 
between 7.38 and 7.44 pH units.  The next graph, the stratified plot seen in Figure 7.36, 
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looks at the data in a different way.  The data points are separated by case so that the 
between and within variation of the data can be visualized.   
 
7.4.3 Analysis of Relationship between Tissue pH Levels and Bacterial 

Contamination 
 In order to ascertain whether the tissue pH level of a patient’s wound is a good 
indication of the tissue’s health and bacterial contamination, the data from each of the 
patients who were tested must be reviewed.  We would like to get a sense of how the 
tissue pH, bacterial contamination, wound appearance, and wound location correlate.  
The pictures of each of the wounds (Figures 7.18 to 7.32) contain the tissue pH 
measurement values that were taken at each point.  In the corresponding sections of the 
Discussions chapter, the importance of the location of the tissue pH measurements is 
explained. 

To attain a sense of the bacterial contamination that is present in the patients’ 
wounds, swab cultures or quantitative cultures were taken from all of the patients except 
the first.  Quantitative cultures could not be taken from the outpatients because these 
wounds are chronic, and further loss of tissue would be detrimental to their condition.  
Therefore, a cotton swab was touched to the surface of the tissue and cultured to get a 
qualitative count of the bacteria level.  Biopsies were taken from inpatient and surgical 
patients to obtain a quantitative measure of the bacteria present.   

Table 7.9 displays the information that was acquired about the bacteria levels in 
the patients’ wounds.  It also includes the average tissue pH level, standard deviation, and 
number of valid measurements for each patient case.  Average tissue pH levels were 
calculated for each isolated wound and are separated by commas in the table.  Similarly, 
the number of measurements from each of the patients’ wounds correspond to these 
averages.  For example, patient 1005 had wounds on his right and left legs.  The average 
of the tissue pH measurements on his left leg, from 7 measurements was 7.40.  The 
average tissue pH level from his right leg wound is 7.32 (calculated from 9 
measurements).  The standard deviation was calculated from all the measurements 
acquired from each patient.  The average tissue pH of all the measurements is 7.31 with a 
standard deviation of 0.12 pH units. 

From this table, the tissue pH and bacterial contamination levels can be related.  
First, the measures of bacterial contamination must be standardized.  Because there are 
no quantitative bacteria counts for a majority of the patients, the bacteria counts for 
patients 1008 through 1010 will be translated into qualitative descriptions.  Dr. Dunn was 
questioned on this matter.  He related that a level of 1 x 104 colonies/gram is 
approximately equivalent to a reading of few to moderate bacteria while a count of 2 x 
106 colonies/gram tissue relates to a significant amount of bacteria.  Patients who have 
the same description of bacteria growth were analyzed for the number of organisms that 
were detected and the relative level (one through five) of these organisms.  Figure 7.37 
displays a graph of the average tissue pH levels for patients 1002 through 1010 versus a 
qualitative measure of the bacterial contamination present in their wounds.  A culture was 
not taken from patient 1001; thus, he is not included in this analysis.  It can be seen that 
the data can be fit to a linear trendline with a R2 value of 0.458.  
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Table 7.9: Bacteria counts, average tissue pH level, standard deviation, and number of 
valid measurements from each patient.  Descriptions of bacterial contamination signify 

a swab culture and values x 10n indicate quantitative biopsies. 
Patient Number Bacteria Counts or 

Description 
Average Tissue pH 

(pH units) 
Number of 

Measurements  
Standard Dev. 

(pH units) 
1001  --- 7.48, 7.21, 7.32 1, 1, 1 N/A 
1002 moderate 7.43 2 0.061 
1003 few 7.54, 7.48 1, 2 N/A 
1004 rare 7.29 2 0.161 
1005 few 7.40 (left), 7.32 (right) 7 (left), 9 (right) 0.113, 0.143 
1006 no growth 7.42 15 0.127 
1007 moderate, no growth 6.85, 6.86, 7.41 1, 1, 1 N/A 
1008 1 x 104 colonies/gram 7.24 6 0.095 
1009 1 x 104 colonies/gram 7.27 4 0.109 
1010 2 x 106 colonies/gram 7.19 7 0.175 

  
7.4.4 Tissue pH Variations within the Wound 
 In several of the patient cases, enough measurements were taken to get a sense of 
the variation of tissue pH levels within the wound.  Here, two cases will be reviewed.  
Contour plots were created in Mathcad.  Figure 7.38 shows the contour plot of patient 
1010’s wound tissue pH levels.  A color code is also included in order to understand the 
tissue pH levels that correspond to each shade of color.  The plot is set up so that the top 
part of the plot corresponds to the top part of the digital image of patient 1010’s wound 
(Figure 7.32),  and a rectangle was best fit to the wounded area. 

Figure 7.39 shows a contour plot of patient 1006’s wound (see Figure 7.25).  In 
this plot, the top part of the plot corresponds to the medial side of the patient’s arm and 
the bottom part of the plot corresponds to the lateral side.  Picture the rectangular plot 
overlaid on the patient’s arm.  The variations of tissue pH are indicated by the difference 
in colors, which represent tissue pH levels.   
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Figure 7.18: Patient 1001’s left medial leg 
 
 

Figure 7.19: Patient 1002’s lateral right leg 
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Figure 7.20:  Patient 1003’s left anterior leg 
 
 

Figure 7.21: Patient 1004’s behind 
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Figure 7.22: Patient 1005’s left lateral leg 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.23: Patient 1005’s left medial leg 
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Figure 7.24: Patient 1005’s right medial leg 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.25: Patient 1006’s left lateral lower arm 
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7.26:  Patient 1007’s left medial thigh 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.27: Patient 1007’s left medial lower leg 
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Figure 7.28: Patient 1008’s right foot 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.29: Patient 1008’s right foot 
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Figure 7.30: Patient 1009’s left leg 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.31: Patient 1009’s left knee 

1 – 7.42 

2 – 7.18

3 – 7.20 4 – 7.26



 94

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.32: Patient 1010’s right medial arm 
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Figure 7.33: A scatter plot of the cumulative patient data.  
Sixty-three points from ten patients are plotted.

Figure 7.34: Frequency histogram of the clinical data.  The y-axis shows the number 
of measurements that fall within a given tissue pH range on the 
x-axis.  Measurements from ten patients are represented here.
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patient are diplayed at one x position.
 measurements acquired from each patient.  Data points from a given 

Figure 7.35: Frequency histogram of patient data with a step size of 0.05 
pH units. Measurements from ten patients are represented here.

Figure 7.36: Stratified plot of patient data.    The ploted values are the tissue pH  
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Figure 7.37: Plot of the average tissue pH level versus qualitative measures of bacterial
contamination.  Each point represents the average tissue pH level for a different patient.
The description of bacterial contamination is determined from qualitative cultures and 

Dr. Dunn's interpretation of quantitative bacteria counts.
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 Figure 7.38: Contour plot of the tissue pH variations in patient 1010’s wound (Figure 7.34).  The plot 
is oriented as if a rectangle was fit over the patient’s wounded area. 
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Figure 7.39: Contour plot of the tissue pH variations in patient 1006’s wound (Figure 7.27).   
The top portion of the graph corresponds to the medial side of the 
 patient’s arm and the bottom part corresponds to the lateral side. 
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8. DISCUSSION 
 
 The discussion of each of the results presented in the previous chapter will be 
included here.  The results acquired during the testing portion of the research will be 
analyzed.  Comments will be included on what the results indicate in the context of the 
research goals.  Also, any obstacles that were encountered will be noted and explained.  
This will be helpful for researchers that are interested in conducting similar experiments.   
 
8.1 Discussion of Testing of the MI-414 Electrodes 

The methods for each of the tests performed on the electrodes were designed so 
that information could be attained about the operation of the electrodes.  Following is a 
discussion of the results for each of the tests that is described in Chapter 6.  The actual 
results are displayed in the corresponding sections in Chapter 7.  Again, it has to be 
emphasized that the analysis of the results of electrode testing (see Section 7.1) is crucial 
to the accurate and efficient operation of the pH monitoring system; however, this is not 
the focus of the research. 
 
8.1.1 Discussion of Time Constant Determination 
 The purpose of testing the time constants of the electrodes is to design the testing 
protocol for optimal time efficiency.  The results from these tests were incorporated into 
the software program to reduce the duration of calibration and testing.   
 
8.1.1.1 Discussion of Calibration Time Constant Results 
 Figure 7.1 displays a graph that shows the stabilization of several electrodes over 
time.  It can be seen from Figure 7.1 that the time needed for the electrodes to stabilize 
ranges from five to eight minutes.  Table 7.1 displays the time needed for stabilization for 
each of the trials as well as an average time of seven minutes, which will be used as a 
mark for future calibration procedures.  The curves of lesser amplitude in Figure 7.1 
represent calibration of electrodes in an 8.0 buffer solution.  Additionally, several trials 
were recorded while calibrating electrodes in a 6.0 pH buffer (the blue curves in Figure 
7.1).  It can be seen that consistent machine unit levels and times were produced for each 
trial.  The level of the machine units registered for a certain electrode will differ slightly 
from that of another because of the electrode’s specific properties.  This means that two 
different electrodes will produce two different voltage levels when submersed in the same 
medium.  Different electrodes require similar stabilization times, but the level of pre-
conditioning of the electrode will also affect this stabilization time.  

If the electrode is allowed to precondition for an extended period of time, the 
stabilization will occur more quickly.  Preconditioning involves placing the electrode in a 
slightly acidic buffer solution (a 4.0 pH buffer is recommended) for about twelve hours.  
This will allow the ions to flow across the glass tip of the electrode, resulting in an 
electrochemical reaction.  When the electrode is subsequently placed in a buffer for 
calibration that is of a more basic pH, the flow of ions will slow down and stabilize.  This 
occurs more quickly than if the flow of ions had to increase to achieve stabilization.    
Another procedure that helps to shorten the time needed for stabilization is to “exercise” 
the electrodes between two solutions.  This involves dipping the probe into a pH buffer of 
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4 and then in a buffer of 7 for about five seconds each and repeating this process several 
times.  This helps to activate the ion flow over a range of pH values.   
 It is extremely important for the electrodes to stabilize during the calibration 
process.  If the voltage that is recorded for a given pH buffer is not the result of a stable 
reaction between the electrode and solution, the electrode characteristics will be 
calculated incorrectly.  If an electrode’s characteristics are inaccurate, pH measurements 
will not reflect the actual pH level of the medium in question.  Therefore, calibration is 
the basis for all measurements and must be carefully performed.  For this reason, the time 
used for stabilization of the electrodes in the software program is an important parameter. 
 
8.1.1.2 Discussion of Electrode Response Time 
 The time that it takes for the electrode to respond to a step change in pH is a 
critical parameter in this research.  Previous studies conducted with the developed pH 
meter involved long term tissue pH measurements [1].  Therefore, the time needed for 
stabilization of the electrode to the pH level of the tissue was not an issue.  In this 
research, the measurement at a certain location in the wound is terminated as soon as the 
electrode has stabilized.  Because of this, the response time is a limiting factor in the total 
amount of time needed for testing each subject.  In the clinical environment, the time that 
a test takes effects the patient, the doctor, and the hospital.  These are the reasons that this 
parameter was tested, despite the manufacturer’s suggestion that the response time is 
within fifteen seconds. 
 The two electrodes that were tested showed similar results, which further 
confirms the belief that the electrodes are similar in their operation.  Figure 7.2 displays 
curves that exhibit three different components: a flat line which represents the stabilized 
electrode reading the initial pH buffer, a fall or rise in the pH indicating a change in the 
electrode position, and a flat line representing the stabilization of the electrode in the final 
pH buffer.  Different combinations of pH buffers were used to determine if there were 
trends in transitioning between buffers of different pH values. 
 It was discovered that the pH dropped or rose to close to its final value in a short 
period of time (approximately five seconds).  Subsequently, the electrode experienced a 
relatively more gradual change to the final value.  The last three percent change of the 
recorded pH to the final value occurred in thirty seconds on average.  The average slopes 
for decreases and increases in pH were calculated and it appears that a rise in pH (from 
acidic to basic) is measured more quickly than a drop in pH.  
 From these tests, it can be concluded that for complete stabilization of the 
electrode in the latter of the two buffer solutions, approximately thirty seconds are 
needed.  This is acceptable for our application.  The statistics for each trial can be seen in 
Table 7.2 and a summary is displayed in Table 7.3.  The time and pH at each of the three 
identified changes in the signal are identified.  Using these numbers, the rate of change of 
the recorded pH can be calculated.  The time constant determined in these tests is not 
used in calibration because during calibration, the electrode is allowed to stabilize for a 
longer period of time than is actually necessary to ensure absolute stabilization.  In 
addition, the electrode is conditioned after the calibration process, so the optimal time 
response should be reached by the time testing occurs.   
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 Thus, the electrode will be held at one location in the wound area for at least 
thirty seconds before moving to the next location.  The exact time that is necessary will 
be determined during preliminary testing, as factors present in the testing environment 
may affect this stabilization time.  The ongoing analysis of the time needed for 
stabilization will allow for accurate pH measurements as well as time efficiency. 
 
8.1.2 Discussion of Stability Tests 
8.1.2.1 Long Term Stability 
 The tests done for long term stability show that the drift that occurs over 
approximately a twelve hour period is 0.088 pH units (see Figure 7.3).  This translates 
into a drift of 0.007 per hour.  One electrode is not used for more than an hour during 
testing; thus, this amount of drift is permissible.  The drift is most likely due to the 
combination electrode configuration.  Because this was not a limiting factor in taking 
point tissue pH measurements, the drift was not explored further.   
 
8.1.2.2 Stability while Holding the Electrodes 

Since the electrodes will be held during the animal and clinical trials, the testing 
of variations in the recorded pH while holding the electrodes is important.  Figure 7.4 
shows the result of holding an electrode against a sponge that is saturated with a 7.0 
buffer.  This method was used to attempt to simulate the conditions that will be found in 
measuring tissue pH.  Contact with the sponge itself most likely lowered the measured 
pH value.   

The most important aspect of the results is that the pH values do not vary more 
than 0.012 pH units, which is acceptable.  The results from holding the probe with the left 
or right hand could not be differentiated.  Thus, holding the electrode to the surface of the 
tissue should not adversely effect the accuracy of the pH measurements.   
 
8.1.3 Discussion of Temperature Dependence Tests 
  When measuring tissue pH, temperature levels are normally accounted for.  The 
initial tests showed that pH does vary with changes in temperature but not significantly 
over small ranges.  The recorded change is a result of the pH value of a given pH buffer  
changing with temperature differences.  
   The temperature of a wound can vary between 33°C and 41°C, yet the amount of 
variation in a given wound has not been documented.  The pH meter does not make real-
time adjustments for temperature differences, so effects of varying temperatures within a 
wound may increase the inaccuracy of the measurements.  It can be seen in Figure 7.5 
that over a range of 32 to 40 degrees Celsius, the pH varies a total magnitude of 0.02 pH 
units.  This difference is acceptable in our application.  The temperature variations within 
a single wound should not span the whole range of possible temperatures.  Additionally, 
no data is available on wound temperature variations.  We are not incorporating 
temperature measurements into our methods; thus, we will assume that the wound 
temperature is uniform throughout.  
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8.1.4 Discussion of Effects of Sterilization  
 Table 7.4 displays the change in the calibration characteristics (slope and 
intercept) after successive sterilizations of one electrode.  Both the slope and the intercept 
change after each sterilization.  The first important conclusion that can be drawn from 
these tests is that ethylene oxide sterilization can be performed on the MI-414 electrodes, 
and their correct operation is preserved.  The second observation is that sterilization 
changes calibration characteristics; thus, after each sterilization the electrodes must be 
recalibrated to allow for accurate measurements.  Several electrodes were sterilized 
numerous times, and the same effects were seen.  
 
8.2 Calibration of Electrodes 
 As can be seen in Figure 7.8, the calibration characteristics of the MI-414 
electrodes are expressed by a straight line with negative slope.  Two-point calibration is 
used to determine the slope and intercept of this line.  Once calibration has been 
performed, the characteristics are used to convert a given voltage into a pH value.  The 
issues that are important when calibrating glass microelectrodes are the time needed for 
calibration and the temperature of the medium that is being measured.  
 Temperature differences will affect the recorded pH level.  Although the 
difference between room temperature and body temperature is significant, the difference 
in pH that is produced is not notable because the calibration lines for the electrode at 
these two temperatures intersects in the range of 6 to 8 pH units (see Figure 7.9).  
Therefore, insignificant variations in pH will be seen if calibrating at one temperature and 
measuring at another.  For this reason, calibration will be performed at room temperature.  
This allows for flexibility in the location and times at which calibration can be 
performed.   
 Each electrode has specific calibration characteristics, yet the slope and intercept 
that are calculated using two-point calibration will be similar for all of the electrodes.  
Table 7.5 shows that these parameters vary within a small region.  This fact is important 
because the electrodes are extremely delicate.  If calibration of a given electrode is 
producing characteristics that deviate greatly from these averages, the electrode should be 
investigated for improper operation.     
  
8.3 Discussion of Animal Study Results 

The results that were presented in section 7.3 will be discussed here.  In addition 
to analyzing the quantitative tissue pH data, the animal models that were used throughout 
the study will be reviewed.  
 
8.3.1 Discussion of Animal Models 
 Two major animal models in conjunction with various methods for securing the 
wound were used through the course of this research (see Section 6.3 for explanation of 
the methods).  Although the animal models did not work as efficiently as expected, 
improvements were made after each trial, and the best possible protocol was developed 
using the rat species as the animal of choice.   
 The first model, which involved making a square inch incision on the lateral, 
dorsal area of the rat and pipeting bacteria over the rat’s tissue, did not work efficiently.  
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The achieved bacteria levels were not high enough for most of the trials.  The highest 
bacteria levels that were attained in these trials occurred in areas of the tissue that were 
exposed by the rat chewing at the protective wound covering.  When the covering was 
mutilated, the tissue would become partially necrotic and accurate tissue pH 
measurements could not be acquired. 
 Since the levels of bacteria found in the cultured biopsies were significantly lower 
than the amount of bacteria that was being applied to the wound, a new method for 
applying the bacteria to the rat’s tissue was developed.  The second model involved 
creating the wound on the dorsal, medial area of the rat’s body and injecting the bacteria 
into several areas of the rat’s tissue.  This would hopefully allow for a better growth of 
the bacteria in the tissue.  The bacteria levels that resulted from this model were higher, 
on the order of 105 to 106.  In addition to a change in the model, the method for securing 
the wound was altered.  The rat’s skin was stapled down after inoculating the tissue.  This 
method worked best because the rat was not bothered by the presence of the wound; thus, 
the tissue was not exposed during the incubation time, and all the tissue pH 
measurements could be taken without difficulty.  The only drawback to stapling the skin 
is that in some cases, the tissue reattached to the epidermis and the rat’s physiological 
defense mechanisms could better fight the bacteria.   
 Thus, it was concluded that the best model that could be achieved using the rats in 
the animal protocol is the following: create a wound on the dorsal, medial area of the 
rat’s body, inject the tissue in several areas with 2 x 108 bacteria counts/mL; and secure 
the wound by stapling the skin edges down.  The rat species appears to have high 
immune response capabilities making it difficult to induce a significant infection.  We 
conclude that the rat is not a good animal to work with when aiming at raising tissue 
bacteria levels. 
 
8.3.2 Recommendation for a New Animal Model 
 From the experience of preparing and altering the rat animal protocol, we have 
several suggestions for the development of a new animal model that may achieve better 
results.  It would be ideal for future animal trials to involve the use of a higher order 
animal.  Several advantages are apparent for choosing a larger animal.  One animal can 
be used for an extensive amount of data.  A larger wound can be created, and the animal 
can be monitored over a longer period of time.  The purpose of the animal studies is to 
create a model that is similar to the circumstances faced in patient wounds.  The creation 
of a wound that is in existence for months as opposed to a few days is more similar to the 
chronic wounds that are seen in patients.  In addition, a higher order animal will have a 
slower metabolism and will not fight off the applied bacteria as vehemently as the rats 
did.  
 Another benefit of using one animal to acquire a large amount of data is that the 
data can be compared accurately.  Although the rat’s tissue pH measurements were 
compared to its healthy tissue pH level, different rats could have different reactions to the 
creation of the wound and presence of bacteria.  By monitoring one animal over a period 
of time, all of the data can be uniformly compared.  A wound that is created in a higher 
order animal can also be secured better, so as to create an environment that the bacteria 
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will thrive in best.  The drawback of such a model would be the high cost associated with 
acquiring and maintaining a large animal.   

Another option would be the use of mice that are bred to have a deficient 
inflammatory and immune response making them more susceptible to bacterial infection.  
This would provide for a more sufficient bacteria growth in the inoculated tissue.  
Another less expensive option would be to use rabbits which typically have weaker 
defense mechanisms than the rat species.   

The development of a good animal model is important because only at this level 
can the effects of tissue perfusion and bacterial contamination on tissue pH levels be 
separated.  The animal’s tissue is healthy before inoculation; therefore, any decrease in 
tissue vascularization will be a result of the tissue bacteria levels.  This will provide for a 
more controlled study of the testing parameters.  In patient testing, the wound is already 
composed of compromised tissue and the effect of bacteria levels on tissue pH cannot be 
isolated.  Thus, future work should involve the creation of a new animal model that could 
produce optimal conditions for the growth of bacteria and the acquisition of tissue pH 
measurements. 
 
8.3.3 Discussion of Cumulative Results 

Looking at Figure 7.14, it can be seen that the tissue pH values vary from 
approximately 6.8 to 7.5 pH units.  The scatter plot shows that taking tissue pH 
measurements is a stationary process, meaning that the values do not possess a decreasing 
or increasing trend over the time during which they are acquired.  This is expected 
because the results attained from each trial should be similar, indicating reproducibility of 
results.  This also verifies that the instrumentation and electrodes that are used for testing 
are in working condition for each trial. 

The frequency histogram seen in Figure 7.15 shows that a majority of the tissue 
pH measurements lie in the range of 7.1 to 7.5 pH units.  The most measurements were 
taken between 7.35 and 7.4 pH units.  This is to be expected because normal tissue pH 
levels lie within and slightly above this range.  The histogram is skewed to the left, which 
makes sense because the measurements taken from infected tissue is expected to have 
lower tissue pH levels.   

   
8.3.4 Discussion of Relationship between Tissue pH and Bacterial Levels 
 Due to the difficulties experienced with developing a good animal model, a 
portion of the data could not be used for analysis of the relationship between tissue pH 
and bacteria levels.  As previously discussed, the first model did not produce results that 
are usable in this study.  Once the second model was developed and the method for 
securing the wound was finalized, four additional animal trials were performed with a  
total of 17 rats.  This produced a total of eighty-three measurement points.   

This data can be seen in Figure 7.16 which displays the differential tissue pH 
measurement (see Equation 7.2) versus bacteria counts.  It can be seen that a trendline 
with a low R2 value was fit to the data.  Although this indicates that the correlation 
between the tissue pH and bacteria levels is weak, not enough data has been acquired for 
this trendline to be considered statistically significant.  The data does exhibit a decreasing 
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trend (increase in bacteria levels correlated with a decrease in tissue pH).  Because only 
seven data points with bacteria levels greater than 1 x 106 counts/gram tissue were 
acquired, it is difficult to statistically analyze the data. 

Figure 7.17 shows the data points from the last three animal models.  The points 
that are displayed are those that produced bacteria levels of greater than 1 x 104 
counts/gram tissue.  This is a relevant number because at greater than this level of 
bacteria, a wound is considered infected.  Normal tissue can contain up to 103 bacteria 
counts/gram tissue and not be considered infected.  The relationship between tissue pH 
and bacteria levels described by the trendline seen in Figure 7.17 has a R2 value of 0.57.  
Again, the lack of data at higher bacteria levels makes it impossible to define a 
statistically significant relationship between these two parameters. 

One of the reasons that the data appears variable is that it is difficult to compare 
measurement points between rats.  Although healthy tissue pH measurements were taken 
in each rat and differential measurements were calculated, the reaction that each rat has to 
the presence of bacteria may be different causing varying degrees of tissue pH levels with 
similar levels of bacteria counts.  This would make it difficult to objectively compare 
data between animals, making a very strong point for acquiring a large amount of data 
from one animal in the future.  In addition, the rat’s ability to defend against the bacteria 
inhibited the growth of the bacteria and the attainment of good results.   

Although the data did not reveal a strong relationship between tissue pH levels 
and bacterial counts, it appears that our hypotheses are correct.  Decreased levels of tissue 
pH are associated with increased levels of bacteria.  This becomes more apparent when 
analyzing data acquired from each rat separately.  Because of the difficulties with using 
the rats in the animal protocol, statistically significant results could not be achieved; yet, 
we are confident that our data is a starting point for further exploration into the 
correlation between pH and bacterial levels.  The development of a new animal model 
will better serve this purpose.  Section 8.3.2 discusses a possible animal model that could 
be used in the future.  

 
8.4 Discussion of Clinical Study Results 
 The results that were presented in section 7.4 will be discussed in this section.  
The clinical testing was successful, although a strong relationship between bacteria and 
pH levels could not be determined because of the difficulty in acquiring quantitative 
cultures from each wound.  The results will give us a sense of the tissue pH levels that are 
common in patients with acute and chronic wounds 
 
8.4.1 Discussion of Cumulative Results 

Figure 7.33 displays a scatter plot which shows that measuring pH of wound 
tissue is a stationary process.  The tissue pH values are reproducible, proving that similar 
tissue pH levels are found within a wound of one patient and also among patients.  This is 
important because the goal is to determine a technique for utilizing tissue pH as an 
objective, measurable parameter for all patients.  Clinicians need to be able to 
automatically relate a given tissue pH level with the health of the tissue in question.   
 The bar plot that can be seen in Figure 7.34 gives a better sense of the spread of 
the data.  This frequency histogram has a single modal bar in the 7.3 to 7.4 pH range, 
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meaning that a majority of the measurements lie in this range.  It drops off more quickly 
for values less than 7.3 than for values greater than 7.4, but the histogram is somewhat 
symmetric.  The spread of the histogram is small, 1.1 pH units, which indicates that tissue 
pH measurements from patient wound tissue will fall within a small window.  By 
changing the step size of the x-axis, the data can be considered in a different way.  Figure 
7.35 shows the bar plot with a pH value step size of 0.05 pH units.  This is a short-tailed 
frequency histogram that is skewed to the left because the central part of the histogram 
has similar frequencies and it drops off rapidly at the limits and extends further at lower 
pH levels than at higher ones.  The typical range of tissue pH values can be seen to be 
7.15 to 7.55 pH units.  This is concurrent with medical knowledge.  The highest 
frequency of measurements lies in the 7.35 to 7.4 pH range, indicating that several of the 
measurements were taken from healthy tissue.   
 Figure 7.36 shows a stratified plot in which the pH measurements for each of the 
patients is plotted separately.  It can be seen that a majority of the pH values range from 
7.2 to 7.6 pH units.  Also, the differences in the pH levels between the centers of 
dispersion for each patient is not large.  This is the between variation and is an indication 
of the reproducibility of the data.  Therefore, measuring tissue pH will be consistent 
within a range for different patients.  Also, the spread of the data for a given patient  is 
small, ranging from 0.4 to 0.7 pH units.  For example, the measurements taken from 
patient 1009 range from 7.18 to 7.42, which is a small within variation.  The largest 
within variation is exhibited by patient 1010 (6.85 to 7.57).  Within variation is an 
indication of repeatability.  Thus, the low within variation of this data indicates that 
testing a patient will produce repeatable results within a small range.  Note that several of 
the patients had numerous isolated wounded areas from which tissue pH measurements 
were acquired.  The number of wounds each patient had is indicated in Table 7.8 as well 
as in the digital photographs displayed in Figures 7.18 through 7.32.  
 
8.4.2 Discussion of Relationship between Tissue pH and Bacterial Levels 
 One of the limitations of this research was that quantitative bacterial cultures 
could not be taken at every point at which tissue pH measurements were performed.  
Tissue biopsies cannot be taken from outpatients because of the additional trauma that 
will be caused.  Only one tissue biopsy was taken from inpatients because of the lack of 
medical staff support in the research.  In the future, inpatients who are awaiting surgery 
would be excellent candidates for taking tissue biopsies at several points in the wound.  
Then, a direct correlation between tissue pH and bacteria levels in human wound tissue 
could be assessed. 
 In the current research, a qualitative measure of the wound bacterial 
contamination was obtained for many cases and a quantitative bacteria count was 
acquired for a few patients (see Table 7.8).  No studies have been performed on the 
variation of bacteria levels within a wound.  Thus, in this study, we will assume that a 
culture taken from one site in a wound is indicative of the average bacteria level 
throughout the wound.  Because we could not attain a 1:1 ratio of tissue pH 
measurements to bacteria counts, the tissue pH values for a given wound were averaged 
so that it could be compared to the relative bacteria level.  When the testing was 
performed, tissue pH measurements were taken in representative locations over the entire 
area of the wound, i.e. measurements were not only taken in areas that appeared healthy, 
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for example.  Another point to note is that the effects of tissue perfusion and bacterial 
contamination on tissue pH levels cannot be practically isolated.  Therefore, tissue pH 
levels will reflect the bacteria and perfusion levels.   
 To better understand the implications of the tissue pH measurements, we will look 
at a few key patient cases.  Patient 1007 suffers from a saphenous vein leg harvest 
wound.  There are three distinct wounded areas (see Figure 7.26 and 7.27).  One tissue 
pH measurement was taken from each of these areas.  The wounds displayed in Figure 
7.26 have tissue pH levels of 6.85 and 6.86.  These wounds are whitish in appearance and 
contain an abundance of fluid.  They have been persistent, non-healing wounds, and a 
swab culture produced a reading of moderate bacteria levels.  Conversely, the wound 
displayed in Figure 7.27 is mostly reddish in appearance and has a tissue pH level of 
7.41, indicating that the tissue is healthy.  This is confirmed by the fact that a swab 
culture from this larger wound resulted in no growth of bacteria.  In addition, Dr. Dunn 
had previously performed a tissue transfer to this area; thus, he expected this wound to be 
progressing in the healing stages and the tissue to be healthy. 
 Another excellent case for the comparison of bacteria levels to tissue pH values is 
patient 1006.  The average tissue pH level acquire from this wound is 7.42 and a 
quantitative culture resulted in a reading of no bacteria growth.  Considering that normal 
tissue pH values range between 7.38 and 7.44 pH units, a pH level of 7.42 should indicate 
that the tissue is healthy and minimal to no infection is present.  The appearance of this 
wound (see Figure 7.25) may indicate that it is somewhat contaminated.  It is important 
to emphasize that the appearance of wound tissue does not always accurately indicate the 
level of infection in the tissue.  This is a major reason why an objective parameter for 
estimation of bacterial contamination levels is needed.  
 Patient 1010’s wound exhibits varying levels of tissue pH.  The wound can be 
seen in Figure 7.32.  The tissue pH measurements range from 6.85 to 7.57.  It can be seen 
that the measurement that resulted in a tissue pH level of 7.57 is taken from an area of the 
wound that is whitish.  This area was very dry and contained a portion of necrotic tissue 
which produced a tissue pH value above normal.  The location at which tissue pH is 
measured is of extreme importance in order to acquire accurate results.  The remaining 
points were below normal levels, with an average of 7.19.  A quantitative culture was 
obtained from this patient and resulted in a count of 2 x 106 colonies/gram tissue.  This 
qualifies as an infected wound.  The low tissue pH level that was calculated corresponds 
with this high level of bacterial contamination.  This case shows that tissue pH is accurate 
in indicating the health and bacteria level of the wound tissue. 
 It is also interesting to note that the average tissue pH levels acquired from 
patients 1008 and 1009 were close in value, 7.24 and 7.27, and the results from the 
quantitative cultures were the same, 1 x 104 colonies/gram tissue.  This is promising 
because the objective is to derive a methodology that can be used for all patients.  The 
standardization of the methods used for acquiring and analyzing the tissue pH data will 
allow for amore widespread acceptance of this technology.       
 The graph of the average tissue pH measurements for each patient case versus the 
qualitative measure of bacterial contamination (see Figure 7.37) shows that there is a 
correlation between these two variables.  The R2 value of 0.458 indicates that the 
trendline can predict the data with approximately 46% confidence.  Although this is not a 
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strong linear fit, the trend in the data which exhibits lower pH levels for higher 
contamination is the relationship that we had hypothesized at the beginning of this 
research.  Performing more clinical tests and acquiring quantitative cultures at each 
measurement point will produce more relevant data.  This will hopefully explain more 
about the relationship between bacteria and tissue pH levels. 
 It is important to note that quantitative bacterial counts could not be acquired 
from the patients.  The cultures are very costly to the patient.  A quantitative culture costs 
$97, and a swab culture costs $53.  Obviously, acquiring several of these cultures from a 
patient’s wound to determine the variation of bacteria levels is not practical because of 
the high cost.  This indicates that a great need exists for the development of a tool to 
estimate wound bacterial contamination.  Measuring tissue pH levels is an excellent 
solution.  In comparison to acquiring tissue cultures, the costs associated with 
determining tissue pH levels include the purchase of a monitoring instrument, pH 
electrodes, and pH buffers.  The pH electrodes can be sterilized and are therefore 
reusable.       

The ability to monitor a wound’s infection level over a period of time using an 
easily measurable parameter that gives instantaneous results will benefit clinicians and 
patients.  Doctors do not have extensive amounts of time to spend on each patient and 
often make decisions concerning treatment on judgement alone.  They may not have time 
to analyze the bacteria level that is determined up to forty-eight hours after a culture has 
been taken, if it is taken at all.  An instantaneous measure of a wound’s infection will 
allow for a better understanding of the bacterial contamination at the time of treatment.  
Thus, there is a great need for further testing of tissue pH as an objective measure of 
tissue health and the development of instrumentation to efficiently monitor wound pH 
levels. 
   
8.4.3 Discussion of Tissue pH Variations within the Wound 

As noted previously, the variation of tissue pH values within one wound was not 
large.  The standard deviations for each set of measurements from each patient are 
displayed in Table 7.8.  They range from 0.06 to 0.21 pH units with an average of 0.12 
pH units.  This small average standard deviation indicates that the tissue pH 
measurements in each of the wounds tested can be averaged to attain a good sense of the 
overall pH levels found in the wound.   

No previous research was discovered on the variation of tissue pH levels in 
human chronic wounds.  The exploration of tissue pH variation is important because if 
the tissue pH varied greatly, the use of tissue pH measurements as a measurement 
parameter would not be objective.  Rather, the areas in the wound at which the 
measurements were taken would dictate the outcome of the testing results.  

“pH images” of the tissue pH levels were formed using contour plots.  These are 
seen in Figures 7.38 and 7.39 for two of the patient cases.  These plots give a graphical 
illustration of the tissue pH variations within a wound.  It can be seen in Figure 7.38 that 
the tissue pH is between 7.1 and 7.3 for a majority of the wound.  The pH level then 
drops of to below 7.0 at the left lower corner of image, which corresponds to the left 
lower corner of the wound seen in Figure 7.32.  The pH rises in the upper right corner of 
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the wound.  This indicates that the edges of the wound are not indicative of the average 
tissue pH level found in the wound. 

The image in Figure 7.39 is a plot of the tissue pH variation found in patient 
1006’s wound (see Figure 7.25).  The pH is lower at the medial and lateral, distal edges 
of the wound as well as towards the elbow of the patient.  Higher pH values (7.45 to 7.6 
pH units) are found on the medial side of the area that was tested.  Again, this indicates 
that the edges of the wounded area have tissue pH values that vary from those found in 
the center of the wound.  
 
8.4.4 Indications for Clinicians for Taking Tissue pH Measurements 
 The data acquired from patient testing gives some information about the variation 
of tissue pH levels within a wound and its relationship to bacteria levels.  Although this is 
good scientific information, clinicians need a methodology to utilize this data efficiently 
in their practices.  Information concerning the location, number, and positioning of 
measurements will be helpful to doctors who are interested in using tissue pH 
measurements as a diagnostic tool.   
 From the observations made during testing, the following methodology was 
developed for accurately and efficiently acquiring tissue pH measurements that are 
indicative of the wound’s tissue pH level.  Wound measurement guides are an excellent 
material to use to guide the clinician as to where to measure tissue pH.  The guide that 
was used in this research to get a sense of the wound’s size (see Appendix B) contains 
boxes of different sizes and a ruler along the edges.  The guide should be placed over the 
wound, and the box that fits the wound best can be selected.  The guide used for tissue 
pH measurements would have small holes at appropriate points throughout the wound 
area.  Thus, if the wound was close to 6 x 6 centimeters, then the electrode would be 
placed through the holes in that box in the grid to take measurements. 
 The measurements could then be averaged to calculate an overall tissue pH level 
for the wound.  The person performing the testing must make sure that the tissue pH 
measurements taken at each point produces a valid value.  For example, if one of the 
measurement points lies over an area of necrotic tissue, that measurement site should be 
discarded.  The number of measurements necessary will vary with the size of the wound.  
For a 4 x 4 centimeter wound, four measurements will be sufficient.  For an 8 x 12 
centimeter wound, fifteen measurements would produce an accurate average tissue pH 
measurement.   
 There are several advantages and disadvantages of taking tissue pH measurements 
of wound tissue.  The major drawback is that an accurate tissue pH measurement can 
only be made when enough fluid is present in the tissue.  Thus, necrotic tissue or tissue 
with very low perfusion cannot be measured.  Another difficulty is the patient cannot 
move during testing, and the person performing the measurements must hold the 
electrode stable for up to a minute.  The major advantage of tissue pH measurements is 
that they are minimally invasive and do not cause any discomfort to the patient.  We 
questioned each of the patients to see if they were in any pain during the testing.  Each of 
the patients responded that they could not feel the electrode during testing.  Another good 
aspect of measuring tissue pH with the micro-combination electrode is that the results are 
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available at the time of measurement and minimal equipment is needed to acquire the 
data.   
 Overall, this technology will be helpful to clinicians in assessing the health of 
wound tissue and the level of bacterial contamination.  Further clinical testing will afford 
a more concrete relationship between tissue pH and bacteria levels.  Once a sufficient 
amount of testing is performed, a conversion factor between tissue pH and bacteria levels 
can be calculated.  This would allow for clinicians to measure tissue pH, average the 
results, and then use the conversion factor to estimate the relative level of bacterial 
contamination in the wound; thus, eliminating the need for acquiring several quantitative 
cultures.  These calculations could be incorporated into a chart of tissue pH versus 
bacteria levels.  The capability of knowing the approximate bacteria level of the wound at 
the time that the doctor is caring for the patient would allow them to make faster 
decisions concerning the patient’s treatment.  This will hopefully lead to a decrease in the 
length of care that the patient needs and a reduction of cost to all parties involved. 
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9. CLINICAL SIGNIFICANCE 
 
 The purpose of this research is to determine the applicability of using tissue pH as 
an indicator of the health of a tissue.  Although the development of an instrument and 
methods to measure tissue pH in the hospital is a significant scientific contribution, the 
driving force of the research is the clinician’s need for an objective measure of tissue 
properties.  Thus, it is important to look at the clinical significance of the data that has 
been acquired and seek a doctor’s opinion on the information that has been obtained 
during clinical testing. 
 Dr. Dunn, an experienced plastic surgeon, was questioned on the potential uses 
and acceptance of tissue pH measurements in medical practice.  He is an experienced 
plastic surgeon and has worked with many residents and veteran doctors.  Thus, he has a 
very good sense of clinicians’ views on measurement parameters, such as tissue pH, that 
can be used as helpful tools in their work.  The answers to the following questions 
provide insight into the acceptance that tissue pH, as a measurement tool, will have in the 
clinical environment. 
 
Researcher: What significance do pH levels have to clinicians?  For example, if you  

   were to tell a doctor a tissue had a pH level of 7.0 versus 7.4, how would  
   they analyze this information or what would it indicate to them? 

Dr. Dunn:   At this point, clinicians do not have a good understanding of what tissue  
           pH levels indicate.  They are more familiar with physiologic (or blood) pH,  
                     which has the same normal level as tissue pH of 7.4 pH units.  Tissue pH  
                     measurements are not usually taken in the hospital because of lack of  
                     appropriate technology and methodology. 
 
Researcher: Would medical personnel be open to the idea of incorporating tissue pH  

         measurements into their “normal” regiment of treating patients with chronic  
         wounds? 

Dr. Dunn:   Definitely, the tissue pH measurements are noninvasive, easy to take, safe to  
         the patient, and provide instantaneous results.  It would give the doctor an  
         instant indication of the health of the tissue without waiting for lab results. 

 
Researcher: How would the knowledge of tissue pH levels of a chronic wound  

         benefit the patient and the doctor in the diagnosis of a wound’s status? 
Dr. Dunn:    The knowledge of a wound’s tissue pH levels would be very beneficial.  If  

         the pH is normal, then the surgeon will know that the tissue is relatively  
         healthy, and he/she can proceed with surgical closure of the wound.  If the  
         pH is low, the surgeon will know that the tissue is unhealthy.  In this case,  
         intervention will be needed prior to grafting. 

 
Researcher: In your opinion, how big of a contribution would the development of a user- 

         friendly device that instantaneously measures tissue pH be to the plastic  
         surgery field? 

Dr. Dunn:   The development of such technology would be extremely valuable for all  
         the reasons previously discussed.  It would enable doctors to easily and  
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         instantaneously determine tissue pH levels, which gives us important      
         information about the tissue’s health. 

 
Researcher: Would the availability of such a tool possibly decrease the length of time  

         needed for patient treatment?  How? 
Dr. Dunn:   Access to tissue pH information would shorten the time a patient needs  

         treatment and therefore decrease costs to the patient and the hospital.  An 
         instantaneous indication of the health of a tissue will allow for a more timely    
         determination of treatment/surgery. 

 
Researcher: Where else in medical practice would such technology be useful? 
Dr. Dunn:   This technology would be used to monitor tissue pH flaps in microvascular  

         surgery.  In other areas of medicine, the first thing that comes to my mind is  
         cardiac surgery, where myocardial tissue pH measurements are of great  
         value. 

 
Researcher: Provide any other comments on the use of tissue pH levels in plastic  

         surgery. 
Dr. Dunn:   Because clinicians are not familiar with using tissue pH levels as an  

         indicator of a tissue’s health, a methodology must be developed to tell them  
         how to use this information in diagnosis of acute and chronic wounds.   
         Where in the wound is it most appropriate to measure?  Should you measure  
         in areas that “look” the worst?  Should you make a single measurement or  
         several and calculate an average?  Once our hypotheses about tissue pH as  
         an indication of bacterial contamination and tissue health have been proven,  
         a conversion must be provided by which doctors will be able to measure a    
         wound’s pH, and automatically know what the pH values indicate.    

 
9.1 Medical Staff Reaction 

The medical staff reaction is extremely important when introducing new 
technology into the hospital.  Even the most sophisticated instrumentation will not be 
accepted by the hospital staff if they cannot easily and efficiently operate it.  When I 
performed the tissue pH measurements in the hospital, I achieved a sense of how nurses, 
physician assistants, and doctors perceived the work that we were performing.  Medical 
personnel understand how difficult it is to care for patients with chronic wounds.  
Because of this, they were very intrigued by the possibility of being able to have a real-
time measure of the wound’s tissue characteristics.  Several of the nurses asked me to 
explain the theory behind our research.  They were familiar with tissue pH levels and 
were delighted to see work being done in this area.   

From my experience in performing these tests, it appears that the practice of 
measuring tissue pH levels in the hospital will be accepted if the medical staff is provided 
with a technology that is easy to use and can be efficiently incorporated into current 
medical practices.  The advantages of performing tissue pH measurements are that they 
can be performed fairly quickly and are not costly in comparison to acquiring bacteria 
counts through tissue cultures, which ranges from $53 to $97 per culture.  Once further 
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supporting evidence on the applicability of using tissue pH measurements as an indicator 
of bacteria contamination is achieved, tissue pH technology should be readily accepted 
into medical practice.   

 
9.2 Future Applications 
 The development of technology to accurately and efficiently measure tissue pH 
levels in chronic and acute wounds has widespread applications.  The most obvious is in 
assessment of in and outpatients seeking care of wounds that are caused by disease, 
infection, or trauma.  The knowledge of tissue pH levels will give the doctor an 
indication of the health of the tissue, including level of vascularization and bacterial 
contamination.  Measuring tissue pH of flaps that have been transferred during 
microvascular surgery is also important.  The success of a graft depends on the patency of 
the blood vessels in the tissue.  A drop in tissue pH will indicate loss of this patency (the 
onset of ischemia).  By monitoring tissue pH, the problems that caused the tissue to 
become ischemic can be resolved before further surgery is necessary.  
 Tissue pH measurements are also of great interest to cardiologists.  The tissue pH 
level of myocardial tissue can indicate the health of the tissue and whether areas of the 
tissue are experiencing degrees of ischemia.  Basically, any medical field that deals with 
the tissue of the body and determination of its health will benefit from the technology and 
knowledge of measuring and analyzing tissue pH. 
 Patients that see multiple doctors in the hospital would benefit from having their 
tissue pH levels documented in the hospital’s central network.  The doctor can then look 
up the patient’s previous wound tissue pH measurements, for instance, and compare them 
to the current pH level of the tissue.  This will indicate whether the tissue has become less 
or more healthy.  Comparison of tissue pH measurements is also a good practice because 
the “normal” pH level of each patient may differ slightly.   

In the future, another application of instantaneous tissue pH measurements will be 
in remote medical practice.  Nurses can take tissue pH measurements of a patient’s 
wound and send this information to the surgeon who is off-site.  He will be able to 
analyze this information objectively and have a better sense of the health of the tissue.  In 
this way, he will be able to provide better advice to the medical staff on hand in the 
diagnosis and treatment of the patient in question.  Obviously, the incorporation of tissue 
pH measurements into the medical field could have widespread effects.  Thus, further 
research in this area is substantiated and important.  
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10. CONCLUSIONS 
 
 The main objective of this research was to conduct an exploration of tissue pH 
measurements in human wounds and determine if a correlation exists between tissue pH 
levels and bacterial contamination.  The determination of a pattern in the variation of 
tissue pH levels throughout a wound was another research objective.  The development of 
a methodology for clinicians to use in their assessment of wounds were the final goal of 
this research.  This will allow for the scientific facts that are discovered throughout the 
research to be applied to the medical field. 
 
10.1  Achievement of Aims 

In this section, each specific aim stated in Chapter 2 will be reviewed to determine 
whether or not it was achieved.  If an aim was achieved through the course of the 
research, the major findings will be dictated and the section of the text that further 
explains the results will be referred to.  If the aim was not achieved, future work that 
needs to be done in that area will be discussed. 
• = Analyze current problems and define research specifications. 
 The problems that provoked this research were carefully reviewed, and research 
specifications were defined.  A thorough investigation of past research in this area was 
performed, and the achievements in this field were incorporated into the chapter on 
background information (see Chapter 4). 

• = Test the MI-414 electrodes, which will be used for measuring tissue pH. 
  This aim was achieved during the beginning stages of the research to ensure that 
the electrodes worked efficiently and properly with the pH monitoring system.  See 
sections 6.1, 7.1, and 8.1 to learn more about the methods and results of these tests. 

• = Design a software program to acquire and process tissue pH data and perform bench 
tests on the pH monitoring system. 

The next step in the research was to design a software program that was 
compatible with the monitoring system that was developed by Gumbrell [4].  The 
program, which was developed in LabWindows, controls the actions of the hardware.  It 
performs calibration of the electrodes and continuous and point-by-point monitoring of 
tissue pH.  The program contains algorithms that process the raw tissue pH data and 
calculate appropriate averages for point measurements.  The monitoring system, software 
program, and electrodes were tested together to ensure that the entire system worked 
correctly.  See Chapter 5 on the description of the hardware and software for more details 
on the pH monitoring system.   

• = Develop an animal protocol and perform animal studies. 
Once the instrument was performing the desired functions, an animal protocol was 

developed and tested.  The animal model was a major limiting factor in the achievement 
of the research goals.  Although four different models were developed (see section 6.2), 
none consistently produced high bacteria levels in the rat’s tissue.  The acquired tissue 
pH measurements were accurate, and the animal trials were helpful in refining the 
acquisition process; the rat’s physiological defense mechanisms were too strong for 
sufficient bacteria growth to result.  Thus, a definitive correlation between tissue pH and 
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bacteria levels could not be defined; a decreasing linear trend of tissue pH versus bacteria 
levels is noticeable, but more measurement points are needed for the data to be 
conclusive.  Future animal studies need to be performed to determine the exact 
relationship between tissue pH and bacterial contamination.  We suggest that a higher 
order animal species be used.  A large wound area could be created and inoculated.  
Then, the animal could be monitored over time, while taking tissue pH measurements and 
biopsies.  It would be helpful to develop a protective material that produces an 
environment in which bacteria can thrive.  It was difficult to secure the wounds created in 
the rats because they were easily aggravated by the presence of foreign materials on their 
body.  Overall, we concluded that rats do not serve the purpose of this study well. 

• = Perform clinical testing. 
 Clinical testing was then performed to determine typical variations in patient 
wound tissue pH levels.  A sterilization protocol was developed to ensure that the 
electrodes that came into contact with the patients were completely sterile.  Qualitative 
bacteria levels were acquired from each wound and compared to the average tissue pH 
level (see section 7.4 and 8.4).    Digital photographs of each wound were taken and the 
locations in the wound that were measured were labeled.  All of this information is 
helpful in analyzing the tissue pH levels in relation to the wound tissue’s properties. 
• = Develop a methodology for estimating a chronic wound’s properties. 
 The final aim was achieved using the information obtained from clinical testing 
(see section 8.4).  A suggested methodology for acquiring tissue pH measurements from 
a patient’s wound was described (see section 8.4.4).  The number of measurements 
needed to get an accurate sense of the average tissue pH level of the wound’s tissue is 
dependent upon the size of the wound.  From the research’s findings, it is apparent that 
the pH levels of the tissue towards the center of the wound are more indicative of the 
overall wound tissue pH.  Thus, a guide could be developed that will indicate to the 
clinician where to take the pH measurements.  Because the variation of tissue pH 
measurements within the wound was small, an average of these measurements is a good 
indication of the wound’s tissue pH level.   
 Although a quantitative relationship between tissue pH and bacteria counts was 
not determined, it is apparent that tissue pH is a good indication of the overall health of 
the tissue.  The chapter on suggested future work (Chapter 11) will address the issues that 
still need to be resolved in order to develop a clear methodology for using tissue pH as an 
indication of bacteria levels in wounds. 
 
10.2   Conclusions on Hypotheses 

Several hypotheses were formed at the beginning of this research effort.  It is 
important to address each of the hypotheses separately to determine their validity and 
explain the reasoning, if necessary, for why the hypothesis was proven wrong or has yet 
to be proven. 
 
The first main hypothesis was that tissue pH can be accurately measured in chronic 
wounds. 
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 Using the developed pH monitor and MI-414 pH electrodes, the tissue pH of 
wound tissue was accurately measured.  As long as the electrode tip was in contact with a 
small amount of fluid, a proper junction would result and the tissue pH could be acquired 
within forty-five seconds.  The person performing the testing must ensure that the 
electrode is not moved while taking measurements because this will affect the acquired 
data.  Only a small amount of pressure on the tissue is needed and causes no discomfort 
to the patient.  Thus, tissue pH can accurately be measured in patient wounds.  See the 
Results chapter for the tissue pH levels that were collected and section 5.4.2 for how the 
final average was calculated from the approximately minute long pH signals.  
 
The second main hypothesis was that a relationship between tissue pH and the level of 
bacteria in wounds exists.  
  From the testing done during this research, we cannot conclude that tissue pH 
and bacteria levels have a quantitative relationship.  Due to obstacles in developing an 
efficient animal model and in acquiring quantitative bacterial data from patients, a 
definitive relationship between tissue pH and bacteria levels could not be determined; 
yet, it is apparent that a relationship exists between these two parameters.  The data 
shows a decreasing trend in tissue pH measurements as bacteria levels increase (see 
Figure 7.16).  This relationship was expected due to the physiological mechanisms of 
bacteria and how they affect the health of tissue.  
 Ten patients were tested during the course of the clinical study.  Only qualitative 
information about the bacteria levels could be attained for a majority of the patients; thus, 
the determined relationship between tissue pH and bacteria levels is not definitive (see 
Figure 7.39).  In addition, tissue pH levels were compared among patients on the premise 
that normal tissue pH levels are similar for each patient.  The general trend that was 
found is that as the bacteria level increases, the average tissue pH level decreases.  This 
relationship was expected.  Future studies need to be done to ascertain a quantitative 
relationship between tissue pH and bacteria levels.   
 
The third main hypothesis was that wound bacteria levels vary at different points in the 
tissue. 
 Ten patients were tested; a varying amount of tissue pH measurements were taken 
from each individual, depending on the size of the wound and time limitations.  We were 
not able to acquire quantitative cultures for more than one point in each wound; thus, 
variations in bacterial contamination could not be determined.  On the other hand, 
variations of tissue pH were found in each wound within a given margin.  The average of 
all the patient tissue pH data was 7.33 pH units and the standard deviation was 0.17 pH 
units.  Thus, on average, the pH measurements varied within a range of 0.17 pH units 
above and below 7.33.  Looking at each patient separately, it can be seen that the tissue 
pH variations ranged from 0.4 to 0.7 pH units.  It should be noted that the amount of 
variation in any given wound was not dependent on the number of measurements that 
were taken from that patient.  It was more dependent on the differences in the health of 
the tissue and the locations at which the measurements were taken.  Due to this relatively 
small variation, if a sufficient number of measurements are taken from a patient’s wound, 
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then an average of these points will give a good indication of the overall tissue pH level 
and the health of the tissue. 
 
The fourth main hypothesis was that it is possible to estimate tissue pH levels by 
interpolation from known data points. 
 
 Once the clinical testing was begun, it was established that the number of 
measurements that could be taken was not nearly enough to implement interpolation 
algorithms to achieve an overall picture of the tissue pH levels throughout the wound.  As 
stated earlier, the tissue pH variations within the wound are not drastic; thus, an average 
of the measurement points gives a good indication of the overall tissue pH level.  If the 
wound is extensive, than it may be beneficial to take measurements from several areas 
and calculate pH averages for different portions of the wound.  This would be helpful 
because surgeons often only graft the parts of larger wounds that are ready for surgical 
closure.  Thus, after clinical testing was performed, it was concluded that interpolation of 
tissue pH data points would not be helpful to the clinician. 
  
The fifth main hypothesis was that given a correlation between tissue pH and bacterial 
contamination of a chronic wound, it is possible to develop an efficient methodology to 
help clinicians use this scientific information. 
 Although a definitive correlation between tissue pH and bacterial contamination 
was not determined, a relationship does exist between tissue pH and bacterial 
contamination.  From the patient testing results, we conclude that it is possible to develop 
a methodology that will efficiently determine an average tissue pH level of a patient’s 
wound and indicate the level of health of the wound tissue.  Section 8.4.4 on Indications 
for Clinicians for Taking Tissue pH Measurements explains what this methodology 
would entail.  Clinicians can measure tissue pH at specified points in the wound, 
depending on the wound size, and get a sense of the health of the tissue depending on 
how far the average tissue pH level falls from the normal value of 7.4 pH units.  This will 
provide doctors with an excellent tool for objectively determining the health of wound 
tissue.  If a quantitative relationship is determined in the future, this would make the 
process of translating tissue pH values into the level of bacterial contamination even 
more objective.   
 
 Overall, some of the hypotheses were proven correct while more research needs 
to be performed to confirm that the remaining hypotheses are true without a doubt.  The 
data that was acquired during this research is preliminary but is an excellent starting point 
for research on the use of tissue pH measurements in diagnostic medicine.  Although pH 
is a common scientific parameter, it has not been used extensively in the hospital to date.  
It can provide a real-time and objective measure of the health of wound tissue and can be 
used as an indicator of the bacterial contamination present in that tissue.  This 
information can in turn be used to determine appropriate treatment so that a wound can 
progress towards faster healing or become healthy enough to allow for surgical closure.  
In both cases, a decrease in the amount of time that a patient needs care will decrease the 
cost associated with the wound treatment and will benefit all parties involved.  Our hope 
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is that the practice of measuring tissue pH becomes widely used in the medical field in 
the future. 
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11. FUTURE WORK 
 
 Although this research addressed many issues, each of which is presented at the 
beginning of this research in the problem identification chapter, several more issues must 
be addressed in the future.  This will enable the further development of the concepts that 
were introduced.  Once this research was begun, it was realized that the information 
collected could only represent preliminary work in this field.  Very few investigators 
have looked at the applicability of tissue pH levels in wounds as a measure of the 
wound’s healing rate and bacterial contamination.   

This work has provided original work by looking at the variation of tissue pH 
levels throughout wounds first in created wounds in rats, and second in patients with 
chronic or acute wounds.  It has dealt with the possible relationship that tissue pH has 
with infection rate and a clinician’s opinion of the wound’s status.  The areas that still 
must be explored further are instrument development, animal protocol development, 
clinical testing and applicability, electrode selection, calibration techniques, remote 
accessibility, and collection of more data.  These points will now be discussed. 
Instrument Development: 
 The instrument that was utilized for this research is large and heavy, limiting its 
use.  Future generations of the instrumentation should aim at minimizing the size of the 
instrument.  Ideally, the tissue pH monitor will be a handheld device that a clinician 
could easily carry in his/her pocket.  The instrument would contain all the hardware 
necessary to read a tissue pH signal from a micro-combination electrode.  It would 
possess an LED display that would show the changing pH levels, in real-time, of the 
medium with which the electrode is in contact.   
 The instrument would also be capable of calibrating the electrode quickly and 
efficiently prior to testing.  This will be addressed during the discussion of the calibration 
technique.  The development of a small, lightweight instrument would allow for this 
technology to be easily accepted by clinicians.  Once it has been established that tissue 
pH is an indicator of several properties of chronic and acute wounds, the presentation of a 
user-friendly instrument will allow for an easy introduction of the methodology of this 
research into everyday medical practice. 
Animal Protocol Development: 
  During this research the best animal protocol using rats was developed; however, 
we concluded that rats are not a good species to work with when attempting to increase 
tissue bacteria levels.  Therefore, future work should involve the development of a better 
animal model.  Section 8.3.2 explains several of the criteria that should be incorporated 
into this model.  The goal is to be able to inoculate the animal’s tissue and measure 
bacteria levels ranging from 102 to 108 bacteria counts/gram tissue.  This will allow for 
the achievement of a good distribution of bacteria levels and the corresponding tissue pH 
values.  It is vital to develop a good animal model because of the difficulty in isolating 
the effects of tissue perfusion and bacterial contamination on tissue pH levels in human 
wounds.  The animal model will provide scientific data that is crucial for the acceptance 
of tissue pH measurements as an objective, diagnostic tool of wound tissue.   
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Clinical Testing and Applicability: 
 Further clinical testing needs to be performed to ascertain the applicability of the 
proposed technology in the clinical environment.  An extensive clinical study must be 
launched to determine whether the notion of tissue pH levels as an indicator of bacteria 
levels and healing rates of wounds can hold for all types of clinical wounds.  The 
techniques used for preparing the electrodes, i.e. conditioning and calibration, and 
acquiring the data must be refined.  Doctors and nurses should be more involved in the 
study to achieve an understanding of their reaction to the idea of incorporating tissue pH 
measurements into their current routine of diagnosis and treatment. 
Electrode Selection: 
 The glass pH micro-combination electrodes used during this research were 
selected because they could accurately measure tissue pH in a reasonably small amount 
of time on the tissue surface of wounds.  Thus, the selection of the most appropriate 
electrode for this application was not an aim of this research.  To make the 
instrument/electrode combination the most accurate and efficient unit possible, future 
work should involve the assessment of all the pH electrode technology that is available 
on the market.  If financial cost is not an issue, several electrodes that use different 
technology should be tested.   

The optimal criteria that should be met are as follows: 1) minimal response time; 
2) durability and stability; 3) good drift characteristics; 4) ability to gas sterilize; 5) 
minimal invasiveness; 6) ease of use; and, 7) applicability in tissue measurements.  Most 
importantly, the electrode should be minimally invasive with a fast response time to a 
stable pH level.  Although the MI-414 electrodes were minimally invasive, their response 
time was longer than is desirable and their stability was insufficient.  The selection of an 
electrode that meets these criteria would allow for the improvement of the ease of using 
the monitoring system.  It would also provide for more accuracy and less of a need for 
offline analysis of the tissue pH data. 
Calibration Techniques: 
 As discussed in this thesis, the calibration of the electrodes is both necessary and 
difficult.  There are several factors that must be addressed including the time and 
frequency of calibration.  Ideally, calibration would be performed immediately prior to 
testing and could be done with ease by the nursing staff.  If a hand-held device for pH 
monitoring is developed, switches could be incorporated into the hardware.  A two-point 
calibration could then be done by reading the voltage level of each of two known pH 
buffers and adjusting the pH level that the electrode reads to that of the known value 
using.  This would automatically calibrate the electrode.  The instrument would calculate 
the calibration characteristics and store them in memory.  Enough memory should be 
incorporated into the hardware to save several electrode calibration characteristics.  The 
calibration techniques need to be reevaluated for every instrument generation that is 
developed.  The goal is to minimize the time and steps needed to accurately calibrate the 
electrodes. 
Remote Accessibility: 
 The information that is recorded on the pH monitor should be available for 
downloading on the hospital’s central network system.  Many hospitals do not possess a 
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modern network, but most have some form of networking for patient records; and in the 
future, these networks will be updated, as technology becomes available and less costly.  
The easiest way for the tissue pH data to be available would be to incorporate a modem 
into the instrument design.  The monitor should record several sets of data, from different 
patients.  Medical personnel could subsequently download this information into the 
hospital network so that every doctor that comes into contact with a given patient can 
view his/her tissue pH levels and also compare previous tissue pH to current ones.  This 
would give the doctor an indication of the progression (positive or negative) of the 
wound.  Another way to download the tissue pH information would be by telemetry, yet 
this technology is in relatively early stages of development.  At any rate, the information 
acquired from the instrument will be more helpful if it can be made available on the 
hospital networking system. 
 
 Each of these issues should be addressed in future research.  If each of these aims 
is achieved, the pH monitoring technology and knowledge that will result will aid in 
revolutionizing the way in which clinicians diagnose and treat patients with chronic and 
acute wounds.  It will aid in the expedience with which patients are treated and healed.  
This will translate into a reduction of financial costs for the patient, hospital, and society 
as well as a decrease in the emotional trauma that patients may experience due to a 
chronic disability or elongated hospital delay.  Thus, the future progression of this 
research should be a priority to doctors, engineers, and scientists who would like to 
further the technology and knowledge of the applicability of tissue pH in the medical 
field. 
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APPENDIX B 
 

Patient Information Sheet 
 

Patient Code:  
 
Age:      Gender: 
 
Race (optional): 
 
 
Age of Wound: 
 
Description of Wound – cause, type, appearance, treatment: 
 
 
 
 
 
 
 
 
Electrode Number: 
 
Calibration Characteristics:  slope =                       intercept =  
 
File name: 
 
Number of points measured: 
 
Notes about measurements – position, tissue appearance, problems: 
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