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Abstract

The next generation of surgical tools will employ intraoperative sensing technologies to provide
real-time information to the surgeon. Sensing in this way may facilitate personalised tissue
resections during cancer surgery, thereby reducing radicality and improving outcomes for the
patient.

This thesis details the development and testing of electrochemical based sensing
techniques aimed at integration into the next generation of laparoscopic surgical tools.
Literature reviewed as part of the work highlights the broad nature of surgically appropriate
sensing technologies. Based on the features of simplicity and scalability, the biogalvanic tissue
characterisation technique was explored as the most practically suitable candidate.

Development and systematic testing of a biogalvanic measurement system with porcine
tissues showed variation that is not explained using the current system model. Correlation with
electrochemical measurements verified this unaccounted system complexity. Electrode
polarisation and diffusion controlled reduction at the cathode limit the tissue specificity of the
output metrics. An improved analytic model fitting technique was developed to reduce the
influence of the electrodes. Through collaborative development of a numerical model of the
system, the practical limitations of the biogalvanic techniques as a surgical sensor were realised.

To mitigate these limitations, a novel galvanostatic technique for improved resistance
characterisation was developed. Testing was conducted on ex vivo tissues, showing stability for
relevant parametric variation. Surgical applicability was found from a practical perspective,
with results showing low sensitivity to switching rate, current range and tissue contact
conditions. Testing was also conducted on a number of freshly excised cancerous human colon
samples. Measurements were centralised on each tumour and compared to a corresponding
healthy region. Every case showed a highly significant difference between tissue types with
cancerous tissues having a consistently lower resistance. These findings suggest that the
proposed technique of multi-reference galvanostatic resistance characterisation may be a

suitable candidate for integration into surgical tools for colorectal cancer surgery.
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Chapter 1

Introduction to research

There are more than 200 types of cancer and in combination they account for the second largest
cause of premature death in the UK [1]. For men and women combined, colorectal cancer
(cancer of the colon or rectum) is the third most prevalent form of cancer, with higher incidence
rates being found only in lung and prostate cancer [2]. Surgery is typically the primary
treatment option for colorectal cancers, which involves removal of the cancer along with a large
section of healthy tissue surrounding the tumour. The size and location of the tumour dictate the
type and radicality of the resection, a number of typical procedures have been presented in
Figure 1.1. Joining the remaining sections (anastomosis) leaves a shortened bowel with a
potentially reduced lymphatic and mesenteric network. In many cases a return of normal bowel
function is not achievable and a temporary or permanent joining of the bowel to an opening in
the abdomen is required. For connection of the large bowel to the abdomen wall, this is called a
stoma, while the use of small bowel is termed an ileostomy. Surgical treatment of colorectal
cancer can therefore lead to complications and cause a significant impact on a patient’s quality
of life.

It has been suggested that surgical resection of cancer, and in particular colorectal cancer,
may benefit from being personalised [3, 4]. Integration of such a treatment model requires more
detailed data regarding tissue health than is currently available through standard preoperative
imaging techniques. Therefore, the development of improved intraoperative assessment
methods is crucial. Intraoperative sensing has seen much focused research, through imaging
using passive and active agents [5, 6] and through direct measurement of mechanical [7] and
electrical properties [8]. The challenges associated with sensor development are amplified by
the demands associated with laparoscopic and robotically assisted laparoscopic surgery, which

are becoming standard practice for many cancer surgeries.
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Figure 1.1: Examples of surgical resections for treatment of colorectal cancer in different
location, showing (a) right hemi colectomy, (b) left hemi colectomy, (c) sigmoid colectomy and
(d) total mesorectal excision for rectal cancer; (images adapted from [9]).

The issue of detecting and delineating cancerous tissue during surgery offers some very
specific challenges. Many considerations must be made to develop a suitable technology and to
implement it into a suitable sensing system. These include: cancer specificity, contacting
conditions, time-variation, reusability, biocompatibility, cost, robustness, scalability, spatial
resolution and range,

Many existing technologies have not been fully proven across all of these areas, and new
techniques must have their performance assessed across these factors to allow potential efficacy
to be established. Due to the large number of possible research areas on this topic, it is essential
that the current techniques and sensors be reviewed and research effort focused primarily on

those most suitable.
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1.1 Project Aim

The aim of the work is to explore and develop sensing technology that may allow for
discrimination of tissue health within the setting of laparoscopic colorectal surgery. The sensing
techniques developed should be suitable for integration into a surgical device and deliver real-
time information to the surgeon regarding the health state of tissue.

Testing and validation of the proposed techniques should be facilitated through
development of suitable equipment. Experimentation should be performed on tissue samples
and on suitable tissue analogues.

To improve understanding of the technique and to allow meaningful suggestions for
device development to be made, computational system modelling should be investigated.

It will be necessary to test suitable sensing technology under settings relevant to surgery,
investigating the potential ill-effects of environmental conditions. Testing of the influence of

tissue health (colorectal cancer) will be required to demonstrate system efficacy.

1.1.1 Objectives

The objectives defined for the presented work are:

1. To explore the state of the art of relevant sensing technologies that may be appropriate
to laparoscopic colorectal surgery.

2. To define and justify a sensing technology suitable for use as a tissue health assessment
tool within laparoscopic colorectal surgery.

3. To develop a suitable testing platform for validation and parametric investigation of the
selected sensing technology.

4. To investigate the suitability of the technique to surgery through testing with biological
tissues.

5. To investigate the underlying properties of the technology through suitable
experimentation and modelling.

6. To evaluate the system in the context of colorectal cancer and assess its discrimination

performance.
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1.2 Thesis Overview

The remainder of the thesis has been divided into eight chapters. The following sections

summaries the contents and main findings of each.

Chapter 2: Literature review

Colorectal cancer, its prevalence and treatment is described with a focus on surgical
intervention. The technological state of surgical treatment is reviewed detailing the state of the
art in laparoscopic and robotically assisted laparoscopic surgery. The remainder of the review
covers a broad range of measurement techniques that are suitable for integration into surgical
tools. Specific focus is made to mechanical, electrochemical and electrical property
measurements. In addition, details of new surgical imaging techniques using contrast agents are
also presented. Conclusions from the review are made with consideration given to the practical

and technological limitations of the competing techniques.

Chapter 3: A biogalvanic characterisation system

Based on the review findings in Chapter 2, research was focused on biogalvanic tissue
characterisation. This chapter describes the development and validation of a biogalvanic
measurement system for conducting tissue assessment. The necessary hardware design and
developed control and data acquisition software are detailed. In addition, new characterisation
models are proposed and tested against the published standard over a range of tests with
electronic analogues. Results show that the system produces a high level of characterisation

accuracy and the proposed models deliver reduced error and sensitivity to input conditions.

Chapter 4: Biogalvanic tissue testing

This chapter details a selection of tissue tests performed using the biogalvanic technique as
developed in Chapter 3. Parametric investigation is made into many of the potential influencing
variables, such as: exposure time, tissue thickness, tissue area, mechanical strain, external load
switching direction, external load switching rate and tissue health. The findings suggest that
although biogalvanic characterisation is possible on tissues, there are numerous influencing

factors that are not accounted for within the system model.

Chapter 5: Electrochemical investigation of the biogalvanic system

To improve understanding of the biogalvanic cell, a study into the electrochemical aspects of
the system is presented in Chapter 5. The galvanic system is tested using an NaCl salt solution

analogue with varied concentrations. Results from standard electrochemical tests are reported
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and compared to those of the biogalvanic characterisation and those from tissue tests. Findings
indicate that cell potentials are influenced by the concentration of oxygen and that cell current
limitation is controlled by the oxygen diffusion rate to the copper cathode. These phenomena
and the electrode resistance are not considered in the current biogalvanic characterisation

model.

Chapter 6: Biogalvanic system modelling

This chapter focuses on development of two alternative modelling approaches to improve the
tissue specificity of biogalvanic characterisation. The first is an adjustment of the electrical
components of the current model to include resistive and capacitive aspects of the electrode-
tissue interface. The second, a numerical model developed in collaboration with the School of
Computing (University of Leeds), explores geometric influence and how characterisation is
affected by the relative resistance of the electrodes and tissue medium. The findings of this
chapter indicate that improvement is possible through simple characterisation model changes.
However, the two electrode configuration makes extraction of tissue specific resistance values

challenging for the practical constraints of a surgical sensing system.

Chapter 7: Multi-reference galvanostatic resistance characterisation

An improved measurement technigue is proposed, developed and tested in this chapter. A
review of relevant methods used to determine (and remove) solution resistance from
electrochemical measurements is given. Theory from these techniques and findings from
previous investigations into the biogalvanic characterisation are combined in presentation of the
new technique. Test system development is described along with parametric investigation into
potentially influencing factors. The technique is shown to be capable of characterising a
repeatable tissue resistance over a range of measurement rates and current ranges. A concluding
study looking at surgical relevance of the technique, with regard to expected contact conditions,

is given.

Chapter 8: Testing for tissue health (colorectal cancer)

This final results chapter outlines tests conducted on healthy and cancerous human colon
tissues, using the measurement technique developed in Chapter 7. All test cases are shown to
give a statistically lower resistance for cancerous tissues. Qualitative relation of the measured
resistance to histological analysis is also presented. The chapter is concluded with a discussion

of the relevant findings from this measurement technique.
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Chapter 9: General discussion

The concluding chapter of the thesis gives a general discussion of the findings from the
presented research. Specific attention is independently given to the findings related to the
biogalvanic and multi-electrode resistance techniques. The research objectives of the thesis are
reviewed in the context of the presented work and the main conclusions described. A range of

pertinent research tasks are also suggested in the context of future work.
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Literature review

Many sensing modalities have been developed and investigated for assessing tissue properties.
The task of detecting and delineating cancerous tissue during surgery offers some very specific
challenges, making direct application of many of these modalities unsuitable. The presented
review in this chapter highlights a number of potentially suitable techniques. An overview of
colorectal cancer is initially given, making reference to the underlying tissue biology. As the
desired application is with laparoscopic surgery, the state of the art of this field is also
discussed. The main body of the review focuses on the range of sensing methods utilised for
tissue characterisation. This includes methods of mechanical, electrochemical and electrical
property assessment along with recent developments in operative imaging techniques. Based on
the findings from the literature, the research work presented in this thesis was focused toward

electrochemical and electrical tissue characterisation.
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2.1 Cancer

In 2008 cancer was listed by the World Health Organization (WHO) as being the second largest
cause of premature death in the UK, with 27% of deaths being caused by the disease [1]. There
are more than 200 types of cancer, each having distinct causes, symptoms and treatments [10].
At a fundamental level, cancer is a genetic disease resulting from mutations in the genetic
material within cells (DNA). This often leads to notable changes in tissue structure and
function. Left untreated, cancer will occlude the function of the tissue in which it was primarily
evident and in many cases spread (metastasis) to other areas of the body. This inevitably leads
to reduced organ function and death.

Treatment options are numerous; some of the most common cancer treatment options

offered to patients are [11]:

Surgery: The physical removal of cancerous tissue from the body.

Radiation: Application of high dose targeted ionising radiation to

shrink, cure or prevent recurrence of cancer.

Chemotherapy: Application of drug based therapy to kill cancer cells.

Immunotherapy: Augmentation of a patient’s immune system to help it fight
cancer.

Targeted therapy: Treatment with drugs that specially target to cancer cell and

block their growth.

Hormone therapy: Exogenous administration of hormones specifically to slow

or stop the growth of cancer cells.

Stem Cell Transplant: Treatment to restore blood-forming stem cells destroyed

during other cancer treatments.

The selection of a suitable primary treatment is made based on a wide range of factors,
including the type and stage of the cancer and the patient’s profile. Each intervention type
contains distinct treatment options to improve alignment with variable types and stages of
cancer. It is typical for patients to be treated using a combined modality approach, to exploit the
benefits of different therapies [11]. However, the primary therapeutic modality with the highest

rate of cure remains surgery.
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2.1.1 Colorectal cancer

The colon forms the terminal section of the digestive system in humans. It is primarily
responsible for the extraction of water and salts from solid waste and the storage and removal of
the remaining faeces [12]. Figure 2.1 shows the main features of the human colon. The tube-like
structure of the colon is anatomically complex, with several concentric functional layers making
up the complete tissue. With reference to Figure 2.2, these are generally classified as (from
innermost to outermost): the mucosa, consisting of a simple columnar epithelium; the
submucosa made up of a thin layer of loose connective tissue with blood and lymphatic vessels;
a circular muscle layer; a longitudinal muscle layer; and the outer most serosa [13].

Normal cell function within colon and rectum can become altered, leading to rapid cell
division, invasion of nearby tissues and spread to distinct organs. This is known as colorectal
cancer. Statistically, colorectal cancer is the third most prevalent cancer for men and women
combined, accounting for a mortality rate in the UK of over 16,000 in 2008 alone. More than
90% of colorectal carcinomas are adenocarcinomas which originate from the epithelial cells of

the mucosa [14].

Figure 2.1: Anatomy of the colon showing (i) appendix, (ii) caecum, (iii) ascending colon, (iv)
transverse colon, (v) descending colon, (vi) sigmoid colon, (vii) rectosigmoid junction, (image
adapted from [15]).
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2.1.1.1 Diagnosis

Diagnosis of colorectal cancer is made on the basis on the results of colonoscopy or
sigmoidoscopy with tumour biopsy [16]. Following identification through biopsy, physical
examination and a CT of the chest, abdomen and pelvis is routine for definition of metastatic
disease. Additional assessment may involve CT colonography, PET, MRI and ultrasound
among others in order to define the best treatment option [16]. Following assessment, staging of
the malignant tumour is made in accordance with the TNM (tumour, node, metastases) system
[17]. The system defines the extent of the primary tumour (T0-T4) (shown in Figure 2.2), the
level of lymph node involvement (NO-N3), and absence or presence of distant metastasis (MO or
M1) [17].

Circular
muscle

Serosa——»

TIT2 T3 T4 T1

Figure 2.2: Primary tumour staging for colorectal cancer, showing (a) full bowel section view
with examples of T1-T4, and (b) section view of wall with layer penetration shown for T1-T3;
(image (a) adapted from [18], image (b) adapted from [19])

2.1.1.2 Treatment

Management of this disease in modern medicine has most commonly been through surgical
intervention [20]. This is due to surgery offering the highest cure rate for colorectal cancer [21,
22]. Surgical treatment involves the total resection of the tumour including adequate margins (5
cm or more is recommended), as shown in Figure 2.3, along with removal of surrounding
lymph nodes (lymphadenectomy) to allow nodal staging [16]. Surgery may be combined with
pre or post-operative radiotherapy, chemotherapy or chemoradiation in order to improve the
efficacy of the surgical procedure and overall treatment outcome. Unfortunately, surgical
resection does not always offer a cure. Cancer recurrence can take place at the site of the
primary tumour or within distant organs (typically the liver or lungs in colorectal cancer

patients) long after the initial treatment [16].
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Figure 2.3: Examples of resected colorectal cancerous tumours within the colon, showing (a)
invasive colorectal carcinoma (reddish, crater-like and irregularly shaped), and (b)
adenocarcinoma arising from a villous adenoma (polyp), located within the sigmoid colon;
(image (a) adapted from [23], image (b) adapted from [24])

2.1.1.3 Histopathology

The resected tumour and lymph node tissue will routinely undergo histopathological
assessment. That is to study the tissue structure on a cellular level through the use of a light
microscope. For the large volume of tissue removed during colorectal cancer surgery, it is
necessary to prepare and thinly section the tumour in order to allow light transmission for
suitable viewing. To allow sectioning, the tissue specimen will be fixed in order to avoid
enzymatic or bacterial digestion. Chemical fixation is typically achieved using a buffered
isotonic solution of 4% formaldehyde [25]. Fixed samples are embedded in paraffin or plastic

11
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resin to deliver a supporting structure for thin sectioning (1-10 um). Sections are floated on
water and mounted onto glass slides. Staining is typically applied to allow improved viewing of
colourless tissue and to aid in distinction of different components. The most common dye
combination is hematoxylin and eosin (H&E) [25]. These slides can then be viewed using light
microscope and micrographs produced. Figure 2.4 shows a range of example histopathology

micrographs for healthy and cancerous colon tissue.

Figure 2.4: Histopathology micrographs of epithelial cells of the colon, showing (a) section of
normal mucosal cells, (b) a moderately differentiated adenocarcinoma, (c) necrotic debris within
lumina od adenocarcinoma glands and (d) mucinous adenocarcinoma, (image (a) adapted from
[25], images (b)-(d) adapted from [14]).

2.2 Surgical intervention

Surgical oncology remains the most commonly used and most effective (in terms of cure rate)
cancer therapy [21]. The success of modern surgery would not be as great if not for continual
technological innovation and decades of applied research. Most notable is the advent of
numerous pre-operative diagnostic techniques which have allowed for better surgical planning
and more patient specific treatment. Additionally, functional changes have been seen with the
introduction of Laparoscopic surgery and recently Robotically Assisted Surgery (RAS).
Introduction of these factors has shown significant benefit to the patient in terms of earlier
recovery of bowel function and reduced hospital stay [26]. However, some classic surgical

problems remain, and new issues are apparent from the increased complexity of surgical setup.

12
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The following sections detail the state of the art within surgery and describe some of the general

themes that may be present within its future.

2.2.1 Laparoscopic surgery

Reduced access surgery, termed Minimally Invasive Surgery (MIS), was originally introduced
in 1983 as a method for performing appendectomy [27]. Laparoscopic surgery is a subset of
MIS and is performed by inserting specialised tools into small incisions made around the region
of interest. Procedures are commonly performed laparoscopically to treat gynaecological,
urological, gastrointestinal and bariatric conditions. For the example of gastrointestinal surgery,
incisions are made through the patient’s abdominal wall, allowing access to the tissues within
the abdominal cavity. A schematic comparison of open and laparoscopic surgery is presented in
Figure 2.5.

Figure 2.5: A schematic example of surgical access during a cholecystectomy (gall bladder
removal) within (a) open surgery and (b) laparoscopic surgery, (images adapted from [28]).

To avoid internal injury, specialised tool ports (trocars) are manually pushed through the
abdominal wall via superficial scalpel incisions [29]. This is the first of numerous practical
considerations that are addressed within a modern laparoscopic procedure. Some of the other
areas that have been addressed, particularly relating to procedures performed within the
abdominal cavity, are:

13
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AcCCess:

Manipulation:

Vision:

Intervention:

As previously mentioned, access to the abdominal cavity is facilitated
through the use of small holes in the abdominal wall. The port tool
(trocar) acts to safely pierce the wall and to provide a stable access point
for laparoscopic tools. Ports remain stationary relative to the tissue
reducing potential trauma from tool manipulation. Access ports range
from (3-30 mm), with 5 and 10 mm being most commonly used [30]. One
limitation of this access method is that removal of tissues must be carried
out through these same incisions.

Tissue manipulation is achieved through the use of laparoscopic tools.
These typically consist of ergonomic handles attached mechanically to a
distant end effector through a long thin shaft [31]. Primary tools include
graspers and scissors, allowing tissue retraction and stabilisation for
tasks such as cutting and suturing. Trocar ports are positioned in a
triangulated pattern to allow for bimanual control, akin to open
procedures. Particular issues arising from this arrangement are the
inversion of movement through the trocar fulcrum and the reduction of
haptic feedback [31, 32].

As no direct visualisation of the tissue is possible without a larger
incision (laparotomy), specialised scope cameras are used to view
internal structures. These scopes provide a light source as well as a 2D
camera feed. Management of heat, light intensity, transmission,
processing and presentation is required for a suitable image to be
achieved [31].

The nature of laparoscopic access necessitates that all contacting
interventions be introduced through the trocar ports (or a natural
orifice).Reducing the numbers of ports (and therefore incisions) has
been investigated for certain procedures. Single port systems have

been developed and tested, producing reduced scaring [33].

2.2.2 Robotic surgery

The advent of robotic assistance in theatre is arguably the greatest surgical advance over the

past two decades. Robotics were implemented into the operating theatre to augment surgical

ability allowing precision and dexterity beyond human capability [34]. Many instances of

robotic technology integration within surgery have been investigated, from needle guided brain

biopsy to bone coring for hip replacement [35]. However, in modern surgery the most common
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robotic assistance is delivered by the da Vinci surgical system (Intuitive, Inc., Sunnyvale, CA).
The da Vinci system (Figure 2.6) is comprised of a control and vision console and a bank of
robotic manipulators. One of the principle aims of the system was to allow the surgeon to
remotely control the motions of the robotic arms, allowing for operating at a distance
(telesurgery) [36]. However, it is the benefits of increased dexterity and movement precision

that have made the system so popular within MIS procedures.

Figure 2.6: The da Vinci Si HD Surgical System, showing the surgeon at the console and the
patient side cart [36].

Aside from the equipment cost and size, one issue with the da Vinci system is the lack of
haptic feedback. This reduces the ability for discrimination of tissue consistency (e.g. stiffness),
which can be important in identifying abnormal tissue [37]. In addition, no direct force
regulation can lead to tissue damage and cause suture material breakage [38]. Although this is a
limitation of current systems, separation of the surgeon from the tissues allows for integration of
novel sensing and feedback modalities. This may allow the surgeon to obtain new types of data
aside from, or in addition to, force/tactile data, which could give a more quantitative assessment

of tissue health.

2.2.3 Future developments

Surgery in the future may become obsolete, due to improved diagnosis, radiation and drug
therapies. However, there is currently no suitable replacement for surgery and much effort is
still applied to its advancement. Some of the most prominent themes within surgical
development are discussed in the following sections. All of which are suitable for the
integration of advanced sensing, and in the case of smart theatres with robotic autonomy,

improved sensing will be imperative.
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2.2.3.1 Natural Orifice transluminal endoscopic surgery (NOTES)

Pure NOTES procedures are those performed with oesophageal, gastric, vaginal, colonic or
urethral/vesical access only [39]. Specific surgical procedures where NOTES would be most
appropriate have not been fully defined although research has mostly focused on
cholecystectomy, peritoneoscopy and gastric surgery [40]. Improved triangulation and access
may be achieved using a multiple orifice approach or through combination of NOTES with
laparoscopic intervention [39]. The future of NOTES is not certain although it remains an active
and growing research area [40].

2.2.3.2 Single Incision Laparoscopic Surgery (SILS)

As the name suggests, SILS consolidates the multiple incision points of traditional MIS
procedures into a single port. This requires significant modification of laparoscopic tools to
operate with restricted access. In a similar aim to NOTES, SILS looks to reduce the access
trauma and scarring to improve patient comfort and recovery [39]. Problems with limited
triangulation, tool clashing and tool manipulation difficulties have been reported and some
adequate solutions presented [39]. SILS offers a simpler practical transition from traditional
laparoscopic surgery and is a likely stepping stone on the way to pure NOTES procedures. In
either modality, the benefits of better cosmesis and pain reduction must be assessed against the
increase technicality, risk and cost of procedures before adoption can be supported [39].

2.2.3.3 The smart theatre
Nordlinger [41] proposes a combined approach surgical management where smart devices, the
Internet of Things (IoT) and big data come together to improve surgery and reduce costs. In this
scenario information from the surgical tool would be uploaded to the cloud, processed and then
returned to device manufacturers and to the theatre where it can be combined with MRI or CT
data in near real-time. Although this is highly conceptual, the general idea of having improved
integration of technology and access to data (pre-operative and real-time) has been proposed as
means of improving safety, efficiency and reducing cost of surgical procedures [42]. Kopelman
et al. [42] describe some of the potential prospects for a collaboratively designed next-
generation operating room. Of note are: the use of open plug-and-play standards for medical
devices; the use of real-time or semi-real-time CT or interventional MRI data; and the
application of augmented reality with co-registration of visual and diagnostic images [42].

With the increased frequency and range of procedures conducted with robotic assistance,
there is also a real opportunity for increased autonomy. Most autonomous interventions
performed to date have been within orthopaedic or neurosurgery where there is typically a stable

material for stereotactic instrument orientation [43]. It is feasible that with improved sensing
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and co-registration of preoperative imaging that autonomous interaction with soft tissue will be
achieved (e.g. cutting, suturing and ablating).

Realisation of a smart operating theatre will require redesign of current equipment,
patient management and surgical procedures. It is evident that there is a clear need for improved
intraoperative sensing modalities to move towards real-time, personalised and even automated

surgery.

2.3 Tissue assessment methods

Evidence suggests that the surgical resection of cancer may benefit from being personalised [3,
4]. This may allow for a reduction in the radical nature of surgery, improving outcomes for the
patient. Integration of such a treatment model requires more detailed data regarding tissue health
than is currently available through standard preoperative imaging techniques. In the context of
cancer surgery, identification of a region of abnormal tissue can only be achieved through
assessment of its properties. For identification to be confirmed, the properties examined must be
compared for to those of a healthy specimen or evaluated for similarities with known disease
types. This process is necessary for simple visual examination through to intricate chemical
analysis of tissue cells. For a particular process to be effective at diagnosing the abnormality the
targeted property should be specific to the disease type and the equipment used to measure it
must allow accurate and precise evaluation of this property. The practicalities associated with
the measurement site must be considered for proposed sensing modality.

Balog et al. [44] recently developed a surgical tool (iKnife) for intraoperative tissue
assessment during brain surgery. The technique uses rapid evaporative ionization mass
spectrometry to analyse the vapour produced during electrosurgical tissue dissection. Early
stage testing has indicated a 100% (81 cases) positive identification of cancerous tissues using
multivariate statistical methods [44]. Although measurements are destructive in nature, the near-
real-time characterisation may allow for personalised tumour resection and help to reduce
cancer recurrence.

Development of alternative intraoperative assessment techniques has been the focus of
much research. Attention has been focused on direct measurement of mechanical [7] and
electrical properties [8], and on imaging using passive and active agents [5, 6]. Many additional
technologies have become relevant to the surgical setting, with electrochemical sensing
(including biosensors) being the most prominent. Each of these areas have a wide research
scope, however, the focus of this review is on those techniques that have been considered
surgically appropriate in terms of tool integration, either in their current state or with

advancement of enabling technologies. To this end, methods of mechanical and electrical tissue
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property assessment forms the major focus of the review. In addition, discussions of biosensor

technology and some new surgical imaging techniques under development have been presented.

2.3.1 Mechanical properties of tissues

Mechanical property estimation of biological tissues has been the focus of widespread research.
As these properties are fundamentally based on the micro and macroscopic structure of tissue,
they are influenced by changes in physiology [45, 46]. Abnormal processes, such as neoplasia
of cancer cells, may therefore induce significant changes from the normal tissue stiffness range
[47-49]. Medical examination of soft tissues through physical manipulation (palpation) utilises
stiffness as a key indicator for making a primary clinical diagnosis. In women this is particularly
prevalent for breast examination, where screening programs for cancer have contributed to the
lowering mortality rate [50, 51]. In men initial diagnosis of prostate conditions including
prostatic cancer are still made using physical assessment [52]. Manual palpation is, however,
not always an option and remains highly subjective in nature. To this end, much research has
been conducted to establish novel methods and tools for assessing the mechanical properties of

soft tissues.

2.3.1.1 Mechanical modelling

Tissues respond to applied stress (a,,,) through relative motion, in a static sense this is the tissue
strain (&,,). Many assumptions are made for the mathematical analysis of tissue, often being
considered linear (direct relation of applied stress to observed strain), elastic (tissue returns
back to its pre-deformation state after applied load is removed), isotropic (mechanical properties
are not orientation specific) and incompressible (no change in volume). Under these
assumptions the stress-strain relationship is greatly simplified to the Hookean relationship of

equation (2.1), where E,, is the Young’s modulus of the material [53].

Om = Emém (2.1)

With the assumptions of equation (5.4) the tissue can be characterised by a single
number, the Young’s modulus, E,,. This parameter is theoretically independent of stress
conditions on the tissue and allows simple direct comparison between tissue types. However, a
model under these assumptions is not generally appropriate for describing the complex
relationship between tissue stress and strain. The infinitesimal deformation theories applied to
metals and hard plastics for such mechanical property assessment do not translate well to soft
tissues [46].
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Tissues are made up from cells and intercellular structures such as collagen, elastin and
connective tissues. The relative locations, distribution and orientation of these elements make
soft tissues inherently inhomogeneous, and anisotropic [46]. Time dependent alterations also
occur during tissue loading giving creep (change in strain with constant stress) and stress
relaxation (reduction in stress under fixed strain). Advanced modelling is therefore required in
order to accurately capture the complexities of soft tissues during loading.

A vast number of more comprehensive models have been developed and tested. These
may account for elastic response with directional dependence (anisotropic) and/ or
compressibility [45], viscoelastic behaviour with tissue creep or stress relaxation [54, 55], and
in some cases poroelasticity [56]. To determine a suitable tissue property for comparison, be it
the elastic modulus E,, (resistance to uniaxial stress), bulk modulus K (resistance to uniform
compression), shear modulus G (resistance to shear), or indeed a time-varying viscoelastic or
porous model component, it is necessary to apply a known stress condition to the tissue and
measure the relative displacement (or vice versa). Many techniques have been developed to
allow tissue properties to be determined. Ultimately, this is the remit of mechanical property
transducers.

The essence of mechanical property measurement is the application of energy to the
target material while monitoring the applied stress and spatial variation. Methods have been
developed using contact force and displacement (strain) measurement, both statically and
dynamically, as well as through ultrasound based imaging. These modalities have been
described and some of the benefits and limitations discussed. Only literature relevant to the

context of medical diagnostic devices has been considered.

2.3.1.2 Contact force measurement

Contact force measurement is arguably the simplest way to obtain information about tissue
properties. The method makes use of sensors either in contact with the tissue (direct) or situated
away from but linked to the tissue (indirect). The loading and therefore positional alteration of
internal sensing components will cause a measureable change, often a change in electrical
resistance (e.g. load cell strain gauge). When configured into appropriate external circuitry, a
suitable voltage or current response is generated that can be calibrated to determine the physical
force applied over a working range.

Tholey et al. describe an integrated laparoscopic tool capable of measuring grasp,
longitudinal and lateral force during tissue manipulation [57]. The design makes use of a
piezoresistive sensor in order to meet the size constraint involved while successfully
characterising soft, medium and hard artificial tissue. This type of sensing offers a pragmatic

solution to relay a level of haptic feedback during MIS, however, the localised measurement and
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lack of parameterisation techniques make it less suitable for large scale assessment of soft
tissues. To address this, Zbyszewski et al. [58] developed a method of measuring the stiffness
distribution over a wider spatial area. Their system makes use of a roller-ball supported by a
pressurised air cushion. Displacement of the ball is measured using fibre optics, allowing the
measured displacement to show differences in tissue stiffness produced by abnormalities.
Zbyszewski et al. [59] compared the sensor to a wheeled equivalent system with similar results
being shown for both systems. Figure 2.7 shows the air cushioned system and the results
obtained from testing of a silicon phantom.

The roller-ball mapping technique allows a large area to be assessed but localised
measurement is not supported as in the case of the instrumented grasper. Also the roller-ball
becomes an additional tool (rather than an extension of functionality of a current tool) which
could require extra port incision or prolonged operating times.
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Figure 2.7: Air cushioned stiffness sensing system: (a) schematic of the sensor probe, (b) silicon
phantom assessed using the tool showing stiffer nodule locations, and (c) the output voltage as a
function of position, shows increased voltage around the stiffer inclusions (nodules) [59].

2.3.1.3 Dynamic palpation

An alternative approach to mechanical property characterisation of tissues was proposed by
Phillips et al. [60]. The method of dynamic palpation involves the application of cyclic
compressive strain to tissue while the corresponding load is monitored. Application of this
technique has primarily been focused on evaluation of ex vivo prostatic tissues for benign
prostatic disease (benign prostatic obstruction and benign prostatic hyperplasia) [60] and

malignancy [49, 61], although it has also been applied to the human eye for intraocular pressure
assessment [62, 63]. Typically, an amplitude ratio |E*| = /EZ + EZ and phase angle ¢ =
tan~1(E,/E;) will be determined based on comparison of the stress and strain measurements
[63]. In this case E; and E, represent the real part (storage modulus) and imaginary part (loss
modulus) respectively. This is analogous to the electrical technique of Bioimpedance

Spectroscopy (BIS) discussed within Section 2.3.2.2.3.
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Initial dynamic palpation systems comprised of a mechanical shaker to provide tissue
excitation using a hemispherical probe tip and an axial load cell [60]. This type of system is
practically unsuitable for in vivo prostate examination. Recent work by the same research group
has been focused on this aspect, developing a dynamic palpation sensing tool (‘eFinger’)
suitable for in vivo prostate assessment [64]. A custom thin composite structure was produced
using a multi-layer technique [65], with an integrated strain gauge and flexible membrane for
tissue interaction. Membrane actuation was achieved pneumatically with a compressed air
supply and electronically controlled valve [64]. Flow pressure into the device was monitored
with a pressure sensor and used in conjunction with the positional response of the integrated
strain gauge to determine stiffness parameters. Figure 2.8 shows the typical response of the two
signals along with a fitted profile based on Fourier series analysis.
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Figure 2.8: Example raw and Fourier fit dynamic palpation results obtained using the eFinger
for (a) pressure and (b) strain; results adapted from [64].

It is evident that there is a significant level of noise within the system, making the fitting
model highly idealised for the measurement. Assessment of cadaver tissues (bladder, prostate
and smooth muscle) was performed and compared to manual digital palpation. Differentiation
of the different tissue structures was evident using the eFinger, and this was in agreement with
manual palpation [64]. Spatial mapping of ex vivo diseased prostate tissue using the eFinger at
different frequencies (5, 10, 15 Hz; 0.5 bar) was also conducted and correlated with manual
evaluation in vivo and ex vivo. Findings again indicated agreement with manual palpation, and
show that performance is best at low frequencies [64]. This work demonstrates the complexity
required for contact measurement systems aimed at in vivo testing. Promising results have
recently been obtained using dynamic palpation. However, there is still a requirement for
controlling operating conditions such as contact pressure in order to optimise the sensor

performance.
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2.3.1.4 Elastic imaging (elastography)

A wide range of methods have been investigated and developed with the aim of imaging the
stiffness distribution of region of interest (ROI). In contrast to the mechanical property
assessment techniques previously described, elastography modalities are typically based on
indirect contact with the tissue of interest and deliver a spatial distribution of tissue stiffness.
Some of the most promising techniques in this field have been presented in the following

sections.

2.3.1.4.1 Ultrasound

Ultrasound, (US) as the name suggests, refers to waves that are above the highest human
audible frequency of 20 kHz. In diagnostic medical US imaging, frequencies are generally
found in the range of 1-10 MHz [66]. When pressure waves meet a boundary between two
different materials a certain proportion of the wave is reflected, with the attenuated wave
continuing into the second medium. The level of attenuation depends on the echogenic
properties of the two materials. More specifically this depends on their relative acoustic
impedance, which is calculated as the product of the material density and the speed of sound
through the material. As certain biological interfaces have different acoustic impedances, US
waves passing through the body will reflect and be detectable. This means that for a single scan
line an amplitude against time can be produced, which can be converted to amplitude position
information through assumptions regarding the speed of sound through the body. Recording
multiple scan lines allows the amplitude position data to be converted to a two dimensional
image [67].

The relatively low cost and portability of US scanners has given them a firm place within
diagnostic imaging based solely on echogenic properties of tissue. However, over the last two
decades various methods have been developed to utilise US to obtain the elastic property
distribution within tissues. The motivation for this work was often to create and imaging system
capable of detecting inhomogeneous lesions within tissues, such as cancers of the prostate,
which often show little clarity on standard US images. The early work can be generally grouped
into three methods, as described by Taylor, 2000 [68] as: vibration sonoelastography,
compressive/quasi-static elastography-strain imaging, and transient elastography.

There has since been steady development of these techniques, taking advantage of the
improvements to US systems and computational power. Also, a number of additional modes of
elastic imaging making use of US (with the exception of Magnetic Resonance Elastography)
have been introduced. Parker et al. [69] recently gave an overview of the development of elastic

imaging in the form of a timeline, as shown in Figure 2.9.
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Figure 2.9: 20 year timeline of the developments in elastic imaging of biological tissues;
(adapted from [69]).

2.3.1.4.2 Vibration Sonoelastography

The techniques involved in vibration sonoelastography were first implemented in a non-imaging
application in 1987 by Krouskop et al. [70]. Lerner and Parker et al. [71, 72] actually coined the
term “sonoelasticity” in early development of a qualitative tissue stiffness measurement
technique. In principle, the process involves (1) subjecting tissue to continuous shear wave
excitation, and (2) calculating the vibration amplitudes within the tissue ROI. Shear wave
propagation is achieved through direct contact of a mechanical vibrator with the tissue. Driving
frequencies applied are low (20-1000 Hz) with amplitudes of less than 0.5 mm (typically 0.1
mm). Continuously applying the driving force induces a fixed oscillation distribution within
tissue. For a fixed intensity wave the amplitude of vibration inside of an inclusion of higher
shear modulus will be reduced. Imaging the distribution of amplitudes indicates the relative
shear modulus distribution. The method of determining the amplitudes of vibration uses a
pulsed-Doppler technique, assessing the variance of the power spectrum of returned US to

indicate amplitude distribution, a method described in detail in [68].
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2.3.1.4.3 Compressive/quasi-static elastography-strain imaging

The quasi-static method of imaging the elastic properties of tissue requires (1) taking an image
of the tissue prior to any deformation, (2) applying a load to the tissue, (3) taking an image of
the deformed tissue [73]. The application of load can be applied using the US probe to manually
compress tissue. Alternatively, mechanically controlling the step compression of the probe has
been investigated [74], and even the use of physiological pressure changes of the vascular
system to compress tissue [75]. The motions of the tissue under compression can be determined
using cross-correlation techniques [76]. It is important to note that this method assumes uniform
stress application and produces only images of the tissue strain, meaning the elasticity image
only gives an indication of the relative elastic distribution.

Figure 2.10: Examples of elasticity images obtained using different US based techniques,
showing (a) vibration-amplitude image showing delineated stiff region within phantom model
[77]; (b) invasive ductal carcinoma from breast compression based elastogram [76]; (c) small
ductal carcinoma shown as stiff (red) region; image generated using Supersonic Shear Imaging

[78]; and (d) elastic image of prostate in vitro showing two focal carcinomas, obtained using
crawling wave elastography [79].

Compression elastography methods have been used in clinical trials for strain imaging of
cervical lymph nodes [80]. A qualitative scoring system was used to assess nodes, leading to
73% accuracy and 83.8% specificity in detection of malignancy (results compared to those from
routine fine needle aspiration for cytology). This highlights that qualitative elastography is
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capable of detecting malignancy but the accuracy in identification by the observer is still too
low for routine clinical adoption.

Numerous other methods have been developed using US and US transducers as a
fundamental element in imaging elastic properties. Of particular note is a commercial elastic
imaging device (FibroScan®, Echosens, Paris, France), developed to allow quantification of
liver fibrosis non-invasively [81]. A number of review articles have been published by some of
the founding researchers in the field; attention is directed toward Ophir et al. [76] or Parker et
al. [69] for more comprehensive descriptions of a number of these methods. Some of the images
obtained using different techniques have been presented in Figure 2.10.

2.3.2 Electrochemical and electrical properties

Measurement of the electrochemical and electrical properties of biological fluids and tissues has
been the subject of research for more than a century [82]. These properties are based
fundamentally on the chemistry and physiology of the cells and tissues. Therefore, much
research has been conducted to assess the feasibility of measuring these in a diagnostic sense.
Characterisation of this nature is a broad field with a primary division between electrochemical
methods and electrical methods. However, in many cases consideration of both aspects is
essential to achieve a successful measurement. This section presents relevant techniques
currently used to measure and interpret electrochemical and electrical properties of biological

systems.

2.3.2.1 Electrochemical characterisation
This type of characterisation is concerned with defining electrical behaviour induced by
chemical reactions at the interface of an electrode [83]. The interface is the point at which the
electrode (usually a solid metal) meets with the electrolyte (fluid analyte). Redox reactions
within the interface region cause generation and removal of free electrons. The electrode
facilitates the transfer of electrons, effectively allowing cathodic and anodic reactions to
remotely influence each other. As an example, oxidation of a species at the anode will cause the
production of a metal cation and at least one electron. This will be held by the metal electrode
causing an accumulation of charge on the electrode. This excess of electrons may then supply a
cathodic reaction at a different location on the electrode. Thus the redox reaction is completed
and electrode charge is restored.

The described example is for a single electrode however, this can occur between two
similar or different remote electrodes provided they are electrically and ionically (i.e. through
the salt bridge) connected. The electrode reactions induce a charge separation between metal

and solution phase. This is known as the electrode potential, and is specific for reactions under
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chemical equilibrium [84]. The rate at which oxidation and reduction occur determines the
number of electrons flowing through the metallic elements of the cell, and therefore the cell
current. The performance of the cell in terms of electrode potentials and current flow can be
used to infer information regarding the interface reactions and cell Kinetics. Fundamentally,

these characteristics are the focus of electrochemical assessment techniques.

2.3.2.1.1 Electrode potentials

In the simplest sense, assessment of electrode potentials at various tissue interfaces may show
specificity for tissue condition. Any differences noted may be caused by different reactions
and/or chemical equilibria. Muriel et al. [85] presented a study to determine the electrode
potentials at tissue interfaces under a wide range of conditions. Silver-silver chloride electrodes
were used to measure the potential between the parietal peritoneum and the tissue of interest.
The primary measurements were on live guinea pigs under light ether anaesthesia. Factors of
influence included age, level of anaesthesia, surface temperature, ischemia (canine tests) and
time after death. The results showed that many of these factors apparently cause an altered
electrode potential. However, changes were minor (< 10mV), being within healthy tissue type
variation as shown in Figure 2.11. Results also showed inconsistencies with varied condition
and with results from other studies. It was noted that some influences found were likely to be
caused by changes in the reference tissue. This highlights that the Ag/AgCl measurement
electrode used was not appropriate as it is highly non-polarisable and therefore insensitive to

small changes in the tissue (interface) chemistry.
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Figure 2.11: Electrode potentials for various guinea pig organs measured with three different
reference tissues; (adapted from [86]).
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A much greater potential shift was found by Gensler [87] when assessing would healing
in plant tissue using noble metal (palladium) measurement electrodes. Transient increasing
potentials were found for wound healing and re-wound healing with positive potential shifts of
around 300 mV. Of more direct relevance to surgical oncology, a number of studies have looked
at electrode potentials of healthy and cancerous tissues [88-90]

Morris [89] tested electrode potential assessment as a method for determining the state of
breast lesions. Lesions were identified through palpation or mammography and electrode
potential tests performed as part of the routine biopsy procedure. The predictive nature of the
measured potential was assessed, with the technique showing only 50% accuracy. However, of
three malignant lesions tested all were correctly identified. A different study examined the use
of direct current stimulation as a means of tumour growth retardation [90]. The electrode
potential was used as an assessment metric for comparison to an untreated control group.
Although microscopic examination of the mice tumours following the treatment showed high
levels of necrosis, no significant difference in electrode potentials were found.

The findings from electrode potential measurement indicate that this parameter may relate
well to physiological processes and act as a specific marker for determining tissue type and
health. However, the experimental setup in terms of electrode selection is critical and many
factors have been shown to cause changes in potential. A suitable inference from the published
work is that electrode potentials measured with standard materials (Ag/AgCl or noble metals)
are susceptible to artefact bias when used within general tissue interaction. Application under
more controlled conditions, modification of electrode materials or coupling with additional

sensing modalities may allow for improved leveraging of this property.

2.3.2.1.2 Biosensors

The development of biosensors was a natural progression from standard electrode potential
measurements, and is now arguably the most prolific research field relating electrochemical
sensing of biological systems. Original bio-sensing was targeted at measuring pH, with
Michaelis and Davidoff [91] analysing lysed red blood cells and Michaelis and Kramsztyk [92]
measuring the pH of various mammalian tissues. Additional effort was focused on the
development of a suitable electrode configuration for determining oxygen concentration [93]. A
radical shift in bio-sensing technology occurred with the addition of immobilised enzymes to
the electrode surface, broadening the range of possible analytes [94]. The advent of a bio-
recognition component (e.g. enzyme, antibody, aptamer or cell) allowed development of sensors
specific to a wide range of biological targets [93]. A schematic of the working principle of a
modern electrical property based biosensor along with an example of a manufactured device is

shown in Figure 2.12.
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Figure 2.12: Biosensors, showing (a) a schematic of the typical components within a biosensor:
(i) the bio-recognition component (substrate (S) to product (P) reaction), (ii) the working
electrode (WE) transducer, (iii) electric signal conditioning elements, (iv) processor and (v)
display, and (b) an example screen printed biosensor showing working electrode (WE), counter
electrode (CE) and reference electrode (RE); ((a) adapted from [95], (b) adapted from [96]).

Particular attention has been devoted to the development of glucose biosensors [97], with
the aim of improving the management of diabetes. Amperometric (current measurement from
applied potential) methods have been widely developed and utilised in an enzymatic and non-
enzymatic form. The driver for the latter being improved long-term stability relative to
enzymatic systems [97].

Research has also explored the use of biosensors for the detection of cancer biomarkers
[98]. Biomarkers are typically found within blood, urine or tissues and give objective indication
of normal biological processes, pathogenic processes or pharmeaceutical response to therapeutic
intervention [99]. Testing in this way has the potential for detection of malignancies prior to
metastatic dissemination [100]. Li et al. [98] give a comprehensive review or the types of
biomarkers assessed and the associated bio-sensing technology. The concentration of
biomarkers expressed within tissues is noted as being of very low concentration, necessitating
biosensors of very high sensitivity with a low Limit of Detection (LOD).

Assessment of the tumour microenvironment may offer a number of alternative
biomarkers that can be determined using direct tissue contact bio-sensing. Vaupel et al. [101]
detail a number of variable factors within the tumour microenvironment, indicating a reduced
oxygen concentration (p0,) and increased glucose consumption. For the measurement of
oxygen concentration, Kieninger et al. [102] developed a measurement analysis method based
on chronamperometric (potential stepping) measurement. Potential stepping is used to remove

the oxide layer formed rapidly on the anode during measurement. The associated transients
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noted within the current profile were characterised and removed from the signal to determine
the underlying current associated with the oxygen concentration.

The ability to fabricate such small devices with high specificity means biosensors are of
clear technological relevance to intraoperative sensor development. However, application of
current biosensors in vivo offers a number of significant challenges such as biocompatibility,
enzyme stability, signal transmission and power supply [103]. In addition, being specific to a
single target analyte may not be appropriate for a broad surgical sensor. Measurement strategies
for determining one or more of the properties associated with the tumour microenvironment
may be a more suitable approach for allowing definition of tumour margins or involved lymph

nodes during surgical assessment.

2.3.2.2 Electrical characterisation

Electrical characterisation is concerned with defining how a biological system behaves under
current flow. This is primarily its ability to resist current flow (resistance), but extents to current
storage (capacitance) and changes in current (inductance). A material’s resistance is the level to
which it inhibits current flow, with conductance being a measure of ease of current flow [104].
Materials are typically quantified by resistance or conductance depending on their dominating
current flow characteristic. The absolute resistance of a uniform material (volume conductor) is
directly proportional to length (in the direction of current flow) and inversely proportional to
cross-sectional area (perpendicular to current flow direction). The constant of proportionality is
called the material resistivity (p), measured in Ohm-metres (Q. m), and is typically the quoted
metric when quantifying materials.

The mechanism of electrical conduction through metals involves free motion of
delocalised electrons in accordance with an applied potential. By contrast, conduction through
ionic solutions, as found in biological materials, requires the migration of larger charged species
(ions) through the solution. This mechanism is highly complex and can be modelled from
multiple levels of abstraction. From a simplified mechanistic view the conductivity is related to
the velocity at which the ion is able to move through the solution for a given applied potential
difference i.e. the rate of charge delivery (current) per unit potential difference (voltage).
Therefore the determining factors must be related to forces acting to oppose the motion of the
ion. Those discussed most prominently in the literature take the form of viscous drag and
dielectric friction. A simple early model is that of spheres (ions) moving through a fluid being

subjected to viscous drag forces described by Stokes law (slip) [105].

6y = 4mnor; (2.2)
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Where &, is the viscous drag contribution (drag coefficient), n, is the pure solvent
viscosity and r; the ionic radius. The applied potential across the electrochemical cell will
accelerate the ion to a velocity where viscous drag balances the applied electrical force, thereby
making the ionic radius of direct relevance to the conductivity of the ionic solution. The limiting
ionic conductance is often referred to as the Walden product. This is the limiting ionic
conductance, 4, multiplied by the pure solvent viscosity, n,. Modelling limiting conductance
using Stokes viscous terms only turns out to be predictive for relatively large ions but shows
poor correlation to experimental results for small metal ions [106]. For this reason many
alterations have been proposed to include contributions to the limiting conductance from
dielectric friction [105].

It has been suggested the dielectric contribution to ion retardation stems from two
possible mechanisms [107]. These are due to (1) a reaction force from the dielectric cloud
surrounding the ion and (2) extra energy dissipation due to induction and relaxation of solvent
polarisation. Incorporation of the dielectric models into Walden product calculations improves
agreement between theory and experiment, although there is still significant disagreement
between many proposed models. Figure 2.13 illustrates the level of agreement between
proposed models and experimental data in terms of the calculated Walden product against
inverse ionic radius. The error contained within these models can be attributed to a number of
factors: (1) the statistical nature of ions and molecules on the scales in question (2) the charge
carried by and an ion and specifically the influence this has on both other ions and on the
solution in question and (3) the solution properties both in bulk regions and those in close
proximity to the charged species; water being a particularly problematic example due to its
hydrogen bonding, self-dissociation and dipolar molecular arrangement.

Arguably the most successful, accessible model is that of Chen and Adelman [105] who
present a molecular model based approach allowing the description of ion motion through
solution. In fact the work of Chen and Adelman aims to establish links between previous
models combining the Solvated ion model where small ions are surrounded by water molecules,
increasing their effective radius and viscous drag and the dielectric friction mechanism
presented by Zwanzig [107]. The model presented shows good agreement with experimental
data over a wide range of ionic sizes (Figure 2.13) and allows a level of prediction about the
limiting conductivity of a solution.

Chen and Adelman [105] justify their model through the importance being able to relate
analytic models to experimental data. In essence it forms an effective theory, allowing a
simplified view of the ion conduction problem. Further abstraction toward the larger scale is
also employed and justified for the same reason. A high level view of the conductivity of a
biological tissue system utilises idealised electrical component analogies [108]. For even a

simple piece of tissue, the fluids, cells and structures involved each form considerable challenge
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for complete theoretical description, making an electrical analogy more mathematically

approachable.
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Figure 2.13: Comparison of experimental and theoretical Walden products for cations dissolved
in acetone. Various proposed models are overlaid with the model of Chen and Adelman
(present) showing best agreement with experiment [105].

2.3.2.2.1 DC resistance
For tissue resistance characterised in the DC case, application of a small amplitude voltage
across the tissue and measurement of the corresponding current flow and cell geometry
theoretically allows resistivity to be determined. In practice however, this process is somewhat
complicated by polarisation at the electrode interface leading to erroneous values for the
examined tissue [109]. Many methods of eliminating electrode polarisation error from AC
impedance measurements have been proposed; a comprehensive summary of these is given by
Kalvgy et al. [110]. Protocols involve either additional electrodes or numerical decoupling of
electrode and tissue data. Most commonly, the four-electrode system is employed with separate
potential and current measuring electrode pairs [82]. Accounting for cell geometry is also not
straight forward when assumptions of ideal volume conductors are removed. Normalisation is
therefore challenging, and aside from computational modelling and tight control over
experimental conditions, there is little mitigation available.

Despite the challenges discussed above, much physiological data has been collected for

both DC and AC conductivity. Table 2.1 summarises some of the published data specifically for
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DC and low frequency AC measurements. It can be seen that large differences are found
between hard tissue and soft tissue. This may be explained through the relatively low fluid
levels in hard tissue (e.g. bone) reducing the ease of ionic conduction. Soft tissues show similar
results to one another and are slightly more resistive than fluids (blood) on their own. Large
variations are found between sources for the same tissue type indicating either natural

physiological variation or inconsistent experimental/normalisation techniques.

Table 2.1: Resistive properties of biological tissues for low frequency AC and DC stimulation
(all data determined from conductivity values).

Material Resistivity, p (2.m) Source
Bone, living 100 [104]
Muscle, 37°C 2.4-6.7 [104, 111]
Whole Blood 1.4-2.3 [82, 104, 109, 111]
Tumour 2.5-4 [82]

Fat 25-50 [82, 111]
Heart 2.5-17 [82]

Liver 3.4-43 [82, 111]
Lung (inflated) 11-42 [82]

2.3.2.2.2 Biogalvanic resistance

Chemical reactions at the electrode/electrolyte interfaces in an electrochemical cell
induce a cell potential. Alternatively, application of a potential across electrodes may cause
them to react chemically with the electrolyte [112]. The Galvanic cell is an example of the
former, delivering electrical energy due to redox reactions within a cell consisting of two
dissimilar metal electrodes in electrolyte solution. It was noticed as early as 1791 (by Galvani
after whom the cell is named) that applying dissimilar metal electrodes to animal tissue
produces an electrical stimulus [113]. In effect this phenomenon means that biological tissue
has the ability to generate electrical power. Roa and Richter, 1974 initially investigated this bio-
galvanic property for use as a power source to drive pace makers [114]. Due to improvements in
lithium-ion batteries, the biogalvanic cell was abandoned for this application. However, recent
work by Globerg et al. has reported a new potential application utilising biogalvanic cells [115].

Using a biogalvanic power source to allow measurement of the passive electrical
resistance of biological tissues, Golberg et al. propose a simple means of distinguishing tissue
type, or healthy from diseased tissue [115, 116]. The potential difference across a biogalvanic
cell, established by placing two differing metal electrodes (zinc and copper) across a target
tissue, was used to drive a measureable cell current. Modulation of cell current was achieved

through application of an external resistive load. With the assumption of a constant Open
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Circuit Voltage (OCV), the measured cell current, I for a specific external load, Rgxr can be
related to the internal resistance of the galvanic cell, R,y using equation (2.3). Using volume
conductor assumptions where A and L are the electrode area and separation respectively, this

was converted to a Galvanic Apparent Internal Resistance (GAIR) using equation (2.4).

l — REXT RINT (2 3)
[ 0oCcV ocCv '
GAIR = Rwr4 (2.4)

L

Golberg et al. [115] reported that the GAIR is a tissue-specific property that can easily be
determined for biological tissues. Their research tested heart, liver and lung tissues all freshly
harvested from Sprague-Dawley rats as part of a zinc/copper biogalvanic cell (Figure 2.14(a)).
The resistive properties measured showed a significant difference (p < .05) between each
compared tissue type. It was concluded that GAIR is a reliable property for distinguishing
between tissues. Additionally the influence of electroporated and microwave treated liver tissues
showed a dramatically reduced GAIR value, being around half that of healthy liver (Figure
2.14(b)). This result indicates that this method may also find application in quantifying tissue

damage or diagnosing pathology.
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Figure 2.14: Sprague-Dawley rat tissue GAIR results for (a) various organ tissues and (b) for
untreated, electroporated and microwaved liver; (adapted from [115]).

Further to this work Golberg et al. expanded the GAIR technique to testing rat liver tissue
in vivo [117]. Significant differences were found between in vivo GAIR results and in vitro
results previously discussed in [115]. The biogalvanic cell geometry and setup under testing
conditions are shown in Figure 2.15. Results from the study indicate that in vivo liver tissue
shows GAIR value of approximately half that of the same tissue in vitro, with a similar level of

inter-test variation. An increase in resistivity between in vivo and in vitro was in agreement with
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Bioimpedance Spectroscopy (BIS) results presented by Spottorno et al. for pig liver and kidney
tissue [118].
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Figure 2.15: Zn/Cu galvanic testing cell setup including BIS and electroporation capabilities. (a)
Schematic representation cell setup; (b) actual electrode set-up; (c) electrode positioned on rat
liver, in vivo [117].

The GAIR values were also evaluated against (BIS) results obtained in parallel. The
comparison was made specifically with the calculated resistivity at zero frequency R, (DC
resistivity), with similar trends being shown for all liver treatments. Reduction in GAIR and R,
due to electroporation was justified biologically as resulting from cell membrane disintegration.
However, the differences between the BIS resistivity and GAIR valves presented are not

adequately addressed.

2.3.2.2.3 AC resistance

Impedance is the ratio of voltage to current, in accordance with Ohms law, and it is indicative of
a material opposing the flow of electrical current. Impedance can account for both time variant
(AC) and time invariant (DC) current flow, and bioimpedance is the specific application of
impedance to biological materials, such as human tissues. Bioimpedance measurements are
often frequency dependent and so assessment is commonly made over a range of AC
frequencies, this is known as Bioimpedance Spectroscopy (BIS) [108]. The electrical impedance
is a complex quantity, giving information about the magnitude of resistance and the relative
phase between potential difference application and current flow (or vice versa). Equation (5.4)
shows the general expression for impedance, where Z(w) is the frequency dependent complex
impedance, R(w) the resistance, X(w) the reactance, w the angular frequency and j the

imaginary unit.
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Z(w) = R(w) + jX(w) (2.5)

The measurement of impedance is typically performed using commercial instrumentation.
For low frequency ranges (20 Hz to 110 MHz), an auto-balancing bridge circuit (Figure 2.16)
will be employed [119]. This simplified diagram shows the main components involved in an
impedance measurement. A source signal is generated and applied to the test specimen
(sample). An operational amplifier is employed to balance the current flow through the test
specimen (Iy) and the range resistor R,- (I,.). The voltages across the test specimen Vy and the
range resistor V,. are then measured sequentially using a vector voltmeter which extracts the
magnitude and phase elements of the two voltages. These can be combined as shown within
equation (2.6) to derive the impedance of the test specimen at the source frequency. This
process can be repeated across a range of source frequencies to generate the Bode or Wessel

plots.

Vx Vy
=R (26)
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> ~ X detector
Buffer ATT 1 A/D —»
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>
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v Y e

Signal source Auto-balancing bridge Vector ratio detector

Figure 2.16: Auto-balancing bridge impedance measurement block diagram; (adapted from
[119)).

Impedance parameters (resistance R and reactance X) are often normalised to the

geometry of the measured tissue and presented in terms of complex resistivity (p), made up of

real and imaginary components p’ and p" respectively. The inverse case (for a conductive
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specimen) may represent admittance (Y = 1/Z) parameters (conductance G and susceptance B)
in terms of (o), made up of real and imaginary components ¢’ and ¢’ respectively.

Tissue polarisation using an electric field of time varying strength or direction causes a
phase shift due to the time required for charge displacement. This time-dependence is known as
a relaxation and can be viewed as decaying response to a step input. Dispersion is a frequency
domain version of relaxation and allows description of system (tissue) permittivity as a function
of frequency [108]. For a single dispersion system (one relaxation time constant), a typical
response will be two frequency independent permittivity levels (high and low frequencies) with
an abrupt transition between them around a characteristic centre frequency.

As tissues are made up of many components of different scales and electrical properties,
there are multiple dispersion processes over a wide frequency range. Early work by Schwan
suggested three stages, namely the a- , - and y-dispersion as shown in Figure 2.17 [108]. Most
tissue measurements are taken within the frequency range of the a- and S-dispersion phase with
frequency ranges of mHz-KHz and 0.1-100 MHz respectively. These are generally associated
with active cell membrane effects, intracellular structures and passive cell membrane
capacitance [108]. This inevitably makes frequency range selection an important factor in

assessing tissue properties.
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Figure 2.17: Idealised dispersion regions for tissue tested with BIS, showing permittivity and
conductivity [104].
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Complex tissue dispersion behaviour was demonstrated in early work by Schwan [120].
More recently, Gabriel et al. gave a comprehensive review of the available data on BIS
measurement for tissue [121] and presented additional measured data across a wide frequency
range (10 Hz to 20 GHz) [122].

BIS measurement has been explored as a possible diagnostic technique for determining
the presence of cancer. Measurements have been taken by many groups, [123-125], with the
general result showing cancer tissue to have a lower resistivity than healthy tissue. Most
applications have been focused on breast cancer, with external electrode placement. However,
Laufer et al. [123] presented results obtained using BIS on liver tissue with and without
cancerous tumours. The typical dispersion behaviour can be seen on normal and cancerous
tissue (Figure 2.18), with cancerous regions showing both reduced resistivity and increased
dispersion characteristic frequency [123].

Distinction between healthy and cancerous tissues has been demonstrated in many cases,
however quantifying the difference in a robust way has been the subject of many recent papers
[126-128]. Most initial quantification has been based on fitting electronic circuit analogies to
the data. These have the benefit of being described completely with only a few parameters. The
most common model is the Cole-Cole model which is described mathematically in equation
(2.7); where Ry, Ry, @ and t. represent the low frequency resistivity, the high frequency
resistivity, fractional power and the characteristic time constant respectively.

The general representation is of a suppressed semi-circular arc when plotted on the
complex plane (Wessel diagram). This method however does not always give a good fit to the
measured data and differences between plots are only assessed using a few parameters.
Investigation has been undertaken to assess more powerful numerical schemes for improving
the statistical detection of cancer. Much of this work has been applied to skin cancer
classification (most probably due to the relative ease of obtaining in vivo data). Methods of
analysis include; (1) Principal Component Analysis (PCA), described by Aberg et al. [127], (2)
Neural network by Dua et al. [128] (3) bespoke impedance data indexing developed by Blad et
al. [129]. Conclusions from each method are positive, showing the applicability of analysis
techniques to BIS data and how this data can be manipulated into the most simple of
interpretations for the observer. These techniques also benefit from increasing statistical power
as the data set available gets larger, meaning accuracy of diagnosis would improve as the wealth
of trial data increases. A particular advantage of impedance (or resistance) measurement is the
objective nature of the metrics obtained. If these are attained using consistent and appropriate
experimental techniques then issues associated with subjective interpretation can be avoided.
However, the large variability of conditions, particularly with BIS makes obtaining consistent
data difficult.
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Figure 2.18: BIS results for normal, cancerous and cirrhotic liver tissue with Cole-Cole model
fitting, showing (a) average admittance amplitude, (b) average admittance phase, and (c) the
corresponding Wessel impedance plots; (adapted from [123]).
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2.3.2.2.4 Electrical characterisation commercially

2.7)

There are now many electrochemical and electrical based sensors that have matured into

commercial products. Biosensors have been manufactured commercially for monitoring of

analytes, and now play a significant role in medicine, agriculture/food, environmental and

industrial monitoring [130]. Adapted electrical characterisation techniques have also been
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utilised within commercial devices. The TearLab device (TearLAB, San Diego, CA) has been
developed as an EIS based tool for assessment of dry eye syndrome [131, 132], and the
ZedScan™ (Zilico, Sheffield, UK) for objective real time assessment of cervical epithelial
tissue [133].

As the ZedScan™ device delivers real time contact assessment of tissues it is highly
relevant to a surgical sensing application. The system utilises patented bioimpedance
measurement techniques and a Cole-Cole model to generate metrics relating to the health state
of cervical tissues [134, 135]. Early publications describe the use of a pencil shaped probe (5.5
mm diameter) with 4 gold electrodes, designed for assessment of cervical intraepithelial
neoplasia (CIN), a precursor lesion to cervical cancer. Clinical results showed a reduced low
frequency resistance with the progression of CIN which was related to the associated increase in
extracellular space [135]. However, a high (56 %) measurement rejection rate was also reported,
potentially indicating the difficulties of using BIS to obtain reliable measurement data.

2.3.3 Optical properties (surgical imaging)

During surgery visual information is crucial for the surgeon to perform the required tasks. This
is even more pertinent when the kinaesthetic and tactile sensations are reduced during
laparoscopic procedures. Augmentation of the visual field has been proposed to help improve
cancer surgery [136, 137]. Considerable evidence suggests that contrast agents can aid in the
detection of small metastases and delineation of tumour margins [138]. Imaging typically
involves the delivery of a contrasting agent to the tissue, its excitation with electromagnetic
radiation of appropriate wavelength and measurement and processing of the contrast agent
response (returned wavelength and spatial intensity). This process has been detailed
schematically for fluorescence based imaging using indocyanine green (ICG) in Figure 2.19(a).
Additionally, the principle of photoacoustic based imaging has been presented in Figure 2.19(b).
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Figure 2.19: Intraoperative imaging techniques, showing (a) the principle of fluorescence
imaging, and (b) principle of photoacoustic imaging; ((a) adapted from [139], (b) adapted from
[140]).

Within fluorescence imaging a number of organic dye molecules have been approved for
human use including indocyanine green (ICG), fluorescein, photofrin and 5-aminolevulinic acid
(5-ALA). Many other candidates are available although are not widely used due to lack of Food
and Drug Administration (FDA) approval. In the field of surgical oncology, ICG and 5-ALA
have therefore been the most commonly used contrast agents [136, 141-143]. The peak
absorbance of ICG (~800 nm) makes it possible to image deeper into tissues, and its low
autofluorescence delivers a higher signal to background ratio [141]. ICG has therefore been
used for medical diagnostic imaging in a number of regions including sentinel lymph node
mapping in breast tissue and in brain, liver and colorectal tumour delineation. Figure 2.20 shows
examples of fluorescence imaging using ICG as a contrast agent.

As an alternative contrast agent, 5-ALA has also been utilised as a means of delivering
tumour imaging. 5-ALA is a non-fluorescent pro drug, however it induces cellular accumulation
of fluorescent porphyrins as it is metabolised [5]. It is therefore reliant on the increased
metabolism of cancerous cells. In 2006, Strummer et al. [5] published results from study
examining the effect of using 5-ALA in fluorescence image guided cancer surgery on the
resection radicality, progression-free survival, overall survival and morbidity. The study
concluded that the use of 5-ALA led to more complete resections of tumours (65 % vs 36 %)
leading to improved progression-free survival in patients with malignant glioma [5]. The drug
has also been used for the diagnosis of malignant and pre-malignant lesions during fluorescence
colonoscopy [143] and detection of peritoneal metastasis [142], with significant improvement

with respect to standard assessment reported in both case.
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Figure 2.20: Imaging using ICG, showing (a) combined colour and fluorescence image of the
lymphatic channels (arrows indicate injection site), (b) sentinel lymph node, (¢) ICG retention in
a well-differentiated hepatocellular carcinoma, fluorescence image (left) and gross image (right)

shown, and (d) ICG retention in a poorly-differentiated hepatocellular carcinoma, fluorescence
image (left) and gross image (right) shown; (images adapted from [141]).

Particular issues with fluorescence imaging techniques are the penetration depth of the
excitation wave and the issue of complete imaging of heterogeneous tumours [137]. Alternative
imaging techniques with improved penetration depth, such as photoacoustic imaging, are
concurrently under investigation [136, 144]. This technique uses laser light excitation to induce
thermal expansion in a target molecule. The rapid heating causes broadband acoustic waves to
be produced that can be detected using an ultrasound transducer (Figure 2.19(b)) and thus
imaged [137]. To improve delineation between target and surrounding tissues, contrast agents
are often used. These may be small molecules or larger nanoparticles (e.g. nanorods, nanoshells
and nanocages) [145]. The latter can give much higher contrast and be easily tuned over the
near infrared spectrum. Surface modification is also possible for these particles, allowing for
attachment of cancer specific targets. Although photoacoustic imging offers a practically
attainable imaging solution, there remain some long term safety concerns with the use of
nanoparticles in the body [145].

Improvement in the applicability and efficacy of augmented surgical imaging using the
discussed techniques is typically considered to require cancer-specific functionalised contrast
agents [141]. As a consequence, delay in quantifying the safety of these probes will slow the
progression to the clinic [136, 144]. Additionally, exposure of the surgeon to numerous imaging
modalities may enforce the reliance on their interpretation of subjective data to make the best

clinical decisions.
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2.4 Summary of the literature

There have been many significant advances in the diagnosis, management and treatment of
cancer patients over the past few decades. However surgery, at least in the short term, will likely
remain as the primary choice for the treatment of cancer. For colorectal cancer surgery,
excessive removal of tissue can lead to complications with recovery and a reduced quality of
life for the patient. There is a desire, therefore, to more towards more personalised procedures
where resections are optimised to reduce unnecessary morbidity. This ultimately requires
improved real-time intraoperative sensing.

Availability of quantitative intraoperative diagnostic techniques is scarce and prognosis is
often made post operatively [14]. The literature reviewed has described a wide range of sensing
modalities and methods that have the potential to be developed into a surgical sensing tool.
Broadly, these can be divided into methods of assessing mechanical, electrochemical, electrical
or optical properties of tissues. Some of the strengths and weaknesses of these methods in the

context of surgical sensing have been summarised in the following sections.

2.4.1 Mechanical approach

Mechanical property assessment is arguably the most relatable approach within surgery due to
its association with traditional palpation techniques. The simplicity of contact force
measurement makes it directly applicable for surgical integration, as demonstrated in the
atraumatic grasper of Tholey et al. [57]. However, this localised force measurement is aimed at
delivering haptic feedback to the surgeon for subjective assessment rather that for quantifying
tissue health. Extension to spatial imaging through the use of a specialised tool, such as that of
Zbyszewski et al. [58] (Figure 2.7) could deliver more quantitative tissue assessment. However,
the unidirectional loading could prove to be problematic for in vivo measurement of soft tissues
and integration with existing tools offers significant challenges.

Some important developments have been achieved in the last two decades regarding
elastic imaging. Qualitative elastography has been shown to be capable of detecting malignancy
[80], but the accuracy in identification by the observer is still too low for routine clinical
adoption. This could be due to malignancy not being expressed directly as alteration in tissue
stiffness in all cases. Palmeri and Nightingale, 2011 [146] review the level of clinical adoption
of elastography and present the current challenges. Ultrasound based techniques will be likely to
provide an effective clinical tool in specific areas, such a prostate examination and intervention
monitoring [147]. However, the current size and system complexity offer challenges for

laparoscopic integration as a general tissue assessment device.
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2.4.2 Electrochemical approach

Exploitation of tissue electrochemistry has been described as a method of health assessment for
over fifty years [148]. The simple measurement of electrode potentials can offer information
about the relative state of different tissues, including damage, temperature, and presence of
anaesthetic [85, 87]. Influence from such a wide range of parameters means that electrode
potential measurement may lack the required specificity for cancerous tissue assessment.
However, with the advent of a bio-functional element to the working electrode there has been a
rapid rise in the research and development of biosensors with high specificity.

The use of electrochemical properties appears to offer a robust and yet specific means of
testing for low concentrations of analytes. Most of the established medical diagnostic techniques
focus on processing and analysing fluid samples taken from the patient. This process is not
directly applicable to the surgical sensing application. However, the electrode development and

small-scale electronics are highly relevant for this application area.

2.4.3 Electrical approach

DC resistance techniques formed the basis of early tissue characterisation tests. However, the
use of DC was short-lived as the induced electrode polarisation was an undesirable
measurement artefact. The principle of DC is straight forward but the measurement approach
was found to be problematic. A modern DC approach of determining a galvanic apparent
internal resistance (GAIR) as a tissue characterisation parameter was recently proposed by
Golberg et al. [115]. Initial limited trials on rat models showed the method to be capable of
tissue differentiation and exhibited significant changes due to cell damage from electroporation
[115]. These results have been partially verified through comparison to BIS measurements
although some unexplained differences remain [116]. Due to being simple and scalable,
biogalvanic cell testing is a prime candidate for integration into a surgical device. Additionally,
the technique effectively combines electrochemical and electrical information, which could
allow for a bi-modal sensor. However, for the GAIR approach to be considered as a surgical
sensing method, tests describing the behaviour of the cell under varied conditions, evaluating
reliability and repeatability are required. Additionally no known work on healthy human tissue
has been conducted, and the influence of cancerous tissue on the GAIR value has not been
determined.

AC tissue resistance assessment (BIS) replaced DC techniques early on and has remained
the prominent electrical technique. However, although well established, the techniques within
BIS are challenging. Consideration of the terminology alone makes BIS error prone within
mathematical manipulation and reporting. Significant care and diligence is required to record a

reliable and meaningful measurement. Additionally, data comparison is difficult without
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application of a model, and defining which model is suitable and relating it to the complex
nature of tissue is a significant challenge. Freedom of model selection and the associated
metrics makes it easier to extract statistically distinct data from measurements. However, this
potentially limits the use of BIS to very specific applications, as seen with the commercial
ZedScan tool (Zilico, Sheffield, UK).

Even with these challenges there have still been some significant findings for healthy vs
cancerous tissue, suggesting that looking into electrical tissue properties in a diagnostic sense
may be fundamentally sound. The development of a commercial device for cancer screening
using BIS is encouraging and there is an active research community supporting the development
of BIS technology.

2.4.4 Optical approach

Some of the most promising future surgical technologies are those of real-time imaging. There
are many modalities under investigation, with each looking to exploit different optical
properties of tissues. The major benefits of imaging tissues are the broad assessment field and
integration with standard imaging. This makes the experience very intuitive for the surgeon and
therefore augments the procedure without adding significant complication. It is likely that
enhanced real time imaging will form part of future surgical procedures. However, problems
with penetration depth, stability, duration and toxicity may need to be addressed prior to routine
uptake. Intensity images presented to the surgeon currently rely on subjective interpretation to
make surgical decisions. Improved image processing may allow for objective metric extraction,
although it may be necessary to move toward a multimodal approach where optical data and

data from contact measurements are combined to quantify the presence of cancer.

2.5 Conclusions

Nearly all of the presented sensing modalities rely on measurement of the side effects of
cancerous tissue growth rather than targeting cancer specific cells. Although this is not the ideal
measurement scenario, the efficacy of this approach has been demonstrated within diagnostic
imaging such as CT and US and will be likely to form the basis of the next generation of
cancerous tissue sensing techniques.

To achieve cancerous tissue delineation, elastic imaging may prove to be a suitable
technique. However, the associated system complexity makes elastic imaging impractical for
surgical tool integration. The use of biosensors offers specificity but typically only for single
samples thereby lacking the practicality (e.g. repeated use) required for an in vivo surgical

sensor. The robustness and repeatability required may be best achieved through electrical tissue
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assessment, where the majority of techniques are based on AC measurements. Commercial
application of BIS techniques suggest that it may allow for cancerous tissue discrimination.
However, the complexities of performing reliable measurement and of extracting suitable
metrics are not trivial.

Based on the reviewed literature, the biogalvanic characterisation approach appears to
offer the most appropriate method for investigation. This technique is new with a limited
number of publications around the topic [115, 116, 149]. However, it is relatively simple in
terms of EC components, measurement equipment and characterisation procedures.
Additionally, the technique is suitably scalable to allow for device integration. The DC nature
makes it possible to include exploitation of electrochemical processes or maintain a purely
electrical assessment. This flexibility makes it an ideal candidate for exploration as a surgical
sensing modality.

The initial work presented in this thesis will focus on development and testing of a
biogalvanic based sensing system. This will aim to independently assess the efficacy of the
technique over a range of operating conditions. Adaptation of the sensing methodology will

then be made together with further validation in a surgical context.
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A biogalvanic characterisation system

This chapter details the development and validation of a biogalvanic characterisation system.
The systems presented were developed to allow examination of the biogalvanic tissue
characterisation method proposed by Golberg et al. [115]. Design and development of cell
electrodes, electronic circuitry, control software, and characterisation protocols are presented.
Section 3.1 details some of the important and fundamental considerations of the systems
developed. Sections 3.2-3.7 detail the specific components developed for contacting,
controlling, measuring and characterisation of tissue samples. Testing protocols were developed
to evaluate the performance of the completed systems. This validation process is presented
within Section 3.8.
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3.1 System Requirements

For successful evaluation of the biogalvanic characterisation technique, suitable measurement
equipment was required. Developments were made with consideration of the equipment
specification and the practicalities of tissue work. In general, the system can be divided into two
aspects: (1) equipment at the tissue interface, and (2) equipment away from the tissue interface.
Constraints on each are independent, and as such have been considered separately. This section
details the general considerations and specific requirements necessary for achieving the aim of
developing a biogalvanic characterisation system. The work was performed in relation to

attaining a number of specific objectives:

Objective 3.1: To define the required elements (formal requirements) for the

tissue interface, control, measurement and analysis equipment.

Objective 3.2: To explore the available equipment options for performing the

required biogalvanic characterisations on tissue samples.

Objective 3.3: To develop a suitable method for electrode manufacture and
delivery to tissue surfaces.

Objective 3.4: To develop and validate an adjustable biogalvanic measurement

and control system.

Objective 3.5: To develop and assess characterisation methods for extracting

comparative metrics from biogalvanic measurements.

The following sections detail work conducted to define the system requirements for the

various elements to therefore meet Objective 3.1.

3.1.1 Systems overview

In consideration of Objective 3.2, two measurement systems were explored and compared. The
measurement systems tested were: (1) a custom biogalvanic system (c.f. Section 3.5.1 & 3.6),
and (2) the commercially available CompactStat (Ivium Technologies) in standard load control
mode (c.f. Section 3.5.2). For the purpose of clarity, these will be referred to as the Biogalvanic
system and CompactStat system respectively in the following sections. The Biogalvanic system
is a combination of numerous bespoke subsystems. In contrast, the CompactStat system offers a
small EC measurement and control device. Figure 3.1 gives an overview of the various elements

involved in development of a successful biogalvanic testing system. These subsystems are
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applicable to one or both of the measurement systems described and are the focus Sections 3.2-

3.7 in this chapter.

Physical Equipment

Electrode design: consideration of the type, geometry, connection and insulating
conditions. Development of manufacturing processes for electrode fabrication.

Contacting equipment: includes the equipment required to control the electrodes
and tissues to achieve suitable cell connection and maintain consistent mechanical
conditions. Testing equipment development for both ex vivo and in vivo tissues.

Electronic circuit design: design and construction of suitable electronic circuitry to
allow control of biogalvanic cell load.

Test Configuration & Measurement

Measurement & control equipment: selection and interfacing of appropriate data
acquisition hardware to control electronics and measure required signals.

Software: development and validation of suitable sofiware to allow the user specified
control of testing parameters and saving of required data signals and contextual
information.

Data Analysis

Electrical models: development and comparison of valid electronic models suitable
for biogalvanic characterisation based on system assumptions.

Fitting algorithm: integration of defined electronic models that make physical sense
into fitting algorithm to allow metric extraction from measured biogalvanic data.

Validation: application of the established physical equipment, measurement and
control systems, and metric generation techniques to known electronic analogues.

Figure 3.1: An overview of the elements considered in the development of a biogalvanic
characterisation testing system.

3.1.2 Tissue interface equipment

Tissue interfacing equipment was considered as: (1) equipment that is in direct contact with the
test materials, and (2) equipment that is required to deliver direct contacting elements to the test
material under the desired conditions. The former is primarily the electrodes and any insulating

surface materials. The electrodes themselves can take varied contacting geometry and be
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constructed from many materials, forming a huge potential for variability. The use of pure metal
electrodes constrains the attainable material sizes. Commercially available pure metals are only
available in finite forms and sizes and machining capability is practically limited. The selected
electrode materials need to be connected to the control electronics and so require wire
connection through solder, weld, clip or conductive glue. Each of these processes has equipment
and size limitations, and should be selected as to not induce permanent change in the material or
add excessive series resistance. The considerations of electrode production have been formally

summarised within Requirement 2.1.

Requirement 2.1: Produce metal electrodes with: repeatable surface conditions;
insulated electrical connection to measurement equipment; and optional insulated

contacting boundaries.

The contacting conditions at the electrode-tissue interface are fundamental to the
assumptions made in the characterisation models (c.f Section 3.7.1). Consideration of how the
electrodes are applied to the tissue surface is therefore essential. Specifically, the geometric
arrangement, tissue thickness and applied load/strain may alter the cell performance away from
that of the characterisation model. The design aim was to address and control these issues, while
considering the limitations of the surrounding environment available for electrode manipulation.

The specific considerations for the contacting equipment have been defined as Requirement 2.2.

Requirement 2.2: Allow delivery of manufactured electrodes to the tissue interface

on ex vivo and in vivo organs, with repeatable control of contacting strain or load.

3.1.3 Remote equipment

Elements remote to the surface interface are comprised of the control, configuration,
measurement and processing aspects of the characterisation. Electronic systems need to give
reliable connection to the EC cell without inducing additional noise or unintentional resistance.
Additionally, the switching between external loads should be rapid as to not invalidate the
model fitting assumptions of discrete external loads proposed by Golberg et al. [115]. External
load values should also be changeable and the control of the switching mechanism should be
easily adjustable, allowing external load values and switching rates to be altered readily. A
disconnect from the external loads is also desirable to allow measurement of the true open cell

voltage. The system requirements specific to the load control system have been formalised as:
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Requirement 2.3: Develop an electrical load control system to connect to the

biogalvanic cell directly without introducing additional noise and resistance.

Requirement 2.4: Allow connection of discrete external loads, configured to the

model arrangement presented by Golberg e al. [115].

Requirement 2.5: Permit transition across multiple, variable loads with the aim of

controlling the transition times and therefore induced transients [83].

Software used should allow the user to adjust the resistor range and switching intervals
selected, along with their switching rate and the measured voltage parameters. In addition, the
collected data from tests should be recorded to file and include raw values along with the test
configuration. For useful metrics to be obtained the software should apply a selected model to
the measured data and save the output to file. A high level of autonomy is desirable for this type
of system as it reduces the risk of human error, although is a secondary concern at the initial
testing stage. As such the requirements pertaining to software for control, measurement and

model fitting were defined as:

Requirement 2.6: Measurement of the external load and cell voltages should be
conducted with a device of high resolution, reducing quantisation error to <1 mV. This
value is based on expected minimum voltage transitions seen for previous biogalvanic
work [115, 149].

Requirement 2.7: Biogalvanic system software should interface with measurement
and control sub systems, allow the user to configure test settings of external resistor
range and switching rate, and allow configuration of voltage measurement rates.
Measured voltage-time data along with the test configuration should be saved to file

for post-processing.

Requirement 2.8: Biogalvanic characterisation models to be defined, implemented
into fitting algorithms and applied to measured data for validation. Characterisations

should allow for simple post-processing of measured data.

The design, generation and testing of the subsystems outlined within Figure 3.1 has been
detailed within Section 3.2-3.7. Each section specifies the work conducted to meet the

requirements stated within this section and the broader chapter objectives.
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3.2 Galvanic Electrodes

This section describes the metal electrodes designed to meet Requirement 2.1. As numerous

electrode arrangements were employed throughout the tests described in subsequent chapters, a

specific nomenclature was developed and is described within the following section.

Electrodes are the first point of electrical contact at the tissue surface, and are inherent
within any measurement of electrochemical systems. The types available and their potential

arrangement options are vast. The most prominent electrode variables have been described:

Material:

Geometry:

Surface:

Connection:

A wide range of electrode materials have been used in electrochemical
measurement systems [83, 84, 108, 150]. For a suitable galvanic cell
the materials should create sufficient potential difference under aqueous
conditions to allow measurement of the voltage transitions across the

range of external cell loading.

The electrode geometry covers the size, shape and relative positioning
of the anode and cathode. For the biogalvanic system, the model
assumptions have previously been based on axially aligned electrodes
with contact areas and separation used in the definition of GAIR

(volume conductor theory, [108]).

The surface of the electrode is in direct contact with the tissue. It is
integral in generating current through redox reactions and carrying
current as a conductor. The surface of the electrode will influence the
reaction type, cell potential and cell resistance. Modification through
chemisorption of compounds may be conducted to improve electrode
performance within a given application [150]. Conversely, modification
to the surface during measurement can occur through passivation,
leading to alterations of the EC cell and measurements of it [84]. For
the presented system, pre-conditioning of the electrode surfaces through
mechanical abrasion was deemed appropriate for the short duration of

testing conducted.

An ideal connection to the electrode will add no additional resistance
and cause no influence on the electrochemistry of the galvanic cell.
Typical methods involve mechanical coupling of wires through screws
or clamps; direct connection through solder or weld; or adjoining wire

with the aid of a conductive cement.
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To establish a suitable galvanic cell and allow direct comparison to the work of Golberg et al.
[115, 116, 149], copper and zinc were selected as the electrode materials. Investigation was
instead focused on the contacting conditions at the electrode-tissue interface. To this end a
number of different geometries were developed and have been described within Table 3.1.

Electrode arrangements were aligned either in axial, parallel-needle, or co-planar
arrangements, with additional variation of the boundary isolation with or without the use of a
non-conducting resin (Varidur™, Buehler, USA). Cylindrical metal was used in all
arrangements with three diameters employed. Insulated copper wire was soldered onto the back
of the electrodes at locations away from the tissue interface. For the largest electrode set, direct
solder onto the electrode was not possible; therefore conductive cement (CW2400 Epoxy,
Circuitworks, USA) was used to complete the electrical connection.

The electrode arrangement and size has a direct influence on the model assumptions, and
is particularly pertinent to any conversion of characterised resistance to a resistivity (GAIR,
equation (2.4)). An electrode nomenclature was developed to allow a simple means of
identifying the arrangement used in a reported test. For example a test of the X _p electrode set
would be in configuration X with electrode diameter D; the subscript R indicates that the
electrodes were set in resin. For the needle configuration information regarding the exposed
electrode lengths and separations was required. The electrode configurations and corresponding
codes are detailed in Table 4.1.

Table 3.1: Electrode geometries and nomenclature employed throughout testing.

Configuration of electrodes ~ Test Diameters (mm) Representative Code

. . 12 A12
Axially aligned

6 Ag

Parallel-needle 1 Ny

Co-planar 1 C;

A number of processes were involved in the manufacture of a particular electrode set.
Raw material in the form of pure zinc and copper round (99.9%) was machined to the required
diameter. Attachment of connecting wire was then implemented using the techniques previously
described. For electrodes requiring boundary insulation, the machined electrodes were place
into a resin mould and filled with resin. Set electrodes were then removed and mechanically
polished with 1200 grit and cleaned with distilled water. Figure 3.2 illustrates the involved steps

and shows an example of the manufacturing steps in producing a A,,_g zinc electrode.
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N N N

Select raw Attach
eiccttons Machine to connecting Fix in mould Remove and
: ~» required size —» wire = and submerge »  polish set
material (Zn ] ' .
?0.5") (#12 mm) (conductive in resin electrode
' cement)

Figure 3.2: Electrode manufacturing steps for the production of an A;,_z zinc electrode.

3.3 Contacting equipment

To obtain robust data from ex vivo or in vivo tissue samples and to meet Requirement 2.2 a

number of parameters were considered in the development of contacting equipment:

Platform:

Alignment:

Access:

Loading:

A testing rig was constructed to allow laboratory based tissue testing of ex vivo samples.
The Testing platform, shown in Figure 3.3(a), was made using adjustable aluminium sections
(Rexroth, Bosch Group, Germany) with electrode housing sleeves machined from acetal
polymer (Delrin®, Ensinger, Germany). Sleeves were manufactured to support either Ag or A;,

electrodes held vertically. The lower electrode is fixed into position and the upper electrode

A stable level platform is required to support the target tissue specimen
to allow stable connection of test electrodes.

The biogalvanic characterisation model assumptions are based on
concentric alignment of opposing electrode faces. For axial electrode
experiments, the contacting equipment should produce and maintain

this condition.

For repeat testing there is a need to manipulate and change tissues.
Contacting equipment should give enough space to practically achieve

this and to allow replacement or cleaning of the test electrodes.

The mechanical stress applied to tissue and the corresponding strain is
likely to produce a significant influence on the measured internal
resistance. The contacting equipment should therefore allow application

of load to the tissue and measurement of thickness and strain.
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locked to a desired position using a grub screw or held under a constant load using the upper
applicator.

For conducting biogalvanic characterisation tests on in vivo tissue, a surgical clip was
developed. The Surgical clip is more appropriate for testing in the confined space of the
operating theatre. The Surgical clip shown in Figure 3.3(b) allows tissue to be clamped between
electrodes of fixed separation while measurements are taken. The discrete position locking
mechanism however offers less control of the load/strain conditions compared to the Testing
platform. The final device was 3D printed in polyamide and painted with PVA to reduce

porosity.

(a)
Datum/load

applicator -
[

Upper
electrode &
housing
-

. 1
1
v

Ti Electrode
. | separation
platform spvepmpm ol (R e s t -
Lower y -

electrode & -

housing .

(b) Upper

/ electrode

Locking
mechanism ——a

S l Electrode separation
T T {5.0,22.3, 36.5, 53.0 mm}

N \ Lower

electrode

Figure 3.3: Galvanic cell testing systems, with: (a) Testing platform design for fixed
strain/separation tests, and (b) Surgical clip design, allowing fixed separation tests.
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3.4 Electronic Circuit Design

To meet the criteria of Requirements 2.3 - 2.5 a circuit board was designed with circuit CAD
software (Eagle PCB). To reduce additional series resistance and allow fast transitions between
external loads, electromechanical relays (G6A-234P, Omron Corporation, Japan) were
employed. These were switched through the use of transistors which were controlled with
digital level logic. This allowed the development of digitally controlled switching units, as
shown in Figure 3.4(a). When a high digital signal is present, each unit adds a mounted fixed
resistance (e.g. R1 shown in Figure 3.4(a)) between the cathode and anode. With a digital low
signal, each unit acts as a connector to the adjacent switching unit. The output of the final
switching unit must be connected to the anode to complete the circuit. Combining a number of
switching units allows a binary number based digital logic output to control the effective
external resistor value. A 7-bit system was developed with the first digital channel being
assigned to switching the galvanic cell into series with the external resistors, allowing the
effective resistance and OCV to be measured. Figure 3.4(a) shows a schematic of the cell
connection switch and a single switching unit. Each switching unit contained a relay, transistor,
indicator LED (not shown for simplicity), diode, current control resistor and external load
precision resistor. This structure was employed to allow unit testing prior to integration of the
complete system, with the potential for simple expansion to a larger testing system with more
loads. Figure 3.4(b) shows the final printed circuit board including soldered components. The
principle of operation of this circuit is shown diagrammatically within Figure 3.5.

L
‘ <
1 .|
i : ‘
P — i
‘ Ll
L J
°
-
.
ol
Out :]
.
k2
L
| Resistor e’
ommee switching r
UJ7”7Ji7”7””””””7/777#: unit :
(a) ®

Figure 3.4: (a) Switching unit schematic for external load control electronics, and (b) printed
board containing soldered components.

The effective series resistance value is determined by the summed values of the fixed

resistors soldered into the circuit along with any contribution from circuit connections. Initial
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board development made use of resistors starting from 5 kQ and doubling for each subsequent
relay, ending with 320 kQ for a maximum effective resistance of 635 kQ. This arrangement
gives a large range that can be linearly addressed with respect to binary input number with a
resolution of 5 kQ. In practice, the errors and availability of standard fixed resistors moved the
actual circuit slightly away from this ideal but was corrected for by sequential resistance
measurement prior to testing. Initial testing with this resistor range showed insufficient coverage
at the low end resistance to achieve suitable characterisations with Model B (c.f. Section 3.7).
The resistor set was therefore adjusted to provide suitable coverage of the low resistance region.
Appendix A, Table A.1 details the values achieved for binary input number for the two resistor
sets, subsequently referred to as Resistor set 1 and Resistor set 2 for the linear set and low range
set respectively.

( Start )

\ 4
Read th new Measured data to DAQ
binary value device
[01101011]

I i

Set relays to
corresponding states

¥

— N
s bite] = 09 Measure voltag(? drop
“ ) over external resistance
Y l
Measure OCV and/or

external resistance

Figure 3.5: Flow chart illustrating the principle of operation of the designed electronics.

3.5 Measurement & Control Equipment

To meet Requirement 2.6, specialised hardware was required to control the external load and
measure the corresponding voltage drop. Two systems were employed to achieve this: (1) the
NI myDAQ (National Instruments, USA), and (2) the Ivium CompacStat (lvium Technologies,

the Netherlands). The former was used in conjunction with the electronics described within
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Section 3.4, and programmed through custom software (LabVIEW, National Instruments,
USA). Development with the NI myDAQ was conducted due to the limitations of the settings
with the CompactStat. Through the use of this hardware, the Biogalvanic System was able to be
made specific to the type of testing and flexible to the focused testing variables.

The CompactStat was used to perform two functions in the described tests, firstly as a
Zero Resistance Ammeter (ZRA) to record current response of the myDAQ based biogalvanic
system, and secondly as a standalone load control system for comparative characterisation. The
following sections describe the utilised hardware in more detail.

3.5.1 NI myDAQ

The NI myDAQ (National Instruments, USA) is an inexpensive device that allows control and
measurement of analogue and digital signals. The configuration is highly customisable through
the accompanying software (LabVIEW, National Instruments, USA). The hardware
specification for the myDAQ data acquisition device is given within Table 3.2. For the
biogalvanic characterisation system, the device was configured to generate digital outputs for
each of the relays on the custom PCB described within Section 3.4. In addition, a time-coded
recording of the voltage drop across the external resistance was established. The accompanying

control software for the myDAQ is described within Section 3.6.

Table 3.2: NI myDAQ specifications adapted from [151].

Parameter Value
Manufacture National Instruments
Model myDAQ
Number of analogue input channels 2
Analogue input range +-10V,+/-2V
ADC resolution 16 bits
Number of digital 10 channels 8

3.5.2 Potentiostat

Potentiostats allow the control and measurement of electrical signals in electrochemical systems
[83]. The CompactStat (lvium Technologies, the Netherlands) is a portable, small form-factor
potentiostat with the power and precision to conduct simple electrochemical measurements. The
platform can be powered from USB and is easily configured through native software
(IviumSoft, Ivium Technologies), enabling equipment to be moved from lab to clinical setting.

Some of the important specifications are presented in Table 3.3.
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Figure 3.6 shows a diagram of a typical potentiostat (potential control) / galvanostat
(current control) device. The electrochemical cell is connected to the electronic circuitry
through standard external connector leads. These are labelled working electrode (WE), counter
electrode (CE), reference electrode (RE), sense (S) and ground (G). During operation, the
potential is measured between RE and S and the current is measured between CE and WE, i.e.
through the electrochemical cell. When the cell is connected, the control amplifier drives the
potential (polarisation) of the CE relative to the WE. The level of polarisation is controlled
using potential feedback from RE-S (potentiostat mode) or current feedback from WE
(galvanostat mode). The respective feedback signal is compared to the desired driving signal
and the resulting error used to modulate the polarisation of CE appropriately. The device
connectors can be reconfigured to give various modes of operation that have specific use in
electrochemical testing.

Desired Cell On/OFF
switch

potential/current fi\

Control
amplifier

. G
Potentiostat /

galvanostat

/ +
switch / CE
Measured o Difference
potential w
— WE

Low current High / low
= current range

switch

Current
follower

Measured | ——
current ©
) +
High / low ] 1 /
current range _ - Difference Shunt
switch W resistor

Figure 3.6: Diagram of the electronic configuration of a typical potentiostat/galvanostat, (image
adapted from [152]).

Through disconnection of the cell and connection of G to the counter electrode of the
electrochemical cell, the cell current can be accurately measured without augmenting cell
potentials. This Zero Resistance Ammeter (ZRA) arrangement was used with the CompactStat
to allow accurate measurement of cell current during characterisation with the myDAQ based
biogalvanic characterisation system. Figure 3.7(a) shows schematically the how the ZRA was

applied to the biogalvanic characterisation system.
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Table 3.3: lvium CompactStat specifications adapted from [153].
Parameter Value
Manufacture Ivium Technologies
Model CompactStat
Current range 1pA-1A
Voltage range I1mv-10V
Time resolution 10 ps

Scan rates 1u V/s —10,000 V/s

The CompactStat was also used to develop an appropriate testing method for comparison.
A two electrode polarisation cell was first established through coupling of the WE and S
connectors and the CE and RE connectors respectively. The native software (lviumSoft, Ivium
Technologies, the Netherlands) allows the cell potential and current to be regulated in
accordance with a simulated external resistive load. The electrode and wiring configuration for
this type of test is shown within Figure 3.7(b) [152]. Theoretically, this system offers external
load control with a fully configurable resistor range. However, two issues are apparent: (1) the
current limitations of the device limit the available low end resistance, and (2) the current range
must be adjusted manually to allow testing in specific resistance ranges resulting in the need for
multiple software configuration files to run a single test. Section 3.8 describes the comparison
tests conducted using the CompactStat and the custom biogalvanic system.
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[ : Control 1
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Figure 3.7: Biogalvanic testing system configured with the Ivium CompactStat Zero Resistance
Ammeter (ZRA); allowing accurate current measurement during myDAQ based
characterisation.
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3.6 Software

This section describes the development of software to meet Requirement 2.7 with the use of the
Biogalvanic system. The primary function of the developed software was therefore to send
digital outputs to control the PCB relays autonomously while measuring, displaying and logging
the corresponding voltage drop and resistor values. Additional functionality was added to allow
programmatic control of the resistor range, switching rate, data averaging and repeat settings.
The software architecture was selected and implemented to allow simple configuration of
testing protocols. Figure 3.8 shows the main user interface (Ul) as well as the front panel of the
test measurement program. Figure 3.9 shows schematically the program behaviour for running a
configured test. A number of user selectable options were made available from the main user

interface. The functionality of each has subsequently been described:

Watch Digital: Allows monitoring and manual control of the digital channels of the
myDAQ device. This can be used to apply specific external loads

manually and to check electronic functionality.

Watch Resistance:  Allows monitoring of the resistance external load currently switched
in to the cell. This can only be measured when the cell is

disconnected from the galvanic electrodes.

Watch Voltage: Allows monitoring of the voltage drop over the selected external
loads. While the cell is disconnected this also allows for direct

measurement of the OCV .

Change 10: Allows reconfiguration of the myDAQ channels. This is used only to

meet physical alterations of the electronics system.

Monitor Data: Combines control of the digital channels with measurements of the
corresponding voltage drop. This can be used to manually monitor

cell performance prior to running automated tests.

Configure & Run: Loads the configuration interface where the user can select the
desired test parameters of: switching rate, switching direction,
resistor range, voltage averaging options and repeat options.
Following completion of these fields the user may run the tests. This
will automatically cycle through the defined tests and save the

corresponding data.

Review Data: Generates a review interface where saved raw data files can be

loaded and processed using the desired model fitting options.
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Stop: Closes connection to the myDAQ device and stops the software.
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Figure 3.8: Main LabVIEW program Ul (top) and testing measurement program Ul (bottom).
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Figure 3.9: Flow chart schematic of the software architecture, illustrating program behaviour.

3.6.1 Steady state voltage measurements

The described software was configured to measure the steady state voltage of the individual

cell-external load combinations. With the assumption of the transient behaviour of the cell

behaving as a first order system, it is possible to define steady-state mathematically [154].

Equation (5.4) is representative of a first order system with a decaying exponential voltage (V)

response. In this case 1, represents the voltage prior to application of the new external load, 7 is
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the time constant specific to the system and t represents time. For times equal to multiples of t
it is possible to determine the percentage of signal decay, therefore allowing definition of steady
state based on a specific percentage threshold. For example a decay time of 57 would give a

decay to less than 1% of the original voltage V.

V=V 3.1)

Although this method clearly gives a quantifiable means of establishing steady state, it
was not practically selected. As the time constant for the system would be dependent on the test
conditions and potentially the external load values, the suitable decay time would be variable.
This removes experimental repeatability from the system and adds additional complexity to the
analysis. An alternative method was utilised to make measurement times more consistent.
Application of external loads was controlled for a fixed, specified time depending on the
switching rate. To obtain a steady state voltage measurement, the arithmetic mean of a specified
percentage of the data acquired prior to the next switch was taken.

A trade-off in the percentage of the signal chosen exists between removing noise and
attaining a value most representative of steady state. Figure 3.10 illustrates how the average
voltage reading is selected from measured data. It is evident that the accuracy relative to the true
steady state value is dependent on the switching time and the time constant of the system. For a
small 7, a fast switching rate will achieve an accurate steady state value, while the same
switching rate applied to a system with a large = will induce significant inaccuracy in the
average voltage achieved. Application of this method is therefore at the discretion of the user

and estimations of the system behaviour are required to make appropriate switching rate

selections.
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Figure 3.10: Illustration of the steady state averaging technique employed for determining
voltage values corresponding to external loads. Shows a 10% data selection applied with a
switching time equal to (a) T and (b) 5t.
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3.7 Model Based Characterisation & Parameterisation

To determine useful metrics relating to the biogalvanic cell it is necessary to utilise a
representative model. Models may be selected to fit to measured data in the most optimal
fashion, or may use constitutive equations to relate measurements to the physical characteristics
of the system. The following sections detail the electrical model and fitting strategies
implemented within the biogalvanic characterisation process to meet Requirement 2.8.

3.7.1 Electrical models

A representative model of the biogalvanic system is shown in Figure 3.11. Based on this
configuration it is possible to derive many theoretically valid characterisation approaches,
including that proposed by Golberg et al. (equation (3.2)) [115]. In this case, a point-wise
characterisation based on the independent current flow at one external resistance value is
employed. Internal resistance (RyyT) can be determined for any external resistance as long as the
OCV is known.

Biogalvanic cell

..... VZ

RinT Rexr
Cu

4— Tissue Cell —i+— Electronics —

&

Figure 3.11: Electrical equivalent model of the biogalvanic system (insert: clamped tissue
specimen).

3.7.1.1 Point-wise method

A point-wise characterisation may be performed through application of a single external load
and measurement of the corresponding voltage drop. Based on equation (3.2), the OCV is also
required. For comparison of the performance of this method to those proposed in the following
sections, averaging across multiple external resistance values was conducted. The point-wise

values were calculated for each external resistor in the characterisation set, based on equation
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(3.2). For electronic model validation described in Section 3.8, these values were determined
using the known value of OCV. The averages were then determined for the resistor set used, and

compared to values attained with the alternative models.

1 R R
1 _ Rexr | Rint (3.2)
I ocv ocv

3.7.1.2 Model A

The expression of equation (3.2) is based on Ohm’s law and an idealised electrical circuit
analogy. Manipulation of this expression was employed to develop two model fitting schemes
for characterising the measured data. The first (Model A) is given in equation (3.3), and offers a
simple graphical method for determining the internal resistance (R;y+) and the equivalent Open
Circuit Voltage (0OCV). Determination of the relationship between the external resistor and
inverse current flow using linear regression gives the internal resistance R;yrand the OCV;
represented by the negated ordinate-intercept and gradient respectively. Figure 3.12(a)
illustrates a typical Model A characterisation, and indicates how alteration of R,y and OCV

affects the plot.
(MOdeI A) REXT = OCV% — RINT (33)

3.7.1.3 Model B

The second model (Model B) uses an alternative expression relating the measured voltage (V)
to the internal resistance and OCV for a given external load. The developed model is again
based on the electrical analogy of Figure 3.11 and is expressed as equation (3.4). This was also
extended into vectorised form as shown in equation (3.5), where V represents the vector of
measured (V,) voltages for the external resistor set (R). This allows relation of a full measured
dataset to a single internal resistance. Figure 3.12(b) shows the typical Model B plot on a
logarithmic external resistor scale, again indicating how variation in R;yr and OCV influence

the plot.

(MOde| B) VZ = IREXT = L REXT (34)

(RgxT+RinT)

ocv

__ov (3.5)
v (R + Rint) R
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Figure 3.12: Typical model fits over a range of external resistor, showing influence of OCV and
R;y7 Variation on (a) Model A, and (b) Model B.

3.7.2 Model fitting methodology

As alternatives to the point-wise internal resistance characterisation method of Golberg et al.
[115, 116], the two electrical models developed were incorporated to allow all measured
voltages over the Rpxr range to be used in determining a single value of Ryyt. Model A and
Model B, equations (3.3) and (3.4) respectively, were employed in two fitting algorithms to

allow extraction of the desired internal resistance and OCV metrics.

3.7.2.1 Model A fitting

To fit to Model A, the LabVIEW Linear Fit function (National Instruments, USA) was used to
generating a linear best fit for discrete measured V, and Rgyr data. Based on the relationship of
equation (3.3), the internal resistance and OCV were extracted. Figure 3.13(a) shows a typical fit
achieved using this fitting method with data measured from an electronic simulation cell

described within Section 3.8.

3.7.2.2 Model B fitting

An alternative approach was required for application of Model B. The model, described by
equation (3.5), was applied to the measured data using a Levenburg-Marquardt [155] algorithm
(commonly employed for fitting of BIS data [116, 123]). This was employed in LabVIEW
(National Instruments Ltd., TX), allowing minimisation of the sum of squares (S) determined by
equation (5.4). In this case V; is the voltage measured across the external resistance R; and m
represents the vector length determined by the number of external resistors employed. The
vector of model coefficients to be optimised is B which in this case represents the OCV and

Rint- A single value for each element of B is determined for each dataset for the converged
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minimum error fit. Figure 3.13(b) shows a typical output fit to measured data from the

electronic simulation of Section 3.8.

SB) = X'Vi — f(R;, B))? (3.6)
v Ry =1kQ 0 Ry =10KQ O Ry =100kQ  ——— Model Fits
(b)
g
=
:
R

-1 5
VA" x10 R, (Q)

Figure 3.13: Typical optimised model fits to data measured using an electronic simulation of 1,
10 and 100 kQ fixed resistors at 0.5 V OCV in conjunction with the custom biogalvanic
measurement system, for (a) Model A, and (b) Model B.

The model fitting methods described in this section offer alternatives to internal
resistance through a point-wise application of equation (3.2). The use of a complete dataset acts
to reduce the variability associated with a point-wise scheme. In addition, the flexibility to
determine an effective OCV value also removes the need for it to be measured directly under
open cell conditions, or for it to be assumed for the specific test. The following section
describes validation of the measurement systems described, and the proposed model fitting

methods.

3.8 Validation

To validate the test systems developed, measurement and characterisation of electronic
components was performed. Identical test procedures were carried out using both the
Biogalvanic system and the CompactStat, allowing head-to-head comparison of the
measurement system performance. In addition, characterisations were performed using the
point-wise, Model A and Model B techniques described within Section 3.7 to allow comparison

of the models and fitting methods. The validation methodology and results are detailed within
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Section 3.8.1 and Section 3.8.2 respectively. Section 3.8.4 gives a summary of the important

outcomes from the validation process.

3.8.1 Methodology

Validation was conducted through the use of an electronic cell model. Each model cell was
comprised of a calibrated power supply (EL302RD, AIM-TTI Instruments, UK) in series with a
fixed resistor. These components were configured to simulate the OCV and internal resistance of
a biogalvanic cell respectively. A series connection with the measurement system under test was
subsequently made, as illustrated within Figure 3.14. Measurements were conducted with a 0.5
V simulated OCV and simulated internal resistance values of 1, 10 and 100 kQ. These values
were representative of the range found from preliminary tissue measurements. The measurement
systems employed were: (1) the Biogalvanic system (c.f. Section 3.5.1 & 3.6), and (2) the

CompactStat in standard load control mode.

________ Simulated ~~ Simulated
} ocy } RINT i
I . |
Ve i L +ve
Power supply

Reyr control & V> measurement
—> device (Biogalvanic /
CompactStat)

Figure 3.14: Schematic of the electronic simulation arrangement during connection to the
external load control and voltage measurement device.

All output metrics were considered as an average of 10 repeat characterisations. Fifteen
external resistance levels were used on both systems, ranging from 11.5 Q to 585 kQ with
approximately even logarithmic spacing. Characterisation of the measured data was conducted
using the point-wise method of Golberg et al. [115], as well as through application of Model A
and Model B, as described within Section 3.7.1. Influence of resistor range on the model fit
predictions was also analysed as part of the study. Figure 3.15 illustrates the characterisation

methodology employed to extract the metrics required for the validation study.
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‘ Measurement equipment configuration
Biogalvanic CompactStat

l l

Measure and record voltage-time data for selected equipment
configuration

\ 4

Extract steady-state voltage values corresponding to each
external load applied

v

Select dataset range for performing characterisation

v

Apply characterisation methods

Point-wise

Average Model A Model B
internal

resistance

¢ \ 4 h 4

‘ Compare output metrics OCV*, Riyr

Figure 3.15: Methodology sequence used for validation of the measurement equipment and
characterisation strategies (*OCV assumed for point-wise method).

3.8.2 Results

Example voltage-time traces recorded during a typical characterisation of an electronic test cell
using the two measurement configurations are shown within Figure 3.16. The responses are as
expected for electronic analogues, with sharp transitions at external load switching points.
Deviations between the measurement configurations can be seen at external loads above 10 kQ
for characterisations of the larger internal resistances.
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Figure 3.16: Example measured voltage (V) traces for electronic model characterisation of (a)

Ryt = 1kQ,0CV = 0.5V, (b) Rjyr = 10kQ, 0CV = 0.5V and (¢) R;yr = 100 kQ,0CV =

0.5 V. Data shown from the Biogalvanic system and the Ivium CompactStat configured to load
control mode; corresponding external resistance values are also shown (in Ohms).

The steady state voltages for each of the external loads were extracted from the voltage-

time data. Two comparative metrics were calculated from each dataset: internal resistance

and OCV. These were obtained using the three characterisation methods described within

Section 3.7. The characterisation graphs obtained for application of Model A and Model B are

presented within Figure 3.17 and Figure 3.18 respectively.
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Figure 3.17: Mean measured V, (represented as 1/I = Rgxr/V,) and characterisation fit values
for Model A fitting to electronic simulations of (a) R,y = 1kQ,0CV = 0.5V, (b) R;yr =
10kQ,0CV = 0.5V, (c) Ryyr = 100 kQ, 0OCV = 0.5 V. Shaded region represents 1 standard
deviation of the mean model fit. In order to improve clarity data presented in (b) and (c) are
from resistor sets of 14 and 11 elements respectively; complete resistor range values are
presented within Table 3.5.
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Figure 3.18: Mean measured V, and characterisation fit values for Model B fitting to electronic
100 kQ, OCV = 0.5 V. Shaded region represents 1 standard deviation of the mean model fit.

Table 3.4, Table 3.5 and Table 3.6 show the characterised values obtained through point-
wise, Model A and Model B respectively. In addition, this tabulated data contains the fitting
results for external resistor set sizes ranging from 15-10. As error was primarily induced from
the low end resistors this data was obtained through sequential removal of the lowest external

load within the data set followed by re-fitting with the respective characterisation method.
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Table 3.4: Point-wise data (Average (xSD)) for electronically simulated R,y and OCV models
(1,10 and 100 kQ at 0.5 V); including influence of resistor range selection on characterisation
(n=10). All values determined using an assumed OCV of 0.5 V.

Rivr = 1k2,0CV — 0.5V

Resistor Range All 2:15 3:15 4:15 5:15 6:15
(size) (15) (14) (13) (12) (12) (10)
myDAQ Ruur (k) 0.629 0.591 0.559 0.521 0.477 0.427
+0.020 +0.022 +0.023 +0.025 +0.028 +0.030
Compactstat Ror (k) 1.887 1.954 2.023 2.103 2.197 2.299
+0.052 +0.056 +0.060 +0.065 +0.071 +0.078
Riyy = 10 kQ,0CV — 0.5V
Resistor Range All 2:15 3:15 4:15 5:15 6:15
(size) (15) (14) (13) (12) (12) (10)
myDAG Ror (k) -71.04  9.792 9.666 9.540 9.484 9.435
+241.21 £0.018 0.020 +0.023 +0.024 +0.027
Compactstat Roer (k) 41.85 44,52 47.01 49.91 53.33 57.33
+1.146 £1.251 +1.372 +1.509 +1.656 +1.837
Ryyr = 100 kQ,0CV — 0.5V
Resistor Range All 2:15 3:15 4:15 5:15 6:15
(size) (15) (14) (13) (12) (12) (10)
myDAQ Roer (k) -53.42 -56.58 -29.18 100.7 99.39 99.24
+174.2 £186.6 +204.7 +0.096 +0.031 +0.025
99.48 106.2 110.7 115.7 115.9 116.9
compactStat — Ruvr (k) 356 40363 0286 40,039 0039  +0.054
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Table 3.5: Model A fit data (Average (xSD)) for electronically simulated R;y and OCV models
(1,10 and 100 kQ at 0.5 V); including influence of resistor range selection on characterisation

(n=10).
Rinr = 1 k0,0CV —05V
Resistor Range All 2:15 3:15 4:15 5:15 6:15
(size) (15) (14) (13) (12) (11) (10)
1017 0998 0995 00991 0987  0.984
Rvr (KD 0008 +0008 0010 +0012 40014  £0.018
mYPAQ ocr ) 0501 0501 0501 0501 0501  0.501
+0.000 $0.000 +0.000 +0.000 +0.000  +0.000
1273 1316  1.359 1418 1502  1.609
Rvr (K0) 0027 10031 0036 0043 0054 +0.067
CompactStat 0.498 0498 0498 0498 0498  0.498
OV 0000 0000 0000 +0000 +0.000 £0.000
Rinr = 10 kf2,0CV — 0.5V
Resistor Range Al 215 315 415 515 615
(size) (15) (14) (13) (12) (11) (10)
17.860 10404 10.228 10.036  10.002 _ 9.998
Rivr (KD o sy +0014 0014 0011 0012 +0.016
mYPAQ 0439 0502 0501 0501 0501  0.501
OV 0151 0000 +0000 +0000 +0.000 £0.000
11.841 13.020 13450 14035 14.916 16.393
Rvr (K0) 0189 0232 0201 0383 0500 0.698
CompactStat ocv ) 0430 0431 0432 0432 0433 0435
+0.002 $0.002 $0.002 +0.002 +0.002  +0.002
Rinr = 100 k2,0CV — 0.5V
Resistor Range All 2:15 3:15 4:15 5:15 6:15
(size) (15) (14) (13) (12) (11) (10)
. 139.76  -150.79 -153.93 103.92 100.52  100.28
+34.88 £36.97 5221 2024  +0.09  +0.08
mYPAQ ocr ) 0115 0112 0116 0505 0502 0501
+0.083 0.082 $0.094 +0.000 +0.000  +0.000
68.746 82140 90911 10329 101.60 101.57
Rvr (K0) 0884 +1076 0921 0139 0164 0.146
CompactStat 0.444 0459 0468 0481 0480  0.480
OV 0001 0001 0001 +0000 +0.000 £0.000
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Table 3.6: Model B fit data (Average (£SD)) for electronically simulated R,y and OCV models
(1,10 and 100 kQ at 0.5 V); including influence of resistor range selection on characterisation

(n=10).
Ry = 1k2,0CV — 0.5V
Resistor Range All 2:15 3:15 4:15 5:15 6:15
(size) (15) (14) (13) (12) (11) (10)
1.009  1.009  1.008  1.007  1.002  1.005
Rivr (KD 0000 +0000 0000 0000 +0.002 £0.002
MYPAQ ocr ) 0501 0501 0501 0501 0501  0.501
+0.000 +0.000 +0.000 +0.000 +0.000  +0.000
1.061 1061  1.062 1063 1119  1.126
Rivr (0 0001 0001 0001 0001 £0.009 £0.010
CompactStat 0497 0497 0497 0497 0497  0.497
OV 0000 0000 0000 +0000 £0.000 £0.000
Riny = 10 k2,0CV — 0.5V
Resistor Range All 2:15 3:15 4:15 5:15 6:15
(size) (15) (14) (13) (12) (11) (10)
10.039 10038 10.037 10.036 10.028  10.038
Rvr (KD 0004 +0004 0004 +0004 +0.004 +0.007
mYPAQ 0501 0501 0501 0501 0501  0.501
OV 0000 0000 0000 +0000 £0.000 £0.000
10.054 10.054 10.054 10.054 10.046  10.501
Rive () 0201 +0290 0200 40290 0207 0275
compactStat 0421 0421 0421 0421 0421  0.422
OV 0003 0003 +0003 +0003 £0.003 +0.003
Rinr = 100 k2,0CV — 0.5V
Resistor Range All 2:15 3:15 4:15 5:15 6:15
(size) (15) (14) (13) (12) (11) (10)
1002 1002 1002 1002 1002 _ 100.1
Rivr (KO 0064 +0064 0064 +0064 +0.064  +0.066
myPAQ ocv ) 0500 0500 0500 0500 0500  0.500
+0.000 +0.000 +0.000 +0.000 +0.000  +0.000
101.4 1014 1014  101.4 1014 1014
Rvr (K0) 0161 0161 +0161 0161 0161 0.159
CompactStat 0479 0479 0479 0479 0479  0.479
OV 0000 0000 +0000 +0000 +0.000 £0.000
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Data in Table 3.4, Table 3.5 and Table 3.6 show the characterised metrics and the actual
electronic simulation values across reducing external resistance set sizes. Figure 3.19 and Figure
3.20 present this information as a percentage characterisation error in R,y and OCV for the

three characterisation models using the Biogalvanic and CompactStat systems respectively.
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Figure 3.19: Percentage error from electronic model characterisation using data measured with
the custom Biogalvanic system; indicating metric outputs from Point-wise, Model A and Model
B characterisations. The influence of the input measured dataset size on the characterised
internal resistance and OCV is shown for electronic models (a) R;yr = 1 kQ,0CV = 0.5V, (b)
Riyr = 10kQ,0CV = 0.5V, (¢) R;yr = 100 kQ, OCV = 0.5 V. *Indicates where data points
have been omitted due to magnitude of error, values for these points may be found within Table
3.5, Table 3.6 and Table 3.4.
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Figure 3.20: Percentage error from electronic model characterisation using data measured with
the Ivium CompactStat; indicating metric outputs from Point-wise, Model A and Model B
characterisations. The influence of the input measured dataset size on the characterised internal
resistance and OCV is shown for electronic models (a) R;yr = 1 kQ, 0CV = 0.5V, (b) Rjyr =
10kQ,0CV = 0.5V, (c) Ryyr = 100 kQ, OCV = 0.5 V.

Figure 3.21 shows the error in internal resistance determined using the point-wise method
for the electronic simulation as a function of the external resistor used within the calculation
(equation (3.2)). For these calculations the OCV was input as that measured on the power supply
as well as values £1% of this, representing the influence of small variations in OCV as seen in

biogalvanic systems [114].
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Figure 3.21: Error (%) in determined Ryyt Values using point-wise method, as a function of
Rext used in calculation; (x) represent determined Ry Using correct OCV, error range from
+1% variation of correct OCV shown as the shaded region. Data measured using the
Biogalvanic system on electronic simulations of (a) R;yr = 1 kQ,0CV = 0.5V, (b) Riyr =
10kQ,0CV = 0.5V, (c) Riyr = 100kQ, 0CV = 0.5V.
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Figure 3.22: Mean error (%) +1SD (n = 10) in determined Ry for point-wise, Model A and
Model B characterisation methods, performed with data measured using the Biogalvanic system
on electronic simulations of R;yr = 1,10 & 100 kQ at OCV = 0.5 V. Model A error at 10 and

100 kQ shown for resistor sets of 14 and 11 respectively.
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3.8.3 Validation discussion

The validation study performed shows variability with the control and measurement systems
selected for testing as well as the model and fitting approach used for metric generation. The
following sections detail and discuss main findings from the study and give justification for the
testing systems used within initial tissue and salt solution testing described within Chapter 4 and
Chapter 5 respectively.

3.8.3.1 Control & measurement systems

Two systems were employed in the presented validation study. These were the
Biogalvanic system and the lvium CompactStat configured to load control mode. Figure 3.16
shows representative voltage-time traces for the two systems. It can be seen that for internal
resistance values simulated at 10 and 100 kR there are significant differences. This is most
prominent with the 10 k£ test, where voltages are of the order of 100 mV lower using the
CompactStat at high external loads. Differences in the voltage traces are persistent through the
characterisation processes and lead to much higher errors within the characterised R;yr and
OCV values, as illustrated through comparison of Figure 3.19 and Figure 3.20.

This ultimately brings the performance of the CompactStat under these conditions into
question. It should be noted, however, that the reason for many of these significant errors is
likely due to the challenge of configuring the potentiostat to conduct load control experiments
over the desired testing range (an unusual application of the CompactStat device). Indeed,
incorrect matching of measurement current range and external load with the simulated
R;n,OCV combination can lead to current saturation, inducing an incorrect voltage reading.
The complexity of addressing this configuration issue was deemed outside of the scope of early
stage testing and therefore initial parametric testing of Chapter 4 and Chapter 5 was conducted
using the custom Biogalvanic system. For later stage testing it was necessary to utilise the
CompactStat to perform load control experiments, and so these issues were revisited as part of

the work presented in Chapter 6.

3.8.3.2 Characterisation technique comparison

Three characterisation techniques were utilised in the presented validation study. These
were point-wise calculation using equation (3.2) with the assumption of a fixed OCV, linear
regression fitting to the developed Model A of equation (3.3), and least-squares fitting to the
developed Model B of equation (3.4). Figure 3.17 shows the model fits achieved using Model A
for the electronic simulations tested. It is evident that the data fit well to the linear model of
equation (3.3). However, the presented data for 10 and 100 k£ shows results from reduced

external loads set sizes. This is due to the large fitting error induced by the low external
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resistance voltage reading under these simulations. This is particularly evident within the
characterisation error (%) presented within Figure 3.19 and Figure 3.20. For the larger resistor
sets used, characterisation error with Model A was found to be large. This increased error was
more prominent in the larger simulated external loads and in the Biogalvanic system. The latter
is likely due to the improved resolution of the CompactStat device.

Figure 3.18 shows the model fits achieved using Model B for the electronic simulations
testing. The least-squares fitting method presented in Section 3.7.2 allows equation (3.4) to be
applied to the measured data with minimal error. Figure 3.19 and Figure 3.20 show that the
characterisation error (%) achieved when using Model B compares favourably to the alternative
methods. Not only is the error typically lower than other methods, but it remains widely
consistent through alteration of the external load range used and the simulated internal
resistance. This robustness to variation of input data is particularly relevant to tissue testing,
where the resistance being characterised is not known at the time of the measurement and
therefore a wide range of external loads, particularly at the low end is required.

The use of a point-wise technique, offers the simplest approach to resistance
measurement. However, it can be seen within Figure 3.19 and Figure 3.20 that the error (%) is
often large and particularly sensitive to the resistor range testing, even with the use of averaging
over the full resistor range. Figure 3.21 illustrates the error (%) caused as a function of the
external load selected for the calculation and for accurately known OCV. For Rgxt values
greater than the internal resistance, error increases linearly with increasing Rgxt. FOr Rgxt
values smaller than Ry, errors become large due to the resolution of the voltage measurement
system. Variations in the OCV used also exaggerates these errors, making point-wise
characterisation accurate only with Rgxr values similar to the internal resistance. For the case of
tissue assessment, the internal resistance will be unknown at the time of measurement therefore
selection of a similar external load would be challenging. With this method there is also an
additional need for measurement or assumption of the cell OCV prior to each characterisation.
The consequence on the characterisation error for small inaccuracies (x1 %) in this value is
shown within Figure 3.21. The overall sensitivity in resistance characterisation makes it a poor

choice for assessment of biogalvanic characterisation as a whole.

3.8.4 Validation summary

Figure 3.22 compares errors produced by point-wise, Model A and Model B characterisation of
Ryt Tor the electronic simulations tested. Errors associated with the point-wise data and the
linear regression fit of Model A are comparable and larger than those for the least squares
characterisation of Model B. Characterisation errors for Model B range from 0.9% to 0.19%

with increasing simulated Ryyt. This is much lower than the errors presented with the other two
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methods, which have a range of £4%. More significantly, the variability seen within repeats is
negligible for Model B compared to the point-wise and Model A characterisations which show
standard deviation of up to +5%. Improved characterisation accuracy and precision, coupled
with reduced sensitivity to external resistor range and OCV indicate that the least squares fitting
method of equation (5.4) using Model B is more robust than the point-wise and Model A
methods. The validation study presented has also highlighted the challenging nature of
performing load control experiments using the CompactStat. For these reasons the subsequent
characterisation data reported within Chapter 4 and Chapter 5 have been attained using the

Biogalvanic system in conjunction with model B fitting.

3.9 Chapter Summary

In meeting Objective 3.1, the requirements for the development of a practical system for
performing biogalvanic characterisation have been considered. Based on these findings suitable
systems were developed, allowing the contact, measurement and analysis of tissue samples.
Presented solutions take the form of the Biogalvanic system, a bespoke software controlled
electronic measurement system, and a commercial potentiostat (CompactStat, Ivium
Technologies) configured to allow external load control. The exploration and development of
these systems pertain to Objectives 3.2 and 3.4 respectively. In accordance with Objective 3.3,
manufacture of suitable biogalvanic electrodes has been described (Section 3.2), with applied
testing reported within Chapter 4.

For application to the measured data collected using these systems, a range of model
fitting algorithms were explored, realising Objective 3.5. The findings from the system
validation suggest that fitting across a full range of measured data to produce and single internal
resistance and OCV may reduce the sensitivity of the system to external load selection. The
combination of the Biogalvanic system and least squares fitting of Model B (equation (3.4)) has
been verified as the most appropriate selection for application to tissue models. This has

therefore been utilised in the work of the following chapters where appropriate.
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Chapter 4

Biogalvanic tissue testing

This chapter describes the first stage of tissue testing with the biogalvanic characterisation
system described in Chapter 3. A parametric investigation into the contacting conditions and the
sensing configuration has been undertaken. Primarily, the testing described was conducted on ex
vivo porcine tissues, although additional results from in vivo porcine tissue and in vitro and ex
vivo human tissue are also presented.

The results indicate that modelling a galvanic tissue system as a fixed Open Circuit
Voltage (OCV) and internal resistance (R;yr) in series corresponds well with measured data
both ex vivo and in vivo. Through application of the proposed measurement technique and the
model fitting methods described in Chapter 3, repeatable determination of these two parameters
is possible.

Results show that internal resistance is sensitive to tissue type, thickness and mechanical
strain conditions. Additionally, the external resistor switching rate and direction have been
shown to influence the characterised resistance. In combination these results demonstrate that
the simplicity of the model proposed does not allow for complete capture of the resistive
properties of tissues. In contrast, variability found in the determined OCV due to test conditions
was found to be less than for Ryyt. This parameter also showed specificity to tissue type, and

based on a single test on diseased ex vivo rectum tissue, showed a difference with tissue health.
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4.1 Testing Aims

The desired application of the biogalvanic characterisation system is as a contact measurement
device incorporated into a surgical tool for MIS. As such the biogalvanic method of tissue
characterisation requires testing under appropriate conditions. The primary aim of the testing
presented is to assess the performance of the technique under contact with tissue; defining the
validity of the test equipment and model assumptions employed. In addition, it is an aim of the
study to determine the significant influencing parameters on the characterisation process that
may affect application in surgery. The following objectives were defined to allow realisation of
the chapter aims:

Objective 4.1: To assess the efficacy of the custom biogalvanic characterisation
system developed in Chapter 3.

Objective 4.2: To investigate the model assumptions and findings presented by
Golberg et al. [115, 116]. Specifically, evaluate the applicability of

normalising the biogalvanic resistance to GAIR.

Objective 4.3: To utilise the developed Biogalvanic characterisation system to
perform parametric investigation into the influence of tissue
thickness and strain, and external resistance switching rate and

direction.

Objective 4.4: To explore the applicability of the technique on both ex vivo and in

vivo tissues.

4.2 Testing Conditions

A wide range of tissue tests were performed in order to meet the objectives outlined in Section
4.1. This section details the testing conditions for the various experiments described. Conditions
for ex vivo porcine tissue, in vivo porcine tissue, in vitro human tissue and ex vivo human tissue

are described within the following sections respectively.

4.2.1 Porcine tissue ex vivo

Measurements were conducted on fresh ex vivo porcine tissues (liver and colon). Animals used
were bred and sacrificed in accordance with UK Home Office regulations (Animals [Scientific
Procedures] Act 1986). Porcine colon and liver were dissected immediately after death to obtain

fresh tissue. Tissue was transported to the University of Leeds and experiments were carried out
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at least four hours after death. All tissue samples were handled, transported, stored and
discarded in accordance with The University of Leeds tissue protocol. Figure 4.1(a) shows
typical testing conditions for ex vivo porcine colon tests using the Testing platform described
within Section 3.3.

4.2.2 Porcine tissue in vivo

Tests were conducted on female white pigs under UK Home Office regulations for animal
experimentation. Access to the organs (colon, rectum and liver) was facilitated via a large
abdominal incision (laparotomy). Biogalvanic characterisations and galvanic current
measurements were performed on the exposed porcine tissues. Alignment of testing electrodes
was achieved through the use of the Surgical clip described within Section 3.3. Figure 4.1(b)

shows a typical biogalvanic characterisation test performed on porcine colon tissue in vivo.

Target Tissue

Figure 4.1: Typical contacting conditions for biogalvanic porcine tissue testing, showing (a) ex
vivo porcine colon tissue testing with A;, electrodes under minimal strain using the Testing
platform, and (b) application of A,,_g electrodes to porcine colon in vivo using the Surgical

clip.

4.2.3 Human tissue in vitro

This study describes a single experiment performed on cadaveric tissues in vitro. Measurements
were performed on liver tissues exposed in the abdomen of a human cadaver. The cadaver
experimentation was conducted in accordance with the National Research Ethics Service
Committee Yorkshire and the Humber — Leeds East (REC reference: 12/YH/0063). Galvanic
current measurements were performed on liver tissue under a number of electrode

configurations described within Section 4.5.1.
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4.2.4 Human tissue ex vivo

This study describes a single experiment performed on excised, diseased human rectal tissue.
Freshly excised human rectal tissue was obtained in accordance with NHS and Leeds Teaching
Hospital ethics procedures. Biogalvanic measurements were performed on abnormal
(adenocarcinoma) and contrasting healthy tissue identified by the surgeon. Test results have
been presented within Section 4.5.2.

4.2.5 Biogalvanic characterisation
Experimentation documented in this chapter primarily consists of biogalvanic characterisation
tests performed on various tissue types. The following sections detail the measurement setting
ranges and electrode configurations used.

4.25.1 Measurement settings

From the validation study performed in Section 3.8, the Biogalvanic system was selected for
performing initial tissue testing. This was based on the demonstrated current saturation errors
found for high internal resistance tests when using the CompactStat (c.f. Section 3.8.3.1). All
biogalvanic characterisation tests described within this chapter were performed using this
system. Due to the developmental nature of the testing conducted some of the characterisation
settings were adjusted between investigations. However, all voltage readings were sampled at
25 Hz with steady state values taken as the arithmetic mean of the final 10% of samples
recorded prior to external load switching. External resistor switching rate was set to 0.05 Hz
unless otherwise stated. Two resistor sets were employed for testing (specific values detailed in
Appendix A, Table A.1), defined as:

Resistor set 1 31 approximately linearly spaced resistors ranging from 5-635 k(2.

Resistor set 2 15 approximately logarithmically spaced resistors ranging 10-
5.85x10° .

4.2.5.2 Electrode configurations

Characterisation of ex vivo porcine liver and colon tissue was conducted using Ag and A,
copper and zinc electrode pairs manufactured as described within Section 3.2. Electrodes were
connected to the resistor network using copper wire. Tissues were contacted with the wet
ground (1200 grit) end faces of the electrodes in axial alignment. Application of the electrodes
to tissues was achieved using the Testing platform for ex vivo work and the Surgical clip for in

vivo work, as shown in Figure 4.1. The testing platform allowed conformation to tissues of
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varied thickness and control of the applied mechanical tissue strain. The Surgical clip allowed in

vivo tissues to be held with a fixed strain and reliable contact during measurement.

4.2.6 Galvanic current measurements

As the current demand on a galvanic cell is increased, a maximum value is achieved. This is
indicative of the current limiting mechanism of the cell. Based on the characterisation model
assumptions (Section 3.7) this should be related to the internal electrical resistance of the cell. In
addition, under a closed cell condition the rate of reaction at both electrodes will be at a
maximum, driving any passivation (electrode fouling) processes to occur as fast as possible.
Testing of this property was therefore carried out to assess how various electrode configurations

influence the measured closed cell current.

4.2.6.1 Measurement settings

Each measurement was performed through insertion of the electrode pair directly into the target
medium. A ZRA (CompactStat, Ivium Technologies) was employed to monitor the galvanic
current flow under closed cell conditions for a period of 10 min (600 s). For comparison, steady
state galvanic currents were taken as the average of the measured current over the final 200 s of
each test.

4.2.6.2 Electrode configurations

Needle electrodes were manufactured using (@1 mm) zinc and copper wire (Goodfellow, UK) to
have a range of separations and exposure lengths. Figure 4.2 shows the important electrode
geometry and an example of a complete electrode pair. Table 4.1 details the full range of needle
electrode pairs constructed and the corresponding codes used for their identification.

i Electrode separation

Copper cathode

| / Zinc anode

: | Non-conducting
/ resin

Connecting
L Q wire
(@

Figure 4.2: Needle electrode construction showing (a) schematic of electrode geometry, (b)
example of physical manufactured electrode (electrode N; shown).

(b)
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Table 4.1: Geometries of the needle electrode range manufactured for closed cell current testing.

Anode length Cathode length Separation Corresponding
(mm) (mm) (mm) Code
10 10 7 Ny
10 10 14 Npg
10 10 20 N¢
10 10 24 Np
10 10 30 Ng
20 20 20 Ng
30 30 20 Ng
10 15 20 Ny
10 20 20 N,
10 25 20 N,

4.3 Porcine (ex vivo) Experiments

This section describes ex vivo porcine tissue experiments performed to assess the influence of
various parameters on the biogalvanic characterisation process and its associated metrics. In
particular, variation with the tissue parameters of position, thickness, area and strain has been
examined. Additional investigation into the influence of exposure time and switching rate has

also been described.

4.3.1 Repeats and positional variation

An initial set of testing was conducted to establish the variation of the characterised resistance
with position across a tissue surface. Tests were performed on ex vivo colon and liver with
dissected sections giving 10 cm of working length. Seven 1 c¢cm spaced test locations were
identified across the surface of the two tissue types. A set of A, electrodes were positioned into
contact with the tissue under minimal strain prior to each test; this electrode separation value
was used as a measure of tissue thickness. Resistor set 1 was employed for biogalvanic
characterisations and the measured data was fit using Model A. Three repeat measurements
were taken at each of the test locations using an external resistor switching rate of 0.5 Hz.
Figure 4.3 shows the average data for each location on the colon and liver tissue, along with the

corresponding average Model A linear fit.
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Figure 4.3: Mean measured V, (represented as 1/1 = Rgxr/V, = SD (n=3)) and Model A

characterisation fits for varied positions across (a) ex vivo porcine colon, and (b) ex vivo porcine
liver.

Through characterisation of the measured data using Model A, the R;yr and OCV for
each position was extracted. Table 4.2 and Table 4.3 show the average data from these
characterisations for the locations across colon and liver tissues respectively. The measured
thickness and electrode geometry was applied to equation (2.4) and the corresponding GAIR

values calculated. These output metrics have been presented graphically in Figure 4.4.

Table 4.2: Model A characterisation results for positional variation across an ex vivo colon
surface, including calculated GAIR values.

Colon
Location 1 2 3 4 5 6 7
0.749 0.764 0.762 0.737 0.747 0.725 0.734
ocv (V)
+0.005 +0.002 +0.005 +0.003 +0.003 +0.001 +0.002
46.81 27.88 24.48 27.71 28.85 29.97 32.47
Ryt (kf2)

+17.31 +1.638 +5.891 +2.008 +£1.624 +0.989 +£5.274
Thickness (mm) 16.6 17.5 17.9 19.5 18.8 194 19.6

79.58 45.09 38.63 40.17 4344 4370  46.93

GAIR (2.m
( ) +29.44 265 £9.29 291 244  +144  £7.63

The OCV values determined for each tissue type shows intra-tissue variation of up to 30
mV. Between types there is a significant (p < .05) difference between the mean values of 0.745
+0.014 V and 0.639 +0.013 V for colon and liver tissue respectively; determined through a two
tailed Student’s t-test. Similarly, differences in the internal resistances were found for the two

tissue types. Colon and liver tissues also gave statistically different (p < .05) mean £SD
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characterised internal resistance values of 31.17 +7.31 and 14.99 +1.82 respectively. Conversion
of internal resistance values to GAIR does not yield consistent values for each tissue type. The
GAIR metric shows a dependence on tissue thickness, indicating that it is a potentially different

metric from tissue resistivity.

Table 4.3: Model A characterisation results for positional variation across an ex vivo liver
surface, including calculated GAIR values.

Liver
Location 1 2 3 4 5 6 7
0.637 0.651 0.625 0.629 0.643 0.626 0.660
ocv (V)
+0.004 +0.008 +0.014 +0.009 +0.006 +0.007 +0.004
16.42 16.19 16.02 16.14 11.62 13.36 15.15
Riyr (k£2)
+3.497 +1.661 +1.164 +0.255 +1.097 +0.708 +1.422
Thickness (mm) 18.0 17.4 17.7 14.8 12.8 7.2 6.0
25.79 26.31 25.59 30.83 25.67 52.47 71.41
GAIR (2.m)
+5.49 +2.70 +1.86 +0.49 +2.42 +2.78 +6.70
1 1
(a) (b)
> 08F ., > 08
o o :
S 06 S 061 o *
04— - : . 0.4
100 125 25 100
80 100 20 80
o g = £} g
% 60 g 95 15 l } { : 60 o
=~ i'g B } i
< 40 50 = = 10 40 =
i '
Q: 3 g § = 6 :< } I 3 = 1 %
20 25 5 20
0 0 0 0
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Location Location

Figure 4.4: Mean (xSD, n=3) characterised OCV, R,;yr and GAIR values determined using
Model A for varied positions across (a) ex vivo porcine colon, and (b) ex vivo porcine liver.
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4.3.2 Exposure time

Exposure time relates to the duration of electrode contact with the tissue as well tissue contact
with the atmosphere. Understanding this parameter is essential as it is an unavoidable
consequence of all measurements. The testing protocol involved setting electronic, tissue and
electrode variables to a fixed starting condition followed by measurement at set time intervals
over a specified time period. Exposure time is interlinked with the measurement procedure as
each reading takes a finite length of time to complete. Therefore the values obtained represent
an effective average for that time range. Each measurement was conducted using Resistor set 1
and a switching rate of 0.5 Hz. Testing was carried on a section of ex vivo porcine liver
(approximately 40x40 mm) which was wetted using deionised water prior to testing. An
Ag electrode set was contacted with the tissue under minimal strain. The upper and side surfaces

of the tissue were left exposed to the atmosphere throughout the experiment.
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Figure 4.5: Influence of exposure time on the biogalvanic characterisation properties, showing
(a) measured V, (represented as 1/1 = Rgxr/V,), and Model A characterisation fit; (b)
characterised OCV values as a function of time; and (c) characterised R;yr values as a function
of time.
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Figure 4.5(a) shows the external resistance against inverse current for all of the
measurements taken. Characterisation through linear Model A fitting shows the OCV parameter
(Figure 4.5(b)) to follow an exponential decay as a function of time, dropping from 0.72 — 0.66
V. Characterised internal resistance, shown in Figure 4.5(c), has an average (mean + SD) value
of 12.3 + 0.7 kQ with sporadic variation shown but no time dependant trend. The decline
inOCV, and its lack of correlation to internal resistance changes, suggests that there are
significant changes in the ion concentrations at the tissue-electrode interfaces. This may be due
to changes in tissue properties or as a result of the disruption caused by the measurement
technique. A significant drop in OCV would suggest a drop in the cathode (copper) potential or
an increase in the anode (zinc) potential. Discussions presented within Chapter 5 indicate that
this phenomenon may be linked to a reduction in the oxygen concentration at the copper
cathode.

4.3.3 Controlled thickness

Tissue thickness is a direct parameter in the conversion constant relating R;yr to GAIR
(equation (2.4)). Investigation into the influence was performed through the dissection of ex
Vivo porcine liver tissue to sequentially smaller thicknesses. A ‘thick’ section of liver tissue was
identified and isolated. Cuts were then made into the tissue to create test pieces of varied
thickness, from 5.5-15.8 mm. Each section was tested over three repeats using Resistor set 1 at a
switching rate of 0.5 Hz. An A, electrode set was employed for testing.

Figure 4.6 shows the characterisation of the measured data along with the output metrics
from Model A fitting. Figure 4.6(b) shows the OCV values determined as a function of tissue
thickness. No clear correlation can be seen between these variables. The values presented for
R;yr and GAIR (Figure 4.6(c)) both decrease with increasing tissue thickness. The large
variation in GAIR indicates that either the resistivity of the tissue is not consistent between tests

or the conversion assumptions are incorrect.
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Figure 4.6: Influence of controlled liver thickness on the biogalvanic characterisation properties,
showing (a) measured V, (represented as 1/1 = Rgxr/V>), and Model A characterisation fit;
(b) characterised OCV values; and (c) characterised R,y and GAIR values.

4.3.4 Controlled area
In addition to tissue thickness, the contact area is directly considered in the conversion of R;yr
to GAIR (equation (2.4)). A simplistic view of the system may assume that this area is equal to
the electrode contact area. However, a tissue medium offers more freedom for current pathways
thereby breaking this assumption. Investigation into the influence the tissue area was performed
through the successive dissection of ex vivo porcine liver tissue to sequentially smaller areas.
Three test areas were extracted from a single liver specimen and each section tested over three
repeats. Square sections with areas of 2.25, 6.25 and 12.25 cm? were obtained; specimen
thicknesses were 3.30, 3.35 and 3.35 cm respectively. An A, electrode configuration was used.
Electronics and measurement setup was identical to that described within Section 4.3.1.

Figure 4.7(a) shows the characterisation of the measured data using Model A. Figure 4.7

(b) shows the OCV values determined as a function of tissue area. No clear correlation can be
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seen between these variables. However, Figure 4.7(c) shows a reduction in R,yr with an
increase in tissue area. Conversion of resistance to GAIR assumes a constant electrode area in
equation (2.4). However, the results of Figure 4.7(c) indicate that the area of the tissue impacts

the characterised resistance, and if neglected may introduce error in the conversion to GAIR.
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Figure 4.7: Influence of tissue area on the biogalvanic characterisation properties, showing ()
measured V, (represented as 1/1 = Rgxr/V,), and Model A characterisation fit; (b)
characterised OCV values; and (c) characterised R,y values.

4.3.5 Strain and natural thickness

To assess the influence of tissue strain, the testing platform (Figure 3.3(a)) was used to apply
varied strain to tissue samples. Five repeat tests were conducted on thick liver (28.3 mm), thin
liver (9.7 mm) and closed colon (9.1 mm) tissue under two mechanical strain conditions (0%
nominal contact and ~50% strain). Figure 4.8 shows how the mechanical contacting conditions
were achieved. The actual mechanical strain &, achieved was calculated as (x — x*)/x, where

x is the zero strain thickness and x* is the strained thickness. Reported strain values have been
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represented as percentage strain. Repeat tests for each tissue type were conducted using the
same tissue sample, taken from a single animal. An A;,electrode set was employed to conduct
the measurements and apply the tissue strain. At this stage of tissue testing, Model B had been
developed and was found to show improved accuracy over Model A. Characterisation of each
dataset was therefore performed using Model B. Resistor set 2 was used for conducting

characterisations with a switching rate of 0.2 Hz.

Unstrained setup

12 mmx gy

Electrode-tissue

Strained setup .
interface

D12 mm
i

Figure 4.8: Schematic illustration of tissue strain conditions for strain and thickness testing
showing zero strain thickness x and strained thickness x*.

Figure 4.9 shows the mean measured data points for each ex vivo test case, presented
alongside the mean Model B fit. The influence of application of ~50 % strain has been
indicated, showing a shift to the left (reduced R;y;) with strain for liver tissue and minimal
change for colon tissue. Figure 4.10 shows the distribution of characterised internal resistances
and OCV values for repeat tests of each tissue configuration. A two-tailed Student’s t-test with
equal variance (n=5) was applied to the two strain cases for each tissue configuration and output
metrics.

Figure 4.9 indicates that measured data under all experimental configurations tested
conforms to the Model B profile and can therefore be continuously approximated using equation
(3.4). The internal resistances in Figure 4.10(a) show interdependence on tissue type, thickness
and strain. Tests on both thick and thin porcine liver sections show a significant (p < .05)
decrease in the determined internal resistance for an increased strain level. However, application
of mechanical strain to colon tissue does not show a significant influence on the characterised
internal resistance. The relative internal resistances for thin liver tissue under both strain cases
are much higher relative to thick liver tissue, indicative of different resistivity (GAIR) in the
same tissue type. It is also evident that colon tissue shows increased variation in internal

resistance when strained without significant change in magnitude.
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Figure 4.9: Mean measured data and model fits for nominal and high strain for (a) ‘thick’ liver
tissue, (b) ‘thin’ liver tissue and (c) closed colon tissue; shaded region representing 1 SD of
mean (n=5). Repeat measurements taken from a single tissue sample.
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Figure 4.10: Box plots of characterized parameters from ex vivo porcine tests on single sections
of liver and colon tissue with strain levels indicated; showing (a) determined internal resistance,
and (b) OCV. Potential line (red dashed) corresponding to standard conditions also shown.
Levels of statistical significance between strain levels (two-tailed Student’s t-test, equal
variance (n=5)) are shown; statistical significance taken as p < .05.

Determined OCV values for liver tissue, shown in Figure 4.10(b) are lower than those for
colon tissue, with all values being below the standard electrode potential of equation (5.3).
Statistically significant differences in OCV with tissue strain was found in thin liver and closed
colon, although only slight change in magnitude were recorded (+200 mV and -300 mV
respectively). A change in cell OCV is indicative of interface electrode potential fluctuations,
which is associated with altered reaction species concentrations. The applied strain has likely

caused the relative concentrations to change. This is discussed further in Section 5.5.
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4.3.6 Electrode area

As discussed in Section 4.3.4, the conducting area is directly involved in conversion of R;yr to
GAIR. The electrode area is assumed to be equal to the conducting area for the purpose of
calculation. Although the findings from Section 4.3.4 suggest that this assumption is potentially
incorrect, the electrode area may still directly influence the characterised internal resistance.
Assuming a homogenous reaction process, electrode area scales the magnitude of current for a
given redox reaction at a specific current density. In addition, an increased current will be
distributed over a wider salt bridge medium area. This effectively reduces the internal resistance
of the cell, which should be reflected in the biogalvanic characterisation.

Figure 4.11 shows characterised OCV and R;yr values collated across the varied tests for
the two axially aligned electrode areas. The included data are only from tests conducted under
minimal strain conditions. Tests for liver and colon tissues have been combined to allow
indication of the general influence of the electrode area on the characterisation metrics. Figure
4.11(a) and Figure 4.11(b) shows box plots of the collated OCV and R, data respectively. It is
evident that the electrode area alters the characterised biogalvanic parameters. A small reduction
in OCV and a large reduction in R,y are seen with an increase in electrode area. Statistical
comparison (one-tailed Student’s t-test with unequal variance (28.3 mm? n=28; 113 mm?
n=53) indicates that these differences are significant (p < .05). Based on the arithmetic means,

the internal resistance is 3.1 times smaller for a 4 times increase in electrode area.
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Figure 4.11: Collated biogalvanic characterisation results as a function of electrode area across
all reported tissue testing under minimal strain; distribution of (a) OCV and (b) R,y shown.
Statistical significance indicated (one-tailed Student’s t-test with unequal variance (28.3 mm?:
n=28; 113 mm?: n=53).
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4.3.7 Switching rate

Investigation into the influence of switching rates was performed on a single porcine colon
specimen. The test location was contacted with an A;, electrode set under minimal strain
conditions. Electrode separation was measured at 8.65 mm. Biogalvanic characterisations were
performed using Resistor set 1, loaded in an increasing order. The switching rate employed was
varied from 0.1 — 1.5 Hz in a random testing sequence, with 30 sec between each test. Each
dataset was subsequently characterised using Model A and a linear regression model fitting
method.

Figure 4.12(a) shows the measured data points for each switching rate tested, presented
alongside the Model A fit. A clear decrease in the model fit gradient can be seen as the
switching rate is increased. Figure 4.12(b) and Figure 4.12(c) contain the output metrics of OCV
and Ryt respectively as a function of switching rate. It is evident that there is a decrease in the

determined OCV and a minimal increase R,y as the switching rate is increased.
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Figure 4.12: Influence of external resistor switching rate on the biogalvanic characterisation
properties, showing (a) measured V, (represented as 1/I = Rgxr/V>), and Model A
characterisation fit; (b) characterised OCV values; and (c) characterised R;yr values.
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4.4 Porcine (in vivo) Experiments

Biogalvanic characterisation and galvanic current testing was performed on porcine tissues in
vivo. For biogalvanic testing, electrodes (4,,_g) Were set in non-conducting resin, wet ground
(1200 grit) and mounted in the jaws of the Surgical clip to provide fixed axial alignment and
separation of 9.2 mm. Figure 4.1(a) shows the typical contact conditions obtained during the
testing. In addition, tests were performed to assess the closed cell maximum galvanic current.
For these tests, parallel-needle electrodes of various anode and cathode lengths were inserted
directly into the tissue region of interest. Needle electrodes were selected to allow easier
variation of electrode separation and relative cathode length. Additionally, needle electrodes
allowed for pre and post-testing within NaCl(aq) analogues, to compare establish the influence
of tissue interaction of the closed cell current. Figure 4.2 shows an example of the parallel-
needle electrodes.

4.4.1 Resistor direction

Tests were conducted on a single anesthetised 30kg female white pig under UK Home Office
regulations for animal experimentation. Investigation was made into the influence of resistor
switching direction i.e. the value of external resistance either increases or decreases during
testing. Five resistor sweeps were made for increasing and decreasing resistor switching
respectively at three different tissue locations (colon, rectum and liver). Resistor switching rate
was fixed at 0.2 Hz and measurement points taken as the mean of the last 10 samples prior to
resistor switching. Electrodes were rinsed with distilled water between each set of repeats.
Influence of resistor switching direction on each tissue configuration was assessed using a two-
tailed Student’s t-test. To determine if internal resistance or OCV are specific to tissue type a
ranked statistical comparison (Kruskal-Wallis test) was conducted.

Figure 4.13 shows the mean measured data and the mean Model B fit for each in vivo test
case. The data spread is illustrated through the shaded region which represents the standard
deviation produced by the characterisations. Figure 4.14 (a) and (b) show boxplots for the
characterised internal resistance and OCV respectively.

Figure 4.13 illustrates the agreement between measured data and the model of equation
(3.5) for all tissue types tested. This is apparent in both resistor switching directions,
demonstrating that the complete electrochemical system can be modelled as a single resistance.
The direction of resistor switching highlights model fit hysteresis within individual tissue types.
This is clearly evident in the characterised internal resistance values of Figure 4.14(a), where
differences are statistically significant (p < .05) for all tissue types. Statistical analysis (Kruskal-
Wallis test) also shows the internal resistance to be significantly different (p < .05) between

tissue types.
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Figure 4.13: Average measured data and model fits for in vivo porcine tests with increasing (T)
and decreasing () external resistor switching, on (a) colon, (b) liver, and (c) rectum; shaded
regions represent +1 SD of mean (n=5). *(n=4), **(n=3).
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Figure 4.14: Box plots of characterised parameters from in vivo porcine tests on colon, liver,
and rectum tissue with increasing (1) and decreasing (1) external resistor switching; showing (a)
determined internal resistance, and (b) OCV, potential line (red dashed) corresponding to
standard conditions also shown. Sample size (n) and statistical significance between resistor
switching direction tests (two-tailed Student’s t-test, equal variance) are shown.

Resistor switching direction shows no influence on OCV for colon tissue. However,
rectum and liver tissue OCV values are significantly altered by the direction of external resistor
switching. It can be seen in Figure 4.13 that the measured voltage values at high external
resistor values (toward OCV) differ markedly between the three tissue types. In all cases the
values are below the standard potential difference predicted by the proposed reaction (equation
(5.3)). Figure 4.14(b) shows comparatively the characterised OCV for each test case. Statistical
analysis (Kruskal-Wallis test) shows significant differences between tissue types (p < .05) for

characterised OCV. This result is consistent for testing with either resistor switching direction.
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4.4.2 Galvanic current

Tests were conducted on a single anesthetised 25kg female white pig under UK Home Office
regulations for animal experimentation. Investigation was made into the reusability of
electrodes as well as galvanic current performance as a function of electrode lengths (anode and
cathode) and separation.

4.4.2.1 Electrode reusability

The variability of an electrode pair is a potentially influencing factor within the biogalvanic
system. Tests were therefore conducted to assess how the current flow properties through an
electrode pair vary with use. A single N, electrode pair was used to record five repeat galvanic
current tests under three scenarios: (1) 154 mM (0.9 wt%) NaCl — pre-test, (2) porcine liver
tissue in vivo, and (3) 154 mM (0.9 wt%) NaCl — post-test. Between each repeat the electrode
were removed from the test location, disconnected for 60s and then replaced under connection.
The time-varying galvanic currents were measured using the Ivium CompactStat (lvium
Technologies) in closed cell (zero load) mode. The average galvanic current trace for the three
test conditions is shown along with the full measured data range in Figure 4.15(a) and Figure
4.15(b). The galvanic current recorded over the final 200 s for each repeat test was averaged and
is presented in Figure 4.15(c). A summary of the means for each test location across all five
repeats is given in Figure 4.15(d).

The galvanic current measured in tissue was found to be significantly lower than in NaCl.
Specifically, the average galvanic tissue current presented in Figure 4.15(d) is only 21% of that
the NaCl pre-test. Repeat NaCl testing after tissue measurements is again much larger, with
galvanic tissue currents being 18% of the NaCl post-test current. Statistical analysis (Student’s
t-test, two-tailed equal variance) show the NaCl post-test current to be significantly (p < .05)
larger than for the NaCl pre-test.
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Figure 4.15: Galvanic current test data for pre and post-test NaCl and in vivo porcine liver
measurements, showing (a) mean galvanic current and data range (shaded region), (b) mean
galvanic current and data range (shaded region) on a scaled ordinate axis, (¢) mean + SD
galvanic current as a function of repeat number, and (d) overall mean +SD for all repeats.

4.4.2.2 Electrode separation

Assuming a simple geometric arrangement (as is the case for needle electrodes), the spacing

between galvanic electrodes is significant as it directly influences the distance of the current

pathway. For a homogeneous salt bridge medium, a larger potential drop will occur to maintain

current flow over the pathway. Current limited conditions will be a function of the rate of the

supporting redox reactions or the internal resistance of the salt bridge medium. Testing was
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conducted to assess how increasing the salt bridge resistance in tissue tests affects the limited
current value. Five electrode pairs (N4, Ng, N¢, N and Ng) were manufactured and tested, with
Imm diameter zinc and copper wire set to a 10 mm exposure. The separation between
electrodes was varied from 6-30 mm in approximately 5 mm increments. Each electrode pair
was pre-tested in 154 mM NaCl solution prior to tissue tests. Electrode pairs were inserted into
clear regions of the liver and the closed cell galvanic current measured for 10 minutes using the

Ivium CompactStat (Ivium Technologies) in closed cell (zero load) mode.
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Figure 4.16: Galvanic current test data for pre-test NaCl and in vivo porcine liver measurements,
showing (a) mean galvanic current and data range (shaded region), (b) mean galvanic current
and data range (shaded region) with a scaled ordinate axis, and (c) mean £SD galvanic current

as a function of electrode separation.
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Figure 4.16(a) and (b) shows the current trace obtained for each electrode in NaCl and
porcine liver tissue. A typical galvanic current decay is shown in all tests, with current values
settling to approximately steady state after 400 s. The mean current +SD for the last 200 s for
each electrode separation is shown in Figure 4.16(c). It is again evident that NaCl tests show
significantly (p < .05; Student’s t-test, two-tailed equal variance) higher mean steady state
currents than in vivo porcine liver tests. The electrode separation does not show an influencing
trend on the steady state current, implying that the current limiting mechanism is not that of the
salt bridge resistance under closed cell conditions.

4.4.2.3 Relative electrode area

Current limiting mechanisms are discussed in more detail in Chapter 5, with electrode kinetics
and internal resistance being the controlling mechanisms in galvanic cells, [83]. The slower
kinetics of the reduction reaction at the copper cathode is a potentially limiting step under
closed cell conditions. Testing was therefore conducted to assess how increasing the relative
area of the cathode would influence the closed cell galvanic current. Four electrode pairs
(N¢, Ny, N; and N;) were manufactured and tested, with 1mm diameter zinc and copper wire set
to a 20 mm separation. The cathode lengths were varied from 10-25 mm in 5 mm increments.
Each electrode pair was pre-tested in 154 mM NacCl solution prior to tissue tests. Electrode pairs
were inserted into clear regions of the liver and the closed cell galvanic current measured for 10
minutes. Time-varying current through the closed galvanic cell was measured using the Ivium
CompactStat (Ivium Technologies) in closed cell (zero load) mode.

Figure 4.17(a) and (b) shows the current trace obtained for each electrode in NaCl and
porcine liver tissue. A typical galvanic current decay is shown in all tests, with current values
settling to approximately steady state after 400 s. The mean current +SD for the last 200 s for
each electrode separation is shown in Figure 4.17(c). It is again evident that NaCl tests show
significantly (p < .05; Student’s t-test, two-tailed equal variance) higher mean steady state
currents than in vivo porcine liver tests. For NaCl tests, a longer cathode increases the measured
galvanic current suggesting that the current limiting mechanism is under cathodic control. For
equivalent porcine liver tests this trend is not as clear for the shorter cathode lengths although a

larger galvanic current is seen for the longest cathode.

102



Chapter 4 Biogalvanic tissue testing

_NC NaCl NH NaCl Nl NaCl _N_I NaCl

...... NC in vivo NH in vivo N[ invivo ___ NJ in vivo

500
400
300
200

100 |

Galvanic current (LA)

0 100 200 300 400 500 600

150
120
90,
60}

30

Galvanic current (LA)

B Nacl B In vivo

el
(=]

(9%}
f==)

Galvanic current ([LA)
(=)
(=]

<

10 15 20 25
Cathode length (mm)

Figure 4.17: Galvanic current test data for pre-test NaCl and in vivo porcine liver measurements,
showing (a) mean galvanic current and data range (shaded region), (b) mean galvanic current
and data range (shaded region) with a scaled ordinate axis, and (c) mean +SD galvanic current

as a function of cathode length.

4.4.2.4 Electrode configuration

Comparison was made between galvanic current tests using needle and axial electrode
arrangements. Steady state galvanic current tests were measured using an axial electrode set Ag
(exposed area = 28.3 mm? ), and a needle electrode set N, (exposed area = 31.4 mm?).

Axial electrodes were clamped into position on the exposed liver at a separation of 20 mm using
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the Surgical clip (c.f. Section 3.3) and the time-varying galvanic current measured for 10
minutes using the Ivium CompactStat (Ivium Technologies) in closed cell (zero load) mode.
The same process was performed using the needle set inserted into a fresh liver region. For
comparison, the same galvanic current tests were performed in 154 mM NacCl, with five repeat
measurements for each electrode configuration.

Figure 4.18 shows the current traces obtained for the two configurations in vivo and in
NaCl. It is evident that the NaCl tests generate a significantly larger steady state current than the
equivalent test conducted on porcine liver tissue. In addition, the N, needle electrode pair
produces a significantly larger galvanic current when compared to the axial A, electrode pair.
Table 4.4 contains the average steady state currents calculated as the mean of the last 200 s of
the test. The electrode configurations were selected to have similar electrode exposure areas
with N having 11 % greater exposure than the A, pair. However, the needle electrodes show

2.7 times and 9 times the average steady state current in NaCl and liver tissue respectively.
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Figure 4.18: Galvanic current test data for axial and needle electrode types tested in NaCl (n=5)
and on in vivo porcine liver (n=1).

Table 4.4: Average steady state current for axial and needle electrodes tested in 154 mM NaCl
and on in vivo porcine liver; variation (£SD) shown for NaCl tests.

Axial electrodes (4¢) Needle electrodes (N)
154 mM NaCl Porcine liver 154mM NaCl Porcine liver
16.78 (£3.15) 4.00 44.95 (+£2.09) 36.30
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4.5 Human Tissue Experiments

This section describes two experiments conducted with human tissue. The first was performed
to obtain data on regarding the biogalvanic current of human tissues under closed cell
conditions. This was performed on a human cadaver with the use of two electrode
configurations. The second experiment describes biogalvanic characterisation performed on

freshly excised human rectum containing a disease element (adenocarcinoma).

45.1 Galvanic current (Cadaver)

Tests were conducted on a cadaveric specimen to examine the galvanic current from cell
connection to steady state. An A4_g electrode set was clamped directly onto the liver with a
resulting separation of 12.5 mm, as shown within Figure 4.19(a). In addition, a similar galvanic
current test was performed using an N needle electrode set (@1 mm), as shown in Figure
4.19(b). The time-varying current through the closed galvanic cell was measured using the
Ivium CompactStat in closed cell (zero load) mode. The cell current was monitored for 10 min
(600 s), allowing for settling of transient aspects.

Figure 4.19: Images of electrode configurations used during cadaveric galvanic current
experiments; showing (a) A4_x arrangement (12.5 mm separation) and (b) N, needle electrodes
with 10 mm insertion depth at 20 mm separation.

Figure 4.20 shows the galvanic current trace for the two test electrode configurations. It
can be seen that in both cases a large current spike is present upon cell connection. Current
levels decay in an exponential manner as time progresses, tending to a steady current level as

illustrated within Figure 4.20(a). Closer examination of the data indicates that even in the
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apparent steady state region, the galvanic current is continuing to fall. Figure 4.20(b) shows a

current drop-off of 47% and 11% for the axial and needle electrode configurations respectively.
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Figure 4.20: Galvanic current traces from cadaveric liver tissue tests using axial and needle
electrode, showing (a) full scale data, and (b) zoomed y axis for clarity of steady state region.

4.5.2 Tissue health

A single set of tests were carried out to investigate the influence of tissue health on biogalvanic
characterisation. Tests were carried out on freshly excised human colon tissue with an abnormal
region (adenocarcinoma). The test was conducted to obtain data for healthy and abnormal colon
tissue, and to assess the proficiency of the Testing platform and Surgical clip under clinical
conditions. Axially, aligned electrodes (A;,) were contacted with the abnormal and healthy
tissue regions under minimal strain conditions using the testing platform (Figure 4.21(a)).
Similar alignment conditions were also achieved using the surgical clip (Figure 4.21(b)), set to

clip setting 2 (Figure 3.3(b)) in both cases, leading to approximate strains of 28% and 23% on
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the healthy and abnormal regions respectively. Both sets of contacting equipment were tested
under the same characterisation conditions. Resistor set 1 was employed with a switching rate of
0.5 Hz. The faster switching rate was selected due to time constraints on the measurement
procedure. Three repeats were performed for healthy and abnormal tissue regions for electrode
contact maintained with the Testing platform and Surgical clip. Model fitting to the measured
data using Model A and Model B was performed and compared. Statistical analysis (Student’s t-
test, two-tailed unequal variance) was performed to compare healthy and abnormal tissue
results. Figure 4.21(a) shows the tissue under test (including abnormality) using the Testing
platform. Figure 4.21(b) shows the tissue under test (healthy region) using Surgical clip.

Figure 4.21: Freshly excised human colon tissue with abnormality under test with a) testing rig,
and b) with the surgical clip.

Figure 4.22 shows the average measured data for healthy and abnormal tissue data
recorded using the two test configurations. Model fitting using Model A and Model B has been
also presented. Application of Model A to the data produces a good quality fit, as can be seen
within Figure 4.22(a) and Figure 4.22(b). The measured data gives a highly linear trend, with
small variability with repeat measurements. Figure 4.22(c) and Figure 4.22(d) show that the
linear resistor set used pushes the weighting of the Model B fit to the upper voltage range and
away from the critical transition point around R,yr. This is caused by the resistor range not
driving the cell to high enough current to cover the full cell voltage range, ultimately reducing
the quality of the fit.
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Figure 4.22: Average biogalvanic characterisation measurements on healthy and abnormal
(adenocarcinoma) human colon tissue ex vivo, showing: (a) testing platform measurements
(minimal strain) characterised with Model A; (b) surgical clip measurements (fixed strain)
characterised with Model A; (c) testing platform measurements (minimal strain) characterised
with Model B; and (d) surgical clip measurements (fixed strain) characterised with Model B.
Error bars and shaded regions indicate 1 standard deviation (n=3) for the measured data and
model fits respectively.

The average R;yr and OCV results (mean+SD) are presented in Table 4.6. Small
differences can be seen for the mean values of healthy and abnormal tissue using both model
fitting methods. For Model A the internal resistance is shown to increase slightly with
abnormality, while with Model B a small reduction is seen. For abnormal tissue the OCV values
increase for both models. Inclusion of the standard deviation of the measured data results in
insignificant (p > .05; Student’s t-test, two-tailed unequal variance) differences in the
determined R,y for both models. However, significant differences (p < .05; Student’s t-test,
two-tailed equal variance) were found in the determined OCV values using both models. Figure

4.23 and Figure 4.24 illustrate these findings graphically for R;yr and OCV respectively.
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Comparison of the Testing platform and Surgical clip indicates that both allow similar
differentiation of healthy and abnormal tissues. The differences seen in R,y may be as a result
of the strain conditions on the tissue. Discrete fixing points on the surgical clip give fixed
separation, variable strain condition (c.f. Section 4.3.5) whereas the testing platform allows
fixed strain, variable separation.

Tests on both tissue types produced OCV values consistent with ex vivo and in vivo
porcine colon testing. Characterised OCV values were noted to show a reduction with repeat
measures. This is likely to be related to the influence of tissue exposure time as discussed in
Section 4.3.2.

Table 4.5: Determined average (mean £SD, n = 3) results (model B) for healthy and abnormal
human colon using test rig and surgical clip.

Testing Tissue Model A Model A Model B Model B
configuration type Rinr (kQ) ocv (V) Rivt (kQ) ocv (V)
7.857 0.735 4,559 0.723
Testing platform  Healthy
+1.168 +0.002 +0.828 +0.002
8.601 0.796 4.168 0.780
Testing platform  Abnormal
+0.813 +0.001 +0.576 +0.002
5.491 0.703 4.644 0.699
Surgical clip Healthy
+0.429 +0.001 +0.517 +0.001
6.158 0.742 4,366 0.735
Surgical clip Abnormal
+0.479 +0.011 +0.169 +0.010

‘ I Healthy tissue [ Abnormal tissue ‘

(p>.05) (p>.05) (p>.05) (p>.05)

Ry (k)

Model A Model B Model A Model B
Testing platform Surgical clip

Figure 4.23: Mean £SD model fit metrics obtained for healthy and abnormal ex vivo human
colon tissue using the testing platform and surgical clip. Output metrics R, for Model A and
Model B are presented.
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Figure 4.24: Mean £SD model fit metrics obtained for healthy and abnormal ex vivo human
colon tissue using the testing platform and surgical clip. Output metrics OCV for Model A and

4.6 Discussion

Model B are presented.

It is evident from the presented results that biogalvanic characterisation is a complex

process showing great variability under the examined testing conditions. In summary, Table 4.6

contains the findings from the initial parametric experimentation described in this chapter.

Table 4.6: Examined parameters and their influence on the biogalvanic tissue characterisation
metrics under galvanic conditions; (v'- influence, % - no influence, < - mixed results).

Electronic variables

Variable Model fit Influence on R;yr  Influence on OCV
Resistor range AB 4 4
Switching rate A v v
Switching direction B v -

Tissue variables

Variable Model fit Influence on R;yr  Influence on OCV
Tissue type AB 4 v
Tissue health AB x -
Tissue area A 4 4
Tissue thickness AB v VR
Tissue strain B PN VN
Positional variation A,B — -
Exposure time A PN 4

Electrode variables

Variable Model fit Influence on R;yr  Influence on OCV
Contact area A v v
Exposure time AB 4 4

Geometry
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It has been indicated in Table 4.6 where variability was found with one or both output
metrics during manipulation of the testing parameter. Where separate tests on the same
parameter showed variability and invariability, a mixed result has been indicated. In relation to
Objective 4.1, the range of experimentation conducted has successfully demonstrated the
efficacy of the Biogalvanic characterisation system. Two resistor set configurations have been
utilised, and two models (Model A and Model B) have been shown to fit well to data collected
on ex vivo and in vivo tissues. Through the application of electronic models, the variability in
system parameters of R,y and OCV has been examined.

4.6.1 Model assumptions and GAIR

Objective 4.2 required examination of the model assumptions presented by Golberg et al. [115,
116] (c.f. Section 3.7). In addition, examination of the mathematical conversion of the
characterised internal resistance to a normalised resistivity of GAIR was required. On initial
inspection, accurate model fitting and production of consistent internal resistance values within
the same tissue specimen suggest the appropriateness of the proposed biogalvanic model. That
is to say that the measured data conforms well to the assumption of a fixed internal resistance.
However, application of a GAIR correction does not lead to tissue specific resistivity, and

tissues have shown significant variation in the characterised OCV.

4.6.1.1 Internal resistance

From the model assumptions, the relationship between internal resistance and GAIR should be
linked by contact area and cell thickness (for an axial system). Indeed, such a model should
show linear scaling of internal resistance with thickness and electrode area variation. Sections
4.3.3 and 4.3.6 show that there is some influence on internal resistance with these parameters,
although linear scaling was not found in both cases.

Figure 4.6 demonstrates a reduction in R,y with an increase in tissue thickness. This
leads to an exaggerated rate of GAIR reduction with increasing thickness, which contradicts the
model assumption. The influence of electrode area presented in Figure 4.11 shows better model
agreement, with a 3.1 times reduction in R,yr with a 4 times increase in electrode area.
However, these data represent an average across a wide range of testing, and have large
variability.

Manipulation of the tissue area presented in Section 4.3.4 also showed influence on
resistance. Figure 4.7 illustrates an increase in R;yr With a reduction in tissue area, suggesting
that current pathways are not necessarily constrained to within the cylindrical volume projected

by the electrode faces.
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The significant variability shown with converted GAIR values can only be explained via
inaccuracy of the model or tissue inhomogeneity. Based on the magnitudes of variability and
from comparison to published tissue resistivity data (Table 2.1), model inaccuracy is likely to be

the dominating factor in these findings.

4.6.1.2 Open Circuit Voltage

A second assumption of the model presented by Golberg et al. [115] is that of a constant OCV
equal to the standard redox equation (5.3). It is particularly evident across the performed tests
that there is significant variation in the characterised OCV. Equation (5.3), demonstrating the
predicted potential difference of the cell based of standard half-cell reduction reactions, suggests
an expected OCV of 0.76 V. Measured values are all lower than this, ranging from 0.75 to 0.25
V across tissue types and test conditions. This indicates that the reaction conditions at the
electrode-tissue interface differ significantly from those used in predicting the standard galvanic
potential difference.

4.6.2 Parametric investigation
This chapter reports extensive parametric investigation of the biogalvanic characterisation
process, in accordance with Objective 4.3. The following sections detail the main findings from

the presented work. Table 4.6 offers a specific summary of the presented testing.

4.6.2.1 Influence of time
Electrochemical systems are typically subject to variation with time. This is inherent in the
physical phenomena that develop with the measurement of a galvanic cell. The influencing
parameters have been considered as those that cause influence to the measured signals but do
not alter the properties of the cell components (electrodes, tissues and connecting electronics),
and those that cause a permanent change to the properties of the cell. The former includes the
time-dependent properties of electrode-tissue interface perturbed by external load switching and
time varying ion concentrations, controlled by diffusion, convection and electrical migration.
These may cause great temporal influence on the measured signals but will not fundamentally
change the physical properties of the cell. In contrast, permanent cell changes may occur
through processes of electrode surface passivation and tissue drying. An assumption was made
that these processes will occur on two different time scales. The former has been assumed to be
inherent within individual characterisations and the latter in longer term repeated measures
testing.

To investigate the influence of time on the biogalvanic characterisation process, three

preliminary tests were performed. These were: external load switching rate; external load
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switching direction; and tissue exposure time. These parametric studies were also considered to
have practical importance within the desired sensing application.

Influence of external resistor switching rate was investigated in Section 4.3.7. Figure 4.12
shows the characterisation results as switching rate was varied from 0.1-1.5 Hz. A significant
decrease in OCV is seen for increasing rate. Transient settling of the measured voltage signal is
less likely to be reached with a faster switching rate. As a result the stead-state voltage value
extracted will not be a true representation of the system (c.f. Section 3.6.1). Over a full
characterisation this will lead to an under prediction of the OCV. The characterised internal
resistance also shows variation with switching rate, although no clear trend is evident.

Section 4.4.1 presents a comparison between increasing and decreasing external load
switching directions. Clear hysteresis is evident with loading direction, and leads to a
statistically significant alteration of the characterised internal resistance across all tissue types
tested. The OCV shows less variability with direction, although two of the three tissue types still
show a statistical difference. The disparity between the R,y and OCV hysteresis suggests that
processes beyond inaccurate steady state voltage extraction are present. Independent influence
on the characterised internal resistance may be expected if the limiting processes at high current
flow are not purely attributed to the electrical resistance of the tissue. Closed cell galvanic
current experiments presented in Section 4.4.2 show that the maximum current is indeed not
linearly dependent on tissue resistance scaling (Figure 4.16), but is significantly increased
through application of larger cathodic reaction site (increased cathode length, Figure 4.17).
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Figure 4.25: Percentage variation in OCVwith repeat number (n) normalised to repeat 1 (n,) for
liver and colon tissue tested under ex vivo and in vivo conditions.

Figure 4.5 showed an exponential decay for the characterised OCV as a function of

exposure time. The internal resistance however shows more spurious variation with this
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parameter. As a consideration of the influence of the longer time scales involved in repeat
testing, Figure 4.25 shows the normalised variation with repeat number for measurements on
liver and colon tissues in vivo and ex vivo. Based on the presented data, OCV influence direction
appears to be opposite for ex vivo and in vivo tests.

The demonstrated time-dependent system behaviour may be explained through a number
of factors. On shorter time scales, the settling time between switching may be significant in
altering the characterised resistance and OCV, when the selected switching rate is not
appropriate. For longer time scales reaction species depletion (e.g. 0,), tissue drying and
electrode fouling are all factors that should be considered.

4.6.2.2 Geometric considerations

Geometric considerations include the influence of electrode area, tissue thickness, tissue area
and tissue strain. Section 4.6.1 discussed the influence of the first three parameters, including
how they relate to the model assumptions and GAIR conversion. Section 4.3.5 described testing
involving alteration of tissue strain. Application of approximately 50% strain to liver tissues
resulted in a statistically significant reduction in characterised internal resistance. This is as
would be expected based on model assumptions and a reduced thickness. However, the
magnitude of reduction and a lack of change when applied to colon tissue indicate a more
complex process. For an axial based sensing system, strain is likely to be an unavoidable
consequence of tissue measurement. It therefore forms an important parameter for

consideration.

4.6.2.3 Tissue condition
The following sections detail and discuss the main findings from the investigations of this

chapter pertaining to tissue variation.

4.6.2.3.1 Exvivovsin vivo

Obijective 4.4 required biogalvanic characterisation to be performed with ex vivo and in vivo
tissues. Direct comparisons cannot however be made between ex vivo and in vivo results due to
inherent differences in test temperatures and mechanical contact conditions. However the Ryt
values all fall within the same order of magnitude and show similar levels of variation. The
OCV values for ex vivo tissues are similar to those recorded in vivo, although the former shows
marginally higher values for both tissue types. A more exaggerated difference between colon
and liver tissue was found for tests in vivo. This suggests that living tissue has a greater
influence on the interface conditions within the galvanic cell and therefore the relative potentials

between electrodes in an open cell. Figure 4.25 supports this, showing that in vivo
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experimentation delivers a greater and positive influence on OCV over repeat measuremnets,

while ex vivo tissue show a consistent drop in OCV.

4.6.2.3.2 Tissue type

The presented testing has been focused primarily on liver and colon tissue types. The results
across all testing generally show colon tissue to have a higher internal resistance and OCV.
These findings may be related to the tissue structures, with consideration of the homogeneity
and fat content of the respective tissue types. These factors are likely to influence the resistivity
of the tissue and therefore the characterised Biogalvanic resistance. The variation in OCV is
associated with the redox reactions sustained at the galvanic electrodes. For colon tissue, a more
separate potential is achieved leading to an increased OCV. Implications of ion concentrations
and the specific cell reactions on this characterised metric are discussed further within Chapter
5. Findings presented in Figure 4.14 show specificity for colon, liver and rectum tissues in vivo
for both characterisation metrics. This finding suggests that there is significant influence on the
biogalvanic cell from the tissue. However, the additional findings of the chapter suggest that

there may not a simple relationship with tissue resistivity.

4.6.2.3.3 Tissue health

Similar differences between the Testing platform and the Surgical clip shown in Figure 4.22 and
Figure 4.23 indicate that relative measurement may be sufficient for health discrimination. The
most significant differences relating to health can be seen between the OCV values shown in
Figure 4.24. Assuming negligible temperature differences between healthy and abnormal tissue,
the OCV is determined by the relative ion activities (concentrations) as described in the Nernst
equation [83]. Measured differences may be due to physiological alterations to the ion

concentrations in the respective tissue regions, making OCV a potential tissue health descriptor.

4.7 System-Relevant Findings

The work presented in Chapters 3 & 4 has focused on the development and testing of an internal
resistance characterisation system for tissues under galvanic cell conditions. Motivation for
working in this area has been in part due to the promising results presented by the founders of
the technique, Golberg et al. [115]. Additionally, the technique is simple and scalable which are
often overlooked attributes in development of surgically appropriate sensing systems. Much
work has been performed in an attempt to develop a testing system and to establish appropriate

testing protocols. The developed Biogalvanic system and testing protocols have allowed
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repeatable data to be obtained on an appropriate time scale. The central chapter findings

pertaining to biogalvanic characterisation have been summarised:

Biogalvanic system:

Model assumptions:

Tissue specificity:

Temporal variation:

Geometric variation:

The developed Biogalvanic characterisation system and model fitting
methodologies were validated in Chapter 3. Application to tissues
across a wide range of conditions has shown similar data to that
measured by Golberg et al. [115]. Model fitting has produced good
agreement with measured data and allowed extraction of condition

specific R,y and OCV metrics.

The model assumptions of biogalvanic characterisation were assessed
through alteration of the influencing variables. Tissue thickness and
area both showed influence on R,y although not in agreement with
model predictions. The implications of these findings are that the
characterised resistance is not solely from the tissue and that

normalisation of data to a GAIR value is therefore inappropriate.

Findings from investigation of the model assumptions suggest that
tissue resistance is only part of the characterised R,y value. However,
testing across tissue types in vivo has shown specificity based on this
metric. In addition, the characterised OCVwas also found to be specific

to tissue type and was less sensitive to the measurement settings.

Time dependence of the biogalvanic cell was made evident through
investigation of external load switching conditions (rate and direction)
and through repeated measures over an extended time period. Findings
indicate that for fast switching an under prediction of OCV is produced
based on incorrect steady state voltage readings. This theory was not
shown to extend directly to testing of external resistor direction, where
non-linear artefacts at high current levels have been proposed as the
cause of some of the hysteresis shown. Longer time scale processes
such as electrode passivation and tissue drying have also been

identified as important considerations for a biogalvanic tissue system.

Nominal strain geometric variations were found to cause significant
influence on internal resistance. Under mechanical strain of
approximately 50% the internal resistance of liver tissue was found to
reduce. However, similar testing on colon tissue induced no change in

resistance.
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4.8 Chapter Summary

Results presented in this chapter have demonstrated that tissues show behaviour comparable to
the electronic model presented in Figure 3.12. The developed Biogalvanic testing system has
allowed measurement and characterisation of ex vivo and in vivo tissues of different types,
meeting Objective 4.1. The results demonstrate that biogalvanic tissue systems can be modelled
as a fixed internal resistance and open circuit voltage.

Results and discussion related to the investigation of the model assumptions of the
biogalvanic technique and Objective 4.2 have been presented. Although measured data can be
modelled as a single fixed internal resistance, the findings have suggested a greater complexity
to the biogalvanic system. Additional parametric investigation conducted in accordance with
Obijective 4.3 supports this suggestion, indicating that the characterisation metrics are dependent
on a wide range of variables (c.f. Table 4.6).

Testing has been performed across a range of tissue conditions. In relation to Objective
4.4, ex vivo and in vivo testing have shown similar values for R;y; and OCV although tissue
specificity was found to be greater during in vivo testing. Results have also shown sensitivity
tissue health and strain, and to external resistor loading conditions. These have not always been
in accordance with expectation, and the influences are not always repeatable. Some justification
and implication of these findings has been discussed in the context of development of a

surgically appropriate sensing tool.
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Extensive biogalvanic tissue testing presented in Chapter 4 demonstrated significant variability
in characterisation metrics for a wide range of parameters. Some specificity to tissue type and
condition was shown, positioning biogalvanic measurement as a potential method for obtaining
health-specific tissue information. However, there is a dearth of understanding in the
biogalvanic literature regarding the underlying galvanic cell, electrode reactions and their
controlling factors which limits application of the technique. This chapter, therefore, describes
relevant background information (Section 5.2) followed by electrochemical investigation of the
system, implemented to make improved assessment of the galvanic cell and characterisation
process.

Section 5.3 presents a parametric electrochemical investigation into a zinc-copper
galvanic system using salt (NaCl) solution analogues at physiologically-relevant concentrations
(1.71, 17.1 & 154 mM). The potential difference at open cell, closed cell maximum current and
the internal resistance (based on the characterisation method of Chapter 3 and 4) were
measured. Additionally, independent and relative polarisation scans of the electrodes were
performed to improve understanding of the system. Section 5.4 presents an investigation into
the influence of temperature on the closed cell current, included as a supplementary study.

The findings, discussed in Section 5.5, suggest that the prominent reaction at the cathode
is that of oxygen-reduction, not hydrogen-evolution. Results indicate that cell potentials are
influenced by the concentration of dissolved oxygen at low currents and maximum closed cell
currents are limited by the rate of oxygen diffusion to the cathode. Characterised internal
resistance values for the salt solutions did not correspond to theoretical values at the extremes of
concentration (1.71 and 154 mM) due to electrode resistance and current limitation. Section 5.6
describes how these findings are related to the biogalvanic system and how alterations to the

equipment and model may be employed to improve performance.
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5.1 Testing Aims

The primary aim of the presented study is to gain information relating to the biogalvanic system
(electrodes, salt-bridge medium and characterisation process) using electrochemical techniques.
Ultimately, this information is to be used to improve understanding of the findings from Chapter
4 and to inform any future applications of the biogalvanic technique. The following objectives
were defined in order to allow realisation of the chapter aims:

Objective 5.1: To develop a suitable analogue testing arrangement to allow
parametric control and variation of resistivity, temperature and

geometry.

Objective 5.2: To define a suitable selection of relevant electrochemical
measurements to apply to the developed analogue.

Objective 5.3: To investigate the influence of salt-bridge resistance (NaCl
concentration) on the defined electrochemical tests and the

biogalvanic characterisation process.

Objective 5.4: To relate the chapter findings to the biogalvanic characterisation
system and explore the implication on previous results and suggest

adaptations for future testing.

5.2 Background information

For biogalvanic characterisation, a zinc and copper galvanic cell is established and used as the
current generating power source. The cell current is passively regulated using external resistors,
which reduces measurement system complexity, as external power supply and additional current
control electronics are not required. This simplicity makes the biogalvanic method an attractive
sensing modality. However, the findings presented in Chapter 4 showed that the system is
removed from the simple model assumptions described in Chapter 3 [115, 156]. Application to
porcine tissues ex vivo and in vivo showed sensitivities to mechanical contact condition (strain
levels) and time-dependent behaviour. In addition, and crucially, little is known of the
electrochemistry that governs the characterisation process. This section presents some
electrochemical and corrosion considerations that relate to the biogalvanic system. The

developed salt solution system analogue has also been described and justified in this section.
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5.2.1 Relevant electrochemical theory
For the copper and zinc galvanic cell proposed, information presented by Golberg et al. [115,

116] suggests the primary standard electrode reactions of:

Zn**(aq) + 2e~ > Zn(s) E°=-0.76V (SHE) (5.1)

2H*(aq) + 2e~ > H,(g) E° = 0.00 V (SHE) (5.2)

Giving the predicted full cell reaction and galvanic potential difference under standard

conditions of:

Zn(s) + 2H* (aq) » Zn?**(aq) + H,(g) AE°=0.76V  (5.3)

The actual half-cell reaction potentials are influenced by the cell conditions in accordance
with the Nernst equation (5.4), where the actual reduction potential, E,.4is a function of the
standard half-cell reduction potential E° and the chemical activity of the reducing agent,
a,.q and the oxidising agent, a,,. For dilute solutions the activity coefficient tends to unity
leaving the chemical activity interchangeable with ionic concentration. For the hydrogen
evolution reaction (equation (5.2)) to be thermodynamically favourable at pH7, a potential more
negative than -0.41 V (SHE) is required at the cathode. The measured Open Circuit Potential
(OCP) of copper under comparable conditions, and measured in this study is +0.1 V (SHE),
making hydrogen evolution unfavourable [157]. The oxygen reduction reaction (equation (5.5))
at pH7 is however thermodynamically feasible at potentials lower than +0.81 V (SHE),
suggesting that this is the primary reaction at the copper cathode under open cell conditions.

Therefore the full cell reaction within the galvanic cell would be that of equation (5.6).

RT a
Eyeq = E® — — In—& 5.4
red 2F n Aoy ( )
2H,0 + 0, + 4e~ = 4(OH)~ E° = +0.4V (SHE) (5.5)
1
Zn+ H,0 +-0, - Zn?** + 2(0OH)~
SR (5.6)

(AE® = 1.16V)
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Biogalvanic characterisation within the range of expected tissue resistivity (0.2-50 2.m
[158]) using the proposed external resistance range will necessitate moving the cell from near
open cell conditions toward short circuit. For high current levels the electrode potential must
shift away from the equilibrium potential by an amount AV, in accordance with the Tafel
equation (5.7). The term « represents the charge transfer coefficient and the terms F,R and T
represent the Faraday constant, the universal gas constant and absolute temperature respectively
[159]. The sign in equation (5.7) indicates the reaction type with positive representing an anodic
process and a negative representing a cathodic process. It is possible that the required potential
shift for the cathodic reaction supporting the anodic dissolution of the zinc metal will become
sufficient to cause change from solely oxygen-reduction to a mixed system also including

hydrogen-evolution.

I exp |+ av] (5.7)

5.2.2 Corrosion considerations

The measurement system is fundamentally based on the corrosion of zinc metal. As such, the
corrosion mechanisms for zinc dissolution as well as the supporting cathodic reactions should
be considered. Electrochemical studies have been conducted looking at zinc and copper in
isolation, and as part of a galvanic cell. In neutral and basic solutions the anodic polarisation of
zinc produces oxides and hydroxides, although passivation of the electrode is not achieved
[160]. Garcia-Antdn et al. [161] suggest that these oxide regions may cause reduced reaction
kinetics for the zinc oxidation reaction. This could lead to increasing resistance of the zinc
electrode with time. However, shorter time scales and surface treatment between tests should
mitigate or at least reduce the effect of this potential issue. Cathodic polarisation of copper in
neutral aqueous solution will be dominated by the reduction reactions of water and of dissolved
oxygen; equation (5.2) and (5.5) respectively. In particular, the rate of the oxygen-reduction
reaction, equation (5.5), has been shown to be limited at a high overpotential by the mass
transport of dissolved oxygen to the electrode surface [162]. As part of a Zn-Cu galvanic
couple, the copper electrode has been shown to be highly polarisable with respect to the zinc
electrode [163]. Therefore the behaviour of the copper electrode under cathodic polarisation will

be likely to dominate the behaviour of the galvanic cell.
5.2.3 NaCl solution model

To characterise the electrochemical properties of the system, tests were conducted within salt

solutions (NaCl (aq)). This offers improved control over the system parameters in comparison
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to testing with biological tissue. In particular, a salt solution model allows control over the salt
bridge conductivity giving meaningful validation to the biogalvanic characterisation system.
The applicability of using an agueous sodium chloride system is based on a number of
assumptions: (1) the primary tissue current pathway is through extracellular fluid, (2) the
dominant ionic components of extracellular fluid are Na* and CI-, and (3) the electrochemistry is
dominated by the NaCl medium and the electrode properties. It is common within BIS
characterisation to consider biological cells in a capacitive nature, due to their non-conductive
lipid bilayer cell membrane [164, 165]. At low frequency the current pathway will therefore be
predominantly through the extracellular fluid surrounding the cells. The major ionic species
within extracellular fluid are Na* and CI- making the use of NaCl solution an appropriate model
[164, 166].

Initial comparisons between the NaCl solution and tissue results were made within the
presented study to understand further the efficacy of this model. The analysis of a salt solution
system can thus help to validate the biogalvanic system and demonstrate the influence of
electrochemical factors that may need to be addressed for reliable use in tissue characterisation.
Specific testing of the OCV, closed cell currents and transition currents was undertaken. The
influence of salt solution conductivity within a physiological range on these independent aspects
of the galvanic cell is presented within this chapter. Additionally, comparisons have been made
between the independent electrochemical findings and the applied characterisation process, with
reference made to published tissue data.

5.3 Experiment 1: Concentration of NaCl

This section presents the testing methodology and results for investigation into the influence of
salt concentration on the galvanic cell and its constituent parts. Salt concentration was selected
as the primary variable for investigation due to its direct relation to resistivity (resistance),

which is the principal biogalvanic characterisation metric.

5.3.1 Preliminary investigation

Preliminary testing was performed in order to establish typical current behaviour of various
types of cells during the biogalvanic characterisation process. The current was measured using a
Zero Resistance Ammeter (ZRA) (Compact Stat, Ivium Technologies) during a biogalvanic
characterisation of 17.1 mM NaCl solution. The system was tested using 15 fixed external loads
(Resistor set 2) switched in descending order at 100 second intervals. In addition, identical
characterisation of an electronic model with an OCV of +0.8 V and internal resistance of 10.2

kQ, was performed and the current monitored as a function of time. The resistance value used in
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this model is within 1 % of the theoretical resistance of 17.1 mM NacCl solution under the test
geometry.

For comparison a current profile attained during a single biogalvanic characterisation of
ex vivo human rectum was performed. Freshly excised human rectal tissue was obtained in
accordance with NHS and Leeds Teaching Hospital ethics procedures. The biogalvanic
characterisation was performed over 20 fixed external load values switched in descending order
at 10 second intervals. The current trace during the characterisation was recorded for
comparison to the salt solution tests.

5.3.2 Measurements

Tests were conducted in isolation from mechanical considerations through the use of an aqueous
sodium chloride electrolyte. Salt solutions of 1.71, 17.1 & 154 mM (0.01, 0.1 & 0.9 wt%
respectively) NaCl were prepared through volumetric combination of analytical grade NaCl
(Fisher Scientific) with distilled water. These concentrations represent a conductivity range
spanning across that of soft tissues [158]. Test solutions were maintained at 25+/-1 °C for all
tests using a temperature-controlled hotplate (MR Hei-Standard, Heidolph). Axially aligned flat
faced copper and zinc 12 mm diameter cylindrical electrodes were set in non-conducting resin
and connected to external control and measurement equipment through copper wire. Electrode
surfaces were wet ground to 1200 grit and rinsed with distilled water prior to each test. Figure
5.1 shows the geometric arrangement and experimental setup used for galvanic testing in salt

solutions.

Temperature
probe
Electrode

faces

Wire to
potentiostat

25 mm

Electrode

pair
Salt solution

|
Lo ()
O

Figure 5.1: Geometric arrangement and test setup for the axially aligned galvanic test cell.
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5.3.2.1 Open circuit voltage

The OCV was determined using two separate techniques. Firstly, individual OCP values were
measured for each electrode relative to a Ag/AgCI reference electrode (Thermo Scientific).
Subsequently the difference between the individual electrode potentials was calculated to give
the expected OCV for the galvanic couple. Secondly, the OCV was measured directly from the
galvanic couple through external connection of a high resistance voltmeter. To test the OCV,
each electrode/electrode-pair was placed into the test solution and allowed to stabilise for 30
minutes. The OCP/OCV measurements were then conducted using a precision potentiostat
(CompactStat, lvium Technologies). Each measurement recorded the potential for 30 minutes
with the determined OCV being calculated using average potentials over this period. Statistical
analysis of the influence of concentration on the galvanic OCV was conducted using a single-
factor analysis of variance (ANOVA) test (n=5).

5.3.2.2 Closed cell current

In order to measure the current levels produced under closed cell conditions a Zero Resistance
Ammeter (ZRA) (Compact Stat, Ivium Technologies) was connected in series with the cell.
Upon closing the galvanic cell through the ZRA a large initial transient was typically present.
To determine the steady state closed current the system was monitored for 1 hour with data
from the final 30 minutes used to obtain steady-state average values. Figure 5.2 shows the
transient behaviour seen when establishing the closed cell current along with the steady-state
variation seen in the final 30 minutes of testing. The variation of closed cell current with
concentration was assessed statistically through application of a single-factor ANOVA test
(n=5).
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Figure 5.2: Typical closed cell current trace showing (i) initial transient settling period and (ii)
region used to determine average steady state closed cell current.
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5.3.2.3 Galvanic characterisation

For typical galvanic cell characterisation, the electrode pair was submerged in the test solution
and connected as an open cell for 30 minutes prior to resistor switching. External resistor values
were then switched every 100 seconds from high resistance to low resistance over 15 fixed
values. An external resistor switching time of 100 seconds was implemented in order to allow
transient voltages caused by discrete switching to settle before being used to determine internal
resistance. The system was connected in series with the ZRA to allow measurement of current
during this period. The resistor switching pattern and typical resultant current trace can be seen
in Figure 5.3(a). The internal resistance of the cell was determined using the model and fitting
method described by Chandler et al. [156].

5.3.2.4 Polarisation

Polarisation scans were undertaken using the individual electrodes of the galvanic cell as the
working electrode in a typical three-electrode cell. A combination Ag/AgCl reference and Pt
counter electrode (Thermo Scientific) was employed. Polarisation was undertaken after a 30
minute OCP settling period. The zinc and copper electrodes were polarised from OCP in the
anodic (increasing) and cathodic (decreasing) potential directions respectively. A scan rate of
0.5 mV/s was employed in all tests. Each polarisation was conducted to 1 V against OCP in the
test direction specified. Five repeat tests were conducted for each electrode at each NaCl

concentration.

5.3.2.5 Relative polarisation

Relative polarisation of the galvanic cell was conducted through cathodic polarisation of the
copper electrode against a zinc counter/reference electrode of the same geometry. Consequently,
data more representative of the galvanic cell under internal resistance characterisation could be
obtained. The copper potential was controlled from OCV to closed cell value (0V), with
corresponding current response being measured. Five repeat tests were conducted for each of
the test solution concentrations. Additionally, a relative polarisation scan was conducted on
freshly excised human colon tissue for comparison to the salt solution data. Tissue was obtained

in accordance with NHS and Leeds Teaching Hospital ethics procedures.

5.3.3 Results

5.3.3.1 Preliminary investigation

The current-time trace from biogalvanic characterisation of 17.1 mM NacCl solution is shown in
Figure 5.3(a). It can be seen that numerous standard features are present, these are identified as:

(i) the established Open Circuit VVoltage (OCV) at open cell conditions (no current flow between
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electrodes); (ii) transition currents showing no transient behaviour; (iii) transition currents with
significant transient behaviour; and (iv) established maximum current under closed cell
conditions. Figure 5.3(a) also shows the current response for characterisation of an electronic
model. The two systems show similar current behaviour for stages (i) and (ii). However,
discrepancies are seen at higher current levels where the transient behaviour and limited
maximum current are seen to be typical only of the salt solution.

The current profile attained during biogalvanic characterisation of ex vivo human rectum
tissue is shown in Figure 5.3(b). The profile shows that the outlined features seen within the
NaCl model are also apparent in the biological tissue test. In particular, similarities in the
transient behaviour and limitation at high current are shown. This indicates that the present
characterisation model assumption of a pure internal resistance is not appropriate over the full

testing range for pure salt solution or biological tissue.
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Figure 5.3: Current-time profiles during biogalvanic characterisation of; (a) 17.1 mM NacCl at
25°C (green line); and an equivalent electronic simulation of Ry = 10.2 kQ and OCV =0.8 V
(blue dashed line), and (b) human rectum tissue ex vivo. External resistor values as a function of
time are also shown above each current trace. A secondary ordinate axis (right) has been used to
show the low external resistance values. The identified features for salt solution and tissue data

are: (i) low current towards open cell; (ii) current level step transitions at low current; (iii)
transient behaviour occurring at higher currents after switching; and (iv) closed cell maximum
current.

5.3.3.2 Open and closed circuit

Figure 5.4 shows the averaged OCV values and data range for varied salt solution
concentrations; obtained using two different methods. OCV values range from 0.8-0.9 V, with
statistically significant differences (p < .05) being shown between mean values, determined
using a galvanic couple. For comparison, Figure 5.4 also presents in vivo OCV results obtained

in a separate study [156]. These values represent the mean and range of five repeats tested on a
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single porcine specimen at three different tissue locations. The OCV values for a tissue salt
bridge are all lower than for aqueous NaCl. Additionally, the values span from 0.3-0.7 V and
are specific to the tissue type tested.

Figure 5.5 shows the average steady state maximum current obtained for varied solution
concentration. No statistical significance (p < .05) between average closed cell currents at varied
test concentrations was found. However, the average current for the 1.71 mM NaCl solution is
lower than either of the more concentrated solutions. Variability in results is large for all
concentrations, with standard deviations ranging from 4-8 pA.

- Measured galvanic OCV  [[l] Calculated from OCP

1.71 mM 17.1 mM 154 mM Colon Liver Rectum
Salt Bridge Medium

Figure 5.4: Averaged OCV determined for solutions of varied [NaCl] using galvanic
determination and calculated from independent electrode OCP measurements; full data range
indicated (N=5). OCV values from in vivo porcine tissue tests also shown for comparison [156].
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Figure 5.5: Average closed cell current for varied [NaCl]; showing +/- 1SD (N=5).

5.3.3.3 Galvanic characterisation
Figure 5.6 shows the characterised internal resistance values determined for the varied salt

solution concentrations. The internal resistance values measured using the galvanic method
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follow the trend of the theoretical data, although errors are seen to be large at the extremes of
solution concentration. For the lowest NaCl concentration (1.71 mM), the galvanic method
gives resistance values much lower than theory, and shows a high degree of variability for
repeat tests. The 17.1 mM concentration gives measured values in line with theory, with the
mean internal resistance being 6 % larger and with low repeat variation. For the highest
concentration (154 mM), measured resistance values were consistently greater than theory with

a high degree of variability.
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Figure 5.6: Averaged internal resistance + standard deviation, determined using: the galvanic
characterisation method, and from theory using conductivity data.

5.3.3.4 Polarisation

Figure 5.7 shows the current profile produced by polarisation of each electrode for the three
concentrations tested. The mean polarisation curves are represented by solid lines with the range
from five repeats indicated via the corresponding shaded boundary. The anodic polarisation of
the zinc electrode shows a typical exponential potential-current response for an electrode under
charge transfer control; as described by equation (5.7). The range of zinc polarisation profiles is
small for all concentrations, indicating that polarisation of this electrode is highly repeatable.
The NaCl concentration has the influence of altering the potential-current response.
Specifically, for the same overpotential the current is higher for a higher NaCl concentration.
This is likely due to a reduction in the losses associated with uncompensated solution resistance
as the solution resistance drops. In contrast, the cathodic polarisation of copper breaks from
linear behaviour at potentials more negative than 0.1 V from OCP, showing influence from
mass transport kinetics. This is exemplified by the large range of polarisation profiles seen from
repeat tests; particularly in more concentrated solutions. The OCP values of the copper electrode
are more negative for increasing NaCl concentration. The point of equal current for the anodic

and cathodic profiles of the galvanic cell has been indicated for each concentration. This is
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predictive of the maximum current attainable by the cell, although the influence of polarisation

scan rate and internal resistance losses are not accounted for.
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Figure 5.7: Average polarisation data (N=5) for axial electrodes tested in (A) [NaCl] = 1.71
mM, (B) [NaCl] = 17.1 mM, and (C) [NaCl] = 154 mM; zinc and copper polarised in the anodic
and cathodic direction by 1 V from OCP respectively. The range seen within repeats is shown
for each test case as the shaded region. Predicted average closed cell current and individual
electrode OCP values are indicated.

5.3.3.5 Relative polarisation

Figure 5.8(a)-(c) shows the polarisation of the copper electrode against a zinc counter for three
NaCl concentrations. The current profile produced shows a combination of the features seen
within the individual polarisation curves of Figure 5.7 All concentrations tested tend towards a
similar limiting current, similar to the closed cell current results of Figure 5.5. Increased non-
linear potential-current behaviour is seen with increased concentration. The profiles demonstrate
three distinct regions: (1) activation-controlled response at potentials close to the OCV, where
small potential changes cause large changes in current; (2) an approximately linear increase in
current with increase in potential; and (3) mass transport limited regime where current becomes
independent of potential. The duration of each stage varies for each of the test concentrations.

The relative polarisation data for a cell connected through ex vivo human colon tissue is shown
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in Figure 5.8(d). The profile produced shows cell features predicted from salt solution tests,
with large activation controlled and current limited regions. These features were also predicted

from the biogalvanic current trace in Figure 5.3(b).
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Figure 5.8: Average relative polarisation data (n=5) for axial copper electrode against a zinc
counter & reference for salt bridge mediums of (a) [NaCl] = 1.71 mM, (a) [NaCl] = 17.1 mM,
(c) [NaCl] = 154 mM, and (d) human rectal mucosa (ex vivo). Copper polarised in the cathodic
direction from OCV; (a-c) show repeat testing range shown as shaded region (N=5). Potential
current control methods annotated as: (1) activation control, (2) internal resistance control, and

(3) mass transport control.

5.4 Experiment 2: closed cell galvanic current

This section reports the findings related to current measurement under closed cell conditions.
The relevance of this parameter to the biogalvanic system is presented along with an
investigation into the influence of temperature on the closed cell current. A summary of the

closed cell current tests perform is also presented.
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5.4.1 Relevance to biogalvanic characterisation

The closed cell galvanic current represents a specific point in the biogalvanic characterisation
procedure. This point is where the external load on the cell is sufficiently low that it does not
restrict current, which is instead limited through internal mechanisms. This was selected for
investigation as it offers an easily achievable test condition, removed from a number of the
influencing variables of the biogalvanic characterisation process (c.f. Chapter 4). Measurement
under this condition on in vivo, and in vitro tissues is presented within Section 4.4.2 and Section
4.5.1 respectively. This section reports closed cell galvanic current results from testing under

varied electrode geometry, temperature and salt solution concentrations.

5.4.2 Influence of temperature

During measurement of the closed cell current in salt solution systems, controlled to
temperatures above room temperature, significant transients were noticed. Figure 5.9 shows a
typical current profile found during closed cell galvanic current testing. This cyclic process was

also evident for varied concentrations and electrode geometries, as shown in Figure 5.10.
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Figure 5.9: A typical closed cell galvanic current trace recorded during a temperature controlled
investigation with electrode set N in NaCl(aqg) (1.71 mM), showing cyclic current variation.

The cyclic nature of the current trace was deemed to be caused by either interface
phenomena such as build-up and clearing of reaction product, or a complex passivation cycle, or
due to alteration of the cell temperature induced through non-ideal control. The effect of
temperature fluctuation offered a simpler testing process. As such, testing was conducted
through sequential alteration of the cell temperature. In addition, a system was developed to

allow time-synchronised measurement of current and temperature.
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Figure 5.10: Cycling phenomenon and steady state values shown for closed cell galvanic current
measurements across cell geometries and salt solution concentrations.

5.4.2.1 Methods

Tests were conducted to investigate the influence of temperature on the closed cell galvanic
current. A range of solution temperatures were employed for testing, while the corresponding
closed cell galvanic current was recorded. In addition, external monitoring of the temperature

was used to investigate the steady-state control of the system.

5.4.2.1.1 Temperature monitoring

The salt solution temperature was monitored during testing using a second temperature sensor.
A temperature sensing element (Pt1000 for MR Hei-Standard, Heidolph) from a hotplate
controller of the same specification was used for monitoring the cell temperature. The sensor is
a Resistive Temperature Detector (RTD), meaning a variation in resistance with temperature. A
Pt1000 has a resistance of 1000 Q at 0 °C, and over small temperature range its resistance varies
in an approximately linear fashion, in accordance with equation (5.8), [167]. This equation
shows that for a positive temperature coefficient of resistance (a;), a linear increase in
resistance of the RTD will be expected for an increase in temperature (T (°C)). The temperature
coefficient of resistance for platinum, as in the Pt1000, is 0.0039 (/°K =/°C) [167].

The resistance change across a 50°C range was therefore calculated as shown in equations
(5.9)-(5.11). For a variable resistance sensor, it is typical to use a bridge resistor network
configuration to convert resistance change into a measurable potential difference [167]. Using
the theoretical resistance values of the RTD across the testing temperature range, the expected

output voltage across a Wheatstone bridge was determined using equation (5.12). The
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assumption of an ideal sensor with a balanced bridge at 0 °C was made, giving the voltages at 0

and 50 °C in equations (5.13) and (5.14) respectively.

Rprp = Ro[1 + a,T] (5.8)
R, = 1000[1 + (0.0039 x 0)] = 1000 2 (5.9)
Rep = 1000[1 + (a x 50)] = 1195 (5.10)
AR = 1195 — 1000 = 195 0 (5.11)
Ve = (%TZTD - Rli-zl-sz) s (12)

v _( 1000 1000 )5—01/ (5.13)
711000 + 1000 1000 + 1000/~ — '

1197 1000
50 = (

— = 0. 5.14
1000 + 1197 1000 + 1000) 5=0.224V 14)

To achieve optimal resolution for the voltage range expected across 0-50°C, amplification
to 0-10 V was employed. A differential amplifier was used to amplify the potential difference
across the bridge. The full sensing electronics configuration is shown in Figure 5.11. The
resistor values for the differential amplifier were selected to give an approximate gain of 40.
With the selected settings a calibration against a second Pt1000 (MR Hei-Standard, Heidolph)
calibrated to £0.05°C was conducted. Figure 5.12 shows the temperature sensing system
calibration data. The calibrated system was utilised in the galvanic current testing to achieve

synchronised time-coded temperature data.
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Figure 5.12: Calibration results for custom temperature sensing system over the proposed
testing range of 20-50 °C.

5.4.2.1.2 Temperature variation

Temperature variation testing was conducted using an N needle electrode pair (Lmm diameter
with 10 mm indentation and 20 mm separation). The electrode pair was held submerged in 500
ml of 1.71 mM NaCl solution in 150 mm diameter beaker centred on a magnetic stirring

hotplate (MR Hei-Standard, Heidolph). The hotplate control was set to a fixed temperature
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(setpoint), with the ‘manual’ temperature set to 100°C. Closed cell galvanic current was
measured using a ZRA (Compact Stat, lvium Technologies) for 1 hour at each temperature.
Temperature setpoints ranging from 20-50°C in 5°C intervals were tested in a randomised order,
with three repeats recorded at each temperature. The average galvanic current for each
temperature was determined as the arithmetic mean current over the final 30 min of testing.
Current and temperature data were qualitatively investigated through graphical comparison of
synchronised data.

5.4.2.2 Results

The mean closed cell galvanic current as a function of solution temperature is shown in Figure
5.13. A positive linear relationship can be seen for temperatures up to 40°C, with the relative
increase in closed cell current being less at temperatures above this value. This drop in linearity
may be associated with changes in the electrode kinetics arising from electrode passivation at
higher temperatures. Figure 5.14 shows how the solution temperature and closed cell galvanic
current vary with time. Significant hysteresis in the hotplate controller, causing a fluctuation of
+1°C around the temperature setpoint, is evident within the trace. Crucially, the heating element
generates electronic noise that is picked up by the electrodes, and causes an abrupt rise in the
closed cell current signal of approximately 6 pA when switched on. The cyclic heating pattern is
picked up in the measured current trace. Although the temperature fluctuation of a tissue system
is likely to be considerably slower than for the hotplate, Figure 5.14 illustrates how temperature
can have a significant influence on the cell current and therefore biogalvanic resistance

characterisation.
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Figure 5.13: MeanzSD (n = 3) closed cell galvanic current as a function of solution temperature
for N, electrode set.
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Figure 5.14: Galvanic current and solution temperature as a function of time for 1.71 mM NaCl
at 25°C.

5.5 Discussion

5.5.1 Open circuit voltage

Average OCV values measured from the galvanic couple show statistical significance for varied
NaCl concentration. Salt ion concentrations within physiological range alter the standard
electrode potentials, generating a range of OCV values varying by 0.1 V (from 0.8-0.9V).
Variations in electrode potentials can be accounted for through temperature and local ion
concentration fluctuation, in accordance with the Nernst equation. Salt solution results are
markedly different to OCV values measured in vivo on porcine tissues [156]. Tissue results are
presented for comparison in Figure 5.4. A much larger range spanning from 0.2-0.8 V is shown,
with differences between tissue types being statistically significant. The much lower OCV
values seen in vivo may be related to altered reaction mechanisms. In particular, the lower OCV
may be caused by a lower open circuit potential at the copper electrode. For an aqueous system
with a low dissolved oxygen concentration, the electrode potential at the cathode may become
more negative to thermodynamically support the hydrogen-evolution reaction of equation (3). If
tissues have type specific dissolved oxygen concentrations, then specific OCV values for zinc-
tissue-copper galvanic cells would be expected. Carreau et al. [168] showed that there is
significant variation in the oxygen partial pressure (p0O,) between tissue types, specifically
indicating a lower pO, for liver tissue compared to intestinal tissue. The influence of oxygen

can also be seen within the salt solution system (Figure 5.7); where the OCP at the copper
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electrode becomes more negative as the oxygen solubility is reduced by higher NaCl
concentrations. For NaCl concentrations from 0-171 mM the solubility of oxygen reduces from
8.22-7.79 mg/I (~5 %) [169].

5.5.2 Closed cell current

5.5.2.1 Influence of concentration

Figure 5.5 shows the closed cell current to be insensitive to the concentration of NaCl. No
statistically significant differences in steady state current values are shown between
concentrations. This suggests that at maximum current the system is not limited by the
resistance of the salt bridge. It can be seen directly in Figure 5.3(a) that for an electronic model
of equivalent internal resistance, the current at low external resistor values is higher than that
produced in the galvanic cell. Therefore, at high current levels the characterisation method is no
longer influenced by the solution resistance but by a limited reaction rate. Additionally, the
fluctuations at maximum current are large (as shown in Figure 5.10) indicating instability of the
current limiting mechanism. In particular the fluctuations were noted to be sensitive to
temperature and agitation which are typically associated with a mass transport limiting,

diffusion controlled processes [162, 170].

5.5.2.2 Influence of temperature

Temperature showed a significant influence on the closed cell galvanic current. The results
shown in Figure 5.13 indicate an approximately linear increase in current with temperature,
suggesting that the mechanisms of current limitation are directly proportional to temperature.
Temperature is therefore an important consideration for steady-state current tests as well as
biogalvanic characterisation. The cycling influence of the solution temperature shown in Figure

5.14 also acts to demonstrate the sensitivity of the system to this value.

5.5.3 Galvanic characterisation

The internal resistance values predicted using the biogalvanic characterisation method show
discrepancies with theoretical values determined using conductivity data for the corresponding
solution concentrations. For the 1.71 mM solution, the measured internal resistance is much
lower than theory (25 %). This is due to the method of characterisation not being specific to the
internal resistance, and thereby measuring the influence of electrode activation. For the 154 mM
solution, internal resistance values were measured as being larger than those predicted
theoretically. This can be accounted for through the mass transport limited current under closed
cell conditions being a dominant factor over the solution resistance. In addition the characterised

resistance is highly variable within the same conductivity of solution which corresponds with
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the fluctuation seen at closed cell current levels. The resistance of the electrodes are also not
accounted for within the characterisation model which will inevitably lead to a larger prediction
of internal resistance if the system is assessed over the full current range. The internal resistance
determined of the 17.1 mM solution shows agreement with theory, and also indicates little
variation with repeat testing. Figure 5.6 indicates that the galvanic characterisation method is
inadequate at determining effective solution resistances for extremes of NaCl concentration.
Inaccuracies may be caused by factors influencing the characterisation process such as mass
transport limitations at the cathode, large relative resistance of the cell electrodes, and the
discrete external resistor range not allowing even characterisation over the full current range.
However, the relative pattern follows that of the theoretical resistance values and predicted
values at 17.1 mM are within 7 % of the theoretical value, indicating that the system may be
accurate when sufficiently optimised to the test case.

5.5.4 Polarisation

Polarisation tests allow the individual electrode current response to be examined over the range
of possible potentials experienced during galvanic characterisation. From Figure 5.7 it can be
seen that the polarisation involved during galvanic characterisation necessitates the anodic and
cathodic polarisation of the zinc and copper electrode respectively. For the same electrode areas
the zinc electrode requires a much smaller overpotential than the copper electrode to achieve the
maximum current of the closed galvanic cell. This indicates that the system is particularly
dominated by the cathodic polarisation of the copper electrode. For the 17.1 and 154 mM NaCl
solution, a near vertical current response is seen in Figure 5.7 at potentials more negative than -
0.4 V from the OCP of the copper electrode. For the same concentrations under relative
polarisation (Figure 5.8), large mass transport limited regions are also evident. This current
saturation is associated with the diffusion limited oxygen reduction reaction of equation (5.5),
commonly seen in the cathodic polarisation of copper in aqueous solution [162, 171].

The value of the maximum current for a system under this type of control is determined
by a number of factors, described by equation (5.15) [83]. The current (I) is controlled by the
charge transferred per mole (nF), electrode area (A4), diffusion coefficient (D), concentration of
the diffusing species in the bulk solution (c;), and the diffusion layer thickness (6). For the
system in solution the values can all be considered constant with the exception of the diffusion
layer thickness. The diffusion layer thickness for a static (unstirred) system will be time varying
in accordance with an expanding concentration gradient as the reaction proceeds. For a planar
electrode, this is typically modelled as equation (5.16) [83], where t represents time. This model
predicts an ever expanding diffusion layer which, in conjunction with equation (5.15), would

propose a current tending to zero. It can be seem from Figure 5.2 that this was not found
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experimentally; instead the system appears to fluctuate around a steady state value. The non-
zero current results from natural convection resupplying electrolyte of bulk concentration to the
depleted diffusion layer. An effective limit is reached on the diffusion layer thickness which is
dependent on the natural convection within the system. Tobias et al. [172] advise that the often
quoted diffusion layer thickness of 0.5 mm can lead to erroneous predictions of limiting currents

under natural convection, and actual thickness values are highly system specific.

[ = nFADCb (515)
6
6 =VnDt (5.16)

This diffusion limiting mechanism is of critical pertinence to the characterisation method.
Dropping the external resistance to a level where the current demanded becomes greater than
that of the diffusion-limited current will cause the system to operate in a non-linear regime,
inconsistent with the proposed characterisation model. Effectively, an additional resistance
becomes dominant within the system, thereby restricting determination of the internal salt
bridge (tissue) resistance.

5.5.5 Relative polarisation

Control of the potential across the galvanic cell using polarisation of copper against zinc is most
representative of the system during biogalvanic characterisation. Utilising a slow potential
transition mitigates the influence of large transient potentials caused by the discrete external
resistor switching. Comparison of Figure 5.7 with Figure 5.8 indicates that the galvanic system
behaves as a combination of the two polarised electrodes, with the copper dominating the
current response. The diffusion limited oxygen-reduction reaction is again evident in the
response for higher concentrations, indicating that it will be present during internal resistance
characterisation. An activation controlled region is also present at potentials close to OCV. This
indicates that at the extremes of the current range, phenomena at the electrode will dominate,
thereby reducing the efficacy of internal resistance determination.

The relative influence of the various cell phenomena is proposed as being qualitatively
associated with the accuracy of the internal resistance characterisation. The profiles can be
divided into three distinct regions: (1) activation controlled potential-current response, at
potentials close to the OCV; (2) a steep drop in potential for a small increase in current caused
primarily by the internal resistance; and (3) mass transport limited regime where current

becomes independent of potential. These regions have been highlighted in Figure 5.8 to allow
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for compassion between concentrations. It is proposed that, when using the current
characterisation method, accurate determination of internal resistance can only take place when
region (2) is dominant and the external resistor range generates currents primarily spanning this
region. It can be seen that for the 17.1 mM NacCl solution the activation control region is small
and the onset of mass transport limitation is close to the closed cell condition. Therefore, for the
majority of the potential-current profile the system is under internal resistance control, leading
to more accurate characterisation. In contrast, galvanic polarisation of 154 mM NaCl shows a
very early onset of mass transport limited behaviour at cell voltages of less than 0.7 V, while
internal resistance control is only seen at voltages between 0.8-0.7 V. As a result, the internal
resistance characterisation will pick up primarily on the effective resistance of the mass
transport limiting mechanism. This may be responsible for the over prediction of the salt bridge
resistance seen in the 154 mM solution. For the low resistance system of the 1.71 mM NaCl
solution, the galvanic polarisation shows little influence of the mass transport limitation (cell
voltages < 0.2V). This exposes a large region of internal resistance (0.6-0.2V) which should
allow for accurate characterisation. However, the system also shows a large portion of the
profile under activation control (0.8-0.6V). In conjunction with the fixed range of external
resistances, it is postulated that the characterisation of internal resistance in this solution is
dominated by this activation region, leading to an under prediction of internal resistance.

Figure 5.8(d) shows the response for relative polarisation of the cell connected through
tissue. Electrochemical features seen during NaCl tests are again present here with large
activation potential losses and mass transport limited current. The tissue system is subject to the
same phenomena seen in NaCl, demonstrating that the salt solution model is appropriate for
examining the system’s electrochemical properties. However, the specific potential-current
relationship may not be exactly captured within a particular NaCl system and tissue data should

also be examined independently when making biogalvanic characterisations.

5.6 System-relevant findings

The primary aim of the biogalvanic characterisation method is to determine an accurate
measurement of tissue resistance. This study has shown that the biogalvanic characterisation
method is subject to a number of confounding factors caused by the electrochemistry of the
system. Firstly, the dissolved oxygen concentration will change with the variable salt
concentration of different tissues. As the oxygen concentration is directly related to the potential
of the copper cathode, the cells OCV will be influenced by tissue type. However, the use of
appropriate model to fit to the measured data can account for this variation, making it a useful

metric in conjunction with the internal resistance. Secondly, and of more significance, is the
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electrode resistance inherent in the biogalvanic system due to the use of only two electrodes. All
measurements will contain contributions from losses at the electrodes along with those within
the tissue. This will cause an additional resistance to be present in the system, contributing to
the characterised internal resistance. If the electrode resistance is constant and small relative to
that of the tissue medium then this systematic error would not preclude the measurement of a
specific tissue resistance, although the accuracy will be reduced. Electrode resistance will be
influenced by the material type, geometry and current test range, making choice of these
parameters important. Finally, for high current demands through the cell, it has been shown that
the system becomes limited by the rate of diffusion of oxygen to the copper anode. This non-
linear behaviour will cause an additional error in the characterisation. This process has been
shown to be present during tissue testing (Figure 5.3(b)) but may vary due to the range of
oxygen concentrations expected. Mitigation of this during biogalvanic characterisations could
be achieved by restricting tests to lower cathodic overpotentials (and therefore lower current
densities) through the adjustment of the relative electrode areas. Although significant potential
errors are present within the biogalvanic characterisation system it is feasible that these can be
minimised or mitigated through careful equipment and experimental design, allowing the
method to deliver representative tissue resistances. This is supported by the accuracy and

repeatability achieved during 17.1 mM NaCl characterisation.

5.7 Chapter Summary

In accordance with Objective 5.1 a salt solution tissue analogue was developed and justified
(c.f. Section 5.2.3). Assessment of copper-zinc galvanic cells using typical (OCP and
polarisation scans) and atypical (closed cell current, internal resistance characterisation, and
relative polarisation) electrochemical measurements, defined as part of Objective 5.2. This has
improved the understanding of the biogalvanic system. Specifically, it has been shown to be
predominantly controlled by processes at the copper electrode. The proposed reaction of
hydrogen-evolution is thermodynamically unfavourable relative to the oxygen reduction
reaction at the measured cathode OCP. Under tested conditions the oxygen reduction reaction is
occurring and persists as the cathode potential becomes more negative. The OCV of the galvanic
cell is proposed to be sensitive to the concentration of dissolved oxygen in the system. This may
explain the significant variation in OCV values seen between porcine tissues in vivo [156].

From investigation into the influence of salt-bridge resistance (Objective 5.3), it is
evident that previous work reporting biogalvanic characterisation [115, 116, 156] may have
underestimated the system complexity. In particular, the assumption of a sole internal resistance

is an oversimplification. Galvanic polarisation has shown that electrode activation behaviour at
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high cell potentials (low current) and transport limitations of oxygen to the cathode at lower cell
potentials (high current) may skew the characterisation metric, leading to inaccurate predictions
of tissue resistance. These findings have been discussed in Section 5.5.3, in accordance with
Objective 5.4.

There are potential benefits to biogalvanic characterisation although application of this
modality requires repeatable and accurate results across a range of operating conditions.
Mitigation of the issues demonstrated may be achieved through optimisation of the
characterisation system, specifically selection of electrode material and geometry, and through
appropriate system modelling and improved control of external resistive loads. Additionally,
inclusion of the OCV parameter during assessment may yield more reliable metrics pertaining to
tissue health, as this parameter is linked to the known variations in tissue oxygen

concentrations.
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Biogalvanic system modelling

Work presented in Chapters 4 and 5 detail the systematic testing of the biogalvanic system
within tissues and salt solutions. Findings from these tests have illustrated the complexity of the
biogalvanic system and the potential errors apparent during characterisation. This chapter
summarises exploratory work conducted with the aim of offering methods of reducing these
errors, and improving the characterisation system as a whole. Due to the limited resistor
selection range of the custom Biogalvanic system, Section 6.2 describes the development of a
testing protocol to allow the use of the commercial CompactStat (lvium Technologies) in the
subsequent work.

The subsequent sections detail investigation into biogalvanic system modelling. Section
6.3 presents a time-dependent analytic model, with the aim of reducing the influence of the
external load switching rate on the characterisation metrics. Section 6.4 describes collaborative
work conducted in conjunction with the School of Computing, University of Leeds to develop a
more rigorous system model, with inclusion of cell geometry and electrode polarisation effects.
Section 6.5 details the findings and limitations of the modelling work presented. The chapter is
concluded with a general review of the feasibility of biogalvanic characterisation as a sensing

system.
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6.1 Chapter objectives

A number of limitations of the biogalvanic characterisation method have been highlighted
through the results presented in the preceding chapters. The simple model assumptions upon
which the method is based are not adequate for dealing with the complexity of the galvanic cell
during full polarisation (open cell to closed cell). This chapter presents a number of exploratory
studies performed to investigate the feasibility of overcoming these limitations through the use

of improved system models. The work objectives associated with this chapter are:

Objective 6.1: To produce a more flexible external load controlling tool to allow
improved  parametric  investigation into electronic and

measurement variables.

Objective 6.2: To examine the inclusion of the time-dependent elements into the
characterisation model to allow separation of electrode and tissue

resistance values from measured data.

Objective 6.3: To evaluate the biogalvanic system through numerical modelling of

the system.

Objective 6.4: To summarise the findings from this and previous chapters relating
to biogalvanic characterisation, and assess its feasibility as a

sensing modality within MIS.

6.2 Improved Galvanic Cell Load Control

In Chapter 4, electronic and measurement parameters were shown to have a significant
influence on the characterised biogalvanic resistance of tissues. Tested parametric variation
included external resistor switching direction and rate, and the influence of resistor range was
also shown to be an essential consideration (c.f. Section 4.5.2). It is for these reasons that it
becomes an essential requirement for improved control of these parameters. The presented
Biogalvanic testing system (Chapter 3) has the limitation of utilising fixed resistor vales over a
7-bit configuration. This significantly limits the range, resolution and flexibility of potential
external load test configurations. The following sections detail the integration of a commercial
potentiostat (CompactStat, Ivium Technologies) into a software reconfigurable biogalvanic

measurement system.
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6.2.1 CompactStat software and testing protocol

The Ivium CompactStat has been described in Section 3.5.2. The native software (lviumSoft,
Ivium Technologies) allows the device to be configured into load (resistance) control, while
current and voltage are measured. The electrode and wiring configuration for this type of test is
shown within Figure 3.7(b), [152]. Theoretically, this system offers external load control with a
fully configurable resistor range. However, two issues are apparent: (1) the current limitations
of the device limit the available low end resistor, and (2) the current range must be adjusted
manually to allow testing in specific resistance ranges resulting in the need for multiple discrete
measurement software configurations to complete a single measurement. Section 3.8 describes
the comparison tests conducted using the CompactStat and the Biogalvanic testing system.
Software was developed to remove the need for manual reconfiguration of the lviumSoft

software.
LabVIEW
Load blank load
control method
file
\ 4
ser select: Determine ) Apply stri
U.q ' etermi Generate string PP’y String
resistor range, resistor set and variables for variables to
resistor spacing, —=» distribute into —» method files for
. selected test
switching rate correct current each current
parameters
and capture rate ranges range
Save generated
method files
MviumSoft
‘ h 4
Load batch file Select
to run load appropriate  —» Run batch test Save batch data
methods method files

Figure 6.1: Developed software and protocol steps to allow the CompactStat to function as a
biogalvanic measurement system.
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Due to the power limits of the CompactStat, specific external load ranges require a
specific device current range. Adjustment of this current range can only be achieved through
adaptation of the testing method which cannot be performed at runtime. A solution to this was
implemented through a combination of customised method files sequenced within IviumSoft
Batch mode. Figure 6.1 illustrates the process developed to allow for the CompactStat to be
used as a biogalvanic measurement system. Each method file could be configured to the specific
external load and current range for a particular test section. Using multiple method files
therefore allows the full range of external loads to be tested while not causing current saturation
during measurement.

To allow for software reconfiguration of the test settings, a custom LabVIEW (National
Instruments) program was written. The function of this program is illustrated in Figure 6.1.
Principally, the software allows the user to select the desired testing parameters of external load
range, number of loads, and switching rate. These values are then integrated into the format of
an lvium method file (.imf) to be read by the lviumSoft batch controller.

The developed system allows simple reconfiguration of the control and measurement
system to test a wide range of external load configurations. However, a number of caveats to the

system were identified during its testing:

Method file selection: Batch mode transitions between method files as each is complete.
Each transition requires the cell to be temporarily disconnected.
This may cause signal peaks at transition points although the

influence on characterisation appeared to be limited.

Current range selection: By default, the IviumSoft groups the external load and current
ranges together. This aims to give suitable resolution for the
external load testing range. However, the cell current measured
is dependent on the resistance of the test cell. Therefore these
default current range-external load combinations may
occasionally result in current saturation. It is essential to check
for current saturation during testing and to adjust these ranges in

the LabVIEW software as appropriate.

6.3 Analytic transient modelling

Biogalvanic characterisation aims to allow measurement of the passive electrical resistance of
biological tissues using a biogalvanic power source, [115, 116]. The proposed simplicity of the

technique make it a potential candidate for integration into surgical tools to relay real-time
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information to the surgeon regarding tissue health. Investigation into the relevant
electrochemistry of the galvanic cell was performed as part of Chapter 5, and has been reported
by the author, [173]. The generation of tissue resistance metrics are dependent on the
assumption and application of suitable electronic model. With the assumption of a constant
Open Circuit Voltage(OCV), Golberg et al. [115] related the measured cell current, I for a
specific external load, Ry to the internal resistance of the galvanic cell, R,y using equation
(6.1). The author, [156] proposed fitting the vector of voltages, V measured across the
corresponding external resistances, Rgxr to an electrical model of the cell in accordance with
equation (6.2). Fitting in this way was developed as a means of improving the accuracy and
precision of the determined internal resistance and to avoid the assumption of a fixed OCV.
However, results still showed significant hysteresis in the characterised internal resistance
between increasing and decreasing external load switching directions [156]. In addition, the
influence of switching rate on the characterised resistance of the tissue was demonstrated in
Chapter 4. This adds uncertainty to a measurement and makes relation of data collected at
different rates inaccurate.
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The load direction hysteresis and switching rate dependence shown are primarily due to
transient behaviour noted between external load switching points [173]. Two possible sources of
this phenomenon are: (1) the diffusion of ions at the electrode-tissue interface, and (2) electrical
losses caused by resistive and capacitive nature of the electrode-tissue interface. A potential
solution to this is to reduce the switching rate to such a level that any time-dependent decay has
occurred. However, this is impractical for two reasons: (1) over extended periods the potential
of the galvanic electrodes and the tissue resistance are likely to drift, leading to errors in the
characterisation; and (2) the required settling time is such that measurement time may become
impractical within a surgical setting.

Under certain conditions the current within electrochemical (galvanic) systems can be
controlled by the rate of reaction at either the cathode or anode [83]. This may be determined by
the rate of charge transfer or the mass transport of active species to/from the reaction interface.
For a mass-transport limited system the diffusion of active species can lead to significant time
varying currents within measured data [83]. Alternatively, transient currents may be associated

with the electrical properties of the electrode interface. Specifically, the electrical resistance
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associated with charge transfer and the capacitive properties of the Electrical Double Layer
(EDL) may act in combination to produce transients with specific time constants [83].
Measurement and characterisation of these properties is a goal of techniques such as
Electrochemical Impedance Spectroscopy (EIS) [174], and transient based DC techniques [175].

Section 6.3.1 reports on adaptation of the biogalvanic characterisation model of equation
(5.4) to account for transient behaviour associated with electrical losses at the tissue-electrode
interface. A subsequent study was performed to compare the influence of external load
switching rate on the determined internal resistance of ex vivo porcine colon tissue using the two
characterisation methods. Application of the transient model was also extended to
measurements taken from ex vivo healthy and cancerous human rectal tissue. The efficacy of the
technique is discussed in the context of application within surgical sensing.

6.3.1 Time-dependent model

The established fitting method [156] utilises a single resistance in series with the galvanic
power source and external load, expressed in equation (6.2). Inclusion of time-dependent
electrode interference can be achieved through a more comprehensive model, where aspects of
the electrode impedance are included. Figure 6.2 shows the developed model, where potential
losses across the electrode (V) are accounted for through a parallel resistance (R.r) and
capacitance (Cp;) associated with the charge transfer resistance and EDL capacitance

respectively.
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Figure 6.2: Electronic equivalent model of the biogalvanic cell including time-dependent
electrode interface parameters.

The cell can be considered as discrete voltage losses across the EDL (Vy;), tissue
resistance (V;;ssue) and external resistance (V) in accordance with equation (6.3). The voltage
drop across the EDL forms the most complex aspect of the model, with the response given by
equation (6.4), with the time-constant () being the product of the charge transfer resistance and
EDL capacitance. The steady-state current for a particular external load R%,.can be calculated

using equation (6.5). The current step for subsequent loads (AI) is therefore determined as the
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difference in steady-state currents for sequential external loads. Equation (6.6) gives the voltage
response across a specific external resistance. Individual voltage responses for a set of external
loads can be summed to give the full voltage-time response. A Levenburg-Marquardt algorithm
[155] was implemented in software (LabVIEW, National Instruments) to
optimise OCV, R, C4;, and Ryjseye Parameters to the measured voltage-time data based on

known external load values and switching rate.

OCV = Vg + Vyissue + V (6.3)
-t
Var = IRee(1-e7) (6.4)
. ocv
i , (6.5)

(Rct + Rtissue + Réxt)

t

Viy=0CV = MRe, (1— €7 )+ AlRyisque (6.6)

6.3.2 Methods

Measurements were conducted on a single piece of ex vivo porcine tissue from the mid-colonic
spiral and tested under laboratory conditions (20°C) within 4 h of slaughter. The animal used
was bred and sacrificed in accordance with UK Home Office regulations (Animals (Scientific
Procedures) Act 1986). Test electrodes (12 mm diameter Zn & Cu) were set in non-conducting
resin, wet ground (1200 grit) and clamped in axial alignment (separation 5.2 mm) under
minimal strain onto the colon tissue, as illustrated in Figure 6.3. The CompactStat (Ivium
Technologies) was configured using the methodology detailed within Section 6.2 to control the
external load on the cell across 10 logarithmically spaced resistance values ranging from 1 MQ
- 336 Q. The rate of external load switching was varied from 1 — 0.02 Hz in a random test order
(determined using a computer generated simple randomisation) to decouple the influence of
tissue degradation from any rate dependence. The voltage-time response for each rate was
recorded at 100 Hz. Each voltage response was characterised using the models of equation (6.2)
and (6.6) and the representative tissue resistance values of R;yr and Ryissue determined
respectively.

Freshly excised human colon tissue was obtained in accordance with NHS and Leeds
University Teaching Hospital Trust ethics procedures. The tissue specimen was removed as part
of a right hemicolectomy, with subsequent histopathology being performed after testing. Five
repeats were taken within a healthy tissue region and five from the location of the tumour

(identified by the surgeon). The electrode configuration was arranged as shown in Figure 6.3.
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Testing was performed using the same external resistor range as with porcine testing, with
switching rate fixed at 0.1 Hz. The time-dependent response from each test was analysed using
the developed transient model and compared to characterisation using a single fixed internal
resistance (equation (6.2)). For each model an independent samples t-test was conducted to

compare the resistance of healthy and cancerous tissue.

Electrode Resin Cu electrode
clamp L
o
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§

i

Connecting  Zp electrode
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Figure 6.3: Testing configuration for axially aligned biogalvanic characterisation cell.

6.3.3 Results

Figure 6.4 shows the voltage measured across the external load as a function of time for the
different switching rates employed. It is evident from the data that there is significant time
dependence within each rate test. Voltage profiles between external load switching show an
approximate exponential decay in most cases. External load switching rate therefore shows
significant impact on the voltage measured prior to transition, as used in the characterisation
model of [156]. It is evident that for longer duration tests that there is more deviation from the

pure exponential decay under certain load conditions.
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Figure 6.4: VVoltage profiles from biogalvanic characterisation of porcine ex-vivo tissue for a
range of external load switching rates.
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Figure 6.5: Example of model fitting result for 0.1 Hz external resistor switching rate, where the
parameters of OCV, R, Cq;, and Ry;ss1e have been optimised to match to the measured data
using equation (6.6).

Application of the transient model fitting method to the measured data allowed
characterisation of the different rates tested in terms of the four fitting parameters. An example
of the fitting result is shown for the median rate (0.1 Hz) in Figure 6.5. The quality of the fit is
not completely consistent across the full load range of the test possibly suggesting parameter
variation with cell potential. In this case, the model fit parameters may be considered as an
average over the data range. Of the fit parameters, the tissue resistance has been used for direct
comparison to the internal resistance of equation (6.2). Figure 6.6(a) shows the characterised
resistance values for the two methods as a function of external load switching rate. Variability
with rate is clear in both cases but is significantly reduced through the implementation of the
transient model. This is demonstrated further by the reduction in standard deviation of the mean
also presented. Resistance values obtained using the transient model are lower as the EDL
resistance is decoupled and removed from the total cell resistance.

Histological analysis of the human tissue specimen reported a well differentiated caecal
adenocarcinoma. Figure 6.6(b) shows repeat characterisations of this region along with a
corresponding healthy tissue region using a single internal resistance model as presented in
equation (6.2). On average, the characterised resistance using equation (6.2) was lower for
healthy tissue (M = 62.7, SD = 12.8 kQ), than for cancerous tissue (M = 67.2, SD = 5.2 kQ).
This difference, -4.5 kQ, BCa 95% CI [-15.5, 8.6], was not significant t(8) = -0.73, p = 0.475;
this represented a small-sized effect, d = 0.35. With the single fixed resistance model approach
(equation (6.2)), the overlapping responses and their high variability makes discrimination of
tissue health impossible for the sample tested. In contrast, application of the transient model to

the voltage-time data (Figure 6.6(c)) shows lower tissue resistance values with reduced
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variability for the respective tissue condition. The average characterised resistance using this
model showed a higher resistance for healthy tissue (M = 4.5, SD = 0.5 kQ), than for cancerous
tissue (M = 0.95, SD = 0.16 kQ). This difference, 3.56 kQ, was highly statistically significant
t(8) = 15.2, p < .001; this represented a large-sized effect, d = 7.1. This indicates that, for the
single sample tested, only the proposed model is capable of statistically differentiating between
healthy and cancerous tissue.

| + Single resistor value = Transient model

| ¢ Healthy Serrosa o Cancerous Serossa

100 ¢
~ 50} (a) . ~ [ m ,
9 L g a 5 o a %
~— S— o [+)
8 40 X g0 ° ’
=1 =
S s
2 Rt
g 30 ¢ 50
3 ' 210(
£ 20 £ | ©
8 a Ll E
§ . = } § i 0
210} -l I S g
O O
0 . ) 0 a o o o o @
1 0.2 0.1 1 2 3
External load switching rate / Hz Repeat number

Figure 6.6: (a) Resistance characterisation results using a single fixed internal resistance model
(equation 2) and the proposed transient model of equation (6) for ex vivo porcine colon as a
function of external resistor switching rate. Biogalvanic characterisation repeat results for
healthy and cancerous rectal tissue using (b) the single internal resistance model, and (c) the
proposed time-dependent model. The mean +1SD is also shown.

6.3.4 Discussion

The external load switching rate has a significant impact on the measured voltage-time
response. Due to the complex nature of the electrochemical system this influence is not
exclusively due to resistive and capacitive phenomena at the electrode interface but also due to
current fluctuations as diffusion of ion species impacts on galvanic reaction rates. Diffusion
related drift in the voltage response appears more clearly over larger time-scale tests,
particularly prior to load switching stages in the 0.02 Hz test shown in Figure 6.4. This
inevitably reduces the accuracy of the proposed model fitting method although it is evident from
Figure 6.5 and Figure 6.6 that fitting to the model of equation (6.6) gives a good approximation
to the system and yields meaningful data in terms of tissue resistance and electrode-tissue
interface parameters. In particular, Figure 6.6(a) shows the results from resistance
characterisation using implementation of equation (6.2) and the proposed transient model of
equation (6.6). Significant dependence on the switching rate is shown for the former leading to a

larger error in the mean resistance across all test conditions. Implementation of the transient
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model reduces this variability, through removal of the electrode parameters from the system. A
lower average tissue resistance is produced with much less variability with switching rate. For
application in surgery the measurement system should allow optimisation through control of the
external load switching rate. With the proposed model of equation (6.6), it is feasible that the
switching rate be increased to allow faster characterisation, without causing large errors
associated with electrode phenomena in the output metrics. Additionally, this use of the time-
dependent model would allow comparison between resistance values characterised using
different external load switching rates.

The characterised internal resistance values in Figure 6.6(b) show poor specificity for
healthy and cancerous tissue. This may be as a direct result of the relatively large and variable
influence of the electrode resistance. However, application of the time-dependent model fit
allows some separation of these electrode properties from the tissue resistance of interest. Figure
6.6(c) shows how the application of the proposed model gives much less variability and
generates a clear distinction between the healthy and cancerous tissue tested. The values of
tissue resistance are much lower than those predicted using a single fixed internal resistance.
Statistical analysis (independent samples t-test) indicates no significance (p > .05) when the
model of equation (6.2) is implemented, while a significant difference (p < .05) is present upon
application of the proposed model, equation (6.6). This result supports the use of the proposed
model for biogalvanic determination of a tissue resistance. However, further repeated measures
are required for assessment of the clinical efficacy of the technique.

It was evident from previous work, [156] that the biogalvanic technique is practically
suitable for integration into surgical tools for transmural tissue assessment. However, the
sensitivity of technique to external loading rate and direction posed limitations to its application.
The presented model adaptations offer a simple means of reducing the influence of these factors
and move the technique a step closer to being suitable for surgical integration.

Improvement to the proposed model could be achieved by allowing variation of the fitting
parameters over the range of external loads tested. In addition, diffusion processes may be
accounted for through inclusion of more complex electrical elements within the model. These
adaptations may prove to increase the accuracy of the technique. However, the added
complexity and a move from representative parameters would make interpretation significantly
more challenging. A secondary approach could look to exploit the electrode-tissue interface,
where modification of the electrode surface may produce additional tissue information. This
could be extracted when separated from tissue resistance using the proposed model. In effect,

this could lead to a bi-modal device without increasing the complexity of the characterisation.
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6.3.5 Conclusion

Assessment of the voltage-time response during biogalvanic tissue characterisation shows
parameter dependency, particularly in the case of external load switching rate. This variability
propagates through to the characterised tissue resistance and is due to the properties of
electrode-tissue interface. This work demonstrates this phenomenon and proposes the use of a
more comprehensive time-dependent model to account for and separate electrode-tissue-
interface and bulk tissue parameters. Model development and fitting processes have been
described and tests have shown reduced variation in characterised tissue resistance with external
load switching rate. The proposed model has been demonstrated as a potential means of
improving the repeatability of biogalvanic tissue resistance characterisation through isolation of
a tissue specific parameter. This may allow for differences between healthy and cancerous colon
tissue resistance to be statistically separated, as shown in the single case evaluated. Based on the
findings presented, the adjusted biogalvanic characterisation model may allow faster
measurements to be taken without influence on the determined tissue resistance. This may allow

for biogalvanic tissue sensing to be practically implemented within surgical applications.

6.4 Numeric biogalvanic modelling

As previously discussed, the biogalvanic technique including the existing model of equation
(3.4) is overly simplistic, and does not account for the influence of the cell electrodes on the
measured voltages. Section 6.3 has presented one approach to improving the quality of the
model based on the time-dependent nature of the electrode-tissue interface. The work presented
within this section offers a more comprehensive model of the galvanic system during
characterisation, focusing on the steady-state electrode polarisation and the geometric influence.
The presented spatially-extended finite element model has been used to examining how the
operating conditions of the system are reflected in the characterisation process. In addition, the
model has been used to improve analysis, allowing for more accurate characterisation under the
conditions expected with tissue measurements. The model development and presented study
were conducted in collaboration with the School of Computing (University of Leeds). The
numerical model and solver were developed in the School of computing (University of Leeds).
The Author contributions were in the development of the system model, supply of experimental

data, model validation and analysis.

6.4.1 Numerical modelling overview
The existing method for biogalvanic characterisation determines tissue resistance R;y. through

application and fitting of the model expressed in equation (6.2) to the measured voltages V and
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corresponding external loads Rgyr [156]. This model assumes that the losses in potential are
attributed only to the internal tissue resistance (itself assumed proportional to the volume strictly
between the electrodes) and the external load. Additional considerations are required for
integration of the resistive properties of the cell electrodes, and for lateral currents through the
tissue.

Previously published results using the biogalvanic characterisation method [156, 176]
have used cell electrodes in axial alignment. This condition is most pertinent to a laparoscopic
surgical grasping tool, where the electrodes would contact either side of the target tissue for
assessment to be made. An axially aligned geometry was therefore used as the case study of the
presented work, including numerical modelling and physical measurement. For comparison to
be made between the existing resistance method and the presented numerical model, tests were
initially applied to salt solution (NaCl) analogues of know conductivity. Comparisons were
subsequently extended to tissue resistance values determined from biogalvanic measurements

made on healthy and diseased human colon tissue.

6.4.2 Computational biogalvanic model

The galvanic cell was modelled as a closed circuit consisting of the tissue, two electrodes in
axial alignment, and a variable external resistance, all placed in series. VVoltage-current relations
for each component were derived independently (see below), and solved numerically using
Brent’s method [177], under the constraints of a constant current I, and total voltage drop equal

to the open current voltage (OCV).

6.4.2.1 Geometric-dependent tissue resistance

The tissue was treated as a homogeneous conducting medium located between two opposing
circular electrodes as shown in Figure 6.7, where the local current density i(x) is related to
gradients in the electric potential ¢(x) viai = —aV¢ with ¢ a uniform conductivity [178, 179].
Steady state is assumed, and the lack of net electrical charge in the tissue means V-i = 0 and
the Laplace equation V2¢ = 0 is recovered. This is discretized using a linear Galerkin finite
element scheme on an adaptive triangular mesh with increased resolution near each electrode
surface. This is solved iteratively using GMRES [180] within a Newton solve, necessary to
accommodate the nonlinear Dirichlet boundary conditions, under the assumption of a
cylindrically symmetric solution. A voltage difference VV was applied across the electrodes and
the net current I measured, giving a linear, geometry-dependent V-1 relation for the medium.
The lateral spatial extent R was increased until it had negligible effect (<2%) on the results.
Results were validated by fit-free agreement with theoretical predictions for L <r and L>r (see

Supplementary Information Appendix B).
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Figure 6.7: (a) Schematic of the model geometry for the medium (tissue) conductivity. The
medium residues between the two electrodes held at fixed electric potentials, and there is zero
current through all other boundaries. Cylindrical symmetry about the axes shown is assumed, so
each electrode presents a circular surface. (b) Example of simulation output for a typical
geometry (R = 60 mm, L = 25 mm and r = 6 mm). Contour lines correspond to 1% changes in
¢. Only one half-plane was actually solved for, the full solution was recovered by rotation about
the axis.

6.4.2.2 Electrode and external resistance
Each electrode was modelled by the non-linear Tafel equation (6.7) for the overpotential AV due
to electrode resistance [181], where the superscripts A, C refer to anode and cathode parameters,
respectively. The net current I through each electrode was found by multiplying each i4¢ by the
corresponding electrode’s surface area. The external resistance was modelled as ohmic with
known Rgxr.

jAC — l-gl,c (eAV/aA'C _ e—AV/BA'C) (6.7)
6.4.2.3 Fitting procedure
The exchange current densities i, and Tafel voltages a, § for each electrode, along with the
open circuit voltage (OCV) and the medium conductivity o, derive from the underlying
electrochemistry [181], but since this is unknown they are treated as fit parameters. The tissue

geometry parameters 4, ¢, R and Z were treated as known and fixed. Fitting model

predictions to data was performed by the Levenberg-Marquardt least-squares algorithm [177].
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6.4.3 NaCl testing

Testing within aqueous sodium chloride (NaCl) was conducted to allow validation of the
proposed model. Volumetric combination of analytical grade NaCl (Fisher Scientific) and
distilled water was performed to give solutions of 1.71, 17.1 and 154 mM (0.01, 0.1 and 0.9
wt% respectively) NaCl. Cylindrical zinc and copper specimens of 12 mm diameter were fixed
in non-conductive resin to leave only the circular end face of the metal exposed. Prior to testing,
each sample was wet ground to 1200 grit and cleaned using distilled water.

6.4.4 Polarisation scans

Tests were initially performed to determine suitable ranges of Tafel parameters for application
in the modelled system. Polarisation scans were performed using each electrode individually as
the working electrode within a typical three-electrode cell. A combination Pt counter and
Ag/AgCI reference electrode (Thermo Scientific) was used to complete the cell. All electrodes
were submerged in a temperature controlled salt solution for 30 min at open circuit prior to
polarisation. Polarisation scans were performed for the established Open Circuit Potential
(0CP) to 300 mV in the anodic (increasing) direction for zinc electrode and the cathodic
(decreasing) direction for copper. Five scans were performed for each metal using a scanning
rate of 0.5 mV/s.

6.4.5 Biogalvanic characterisation

Biogalvanic characterisation measurements were performed using a zinc and copper galvanic
cell connected within 1.71, 17.1 and 154 mM NaCl solutions. Solutions were stirred and
maintained at 25+/-1 °C using a temperature-controlled magnetic stirring hotplate (MR Hei-
Standard, Heidolph). Zinc and copper test electrodes were arranged axially within salt solution
of appropriate concentration. Electrode spacing was adjusted to achieve a face separation of 25
mm, matching the configuration of the model system in Figure 6.7. The external load on the cell
was controlled through the use of a commercial potentiostat (CompactStat, Ivium
Technologies). The external load was controlled in a reducing manner across 20 evenly log-
spaced discrete loads ranging from 1 MQ — 10 Q. A switching rate of 0.1 Hz was employed for

all tests, matching the configuration used within previous studies within NaCl [176].

6.4.6 Tissue tests

Biogalvanic characterisation of human colon tissue containing a cancerous tumour
(adenocarcinoma) was performed. Freshly excised (right hemicolectomy) human colon tissue
was obtained in accordance with NHS and Leeds University Teaching Hospital ethics

procedures. Five repeat biogalvanic characterisation measurements were performed at the
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location of the tumour and within a healthy region (identified by the surgeon). Biogalvanic
characterisations were performed using a commercial potentiostat (CompactStat, lvium
Technologies), with external loads controlled in a decreasing manner. External loads ranged
from 110 kQ — 4 Q and were switched at a rate of 0.1 Hz for all tests.

6.4.7 Results
Salt solution and tissue testing data along with associated model fits using the described

numerical model have been presented in the following sections

6.4.7.1 Model parameter space

The biogalvanic system was initially simulated to allow for investigation over a wide range of
parameters. For clarity, symmetric systems were considered, where the anode and cathode have
the same radii and electrochemical parameters, and both Tafel voltages a and g are equal.
Dimensional analysis reduces parameter space to just two dimensionless variables, permitting
systematic variation and easy visualisation of results. These two variables were denoted a and
b, defined as equation (6.8) and (6.9) respectively, and express all voltages and currents in units
of a and mr?2i, respectively. Since the voltage drops across the electrodes and the medium are
modelled separately, it is straightforward to calculate the fraction of the total voltage drop that is
due to the medium alone. For large currents the medium always dominates, as the voltage drops
across the electrodes are exponentially suppressed according to the Tafel expression, but for
small currents both medium and electrode-dominated regimes occur as plotted in Figure 6.8.
Fitting to an Ohmic internal resistance only works for the medium-dominated regime (Figure
6.8C & D); for large b, the exponential variation of the Tafel equation dominates and the fit

becomes measurably poorer (Figure 6.8A & B).

azZ 6.8)
r
b= o
= (6.9)
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Figure 6.8: Contour plot of the fraction (%) of voltage drop across the test medium for small
voltages, verses a and b. White points indicate actual data points, and the solid line shows the
50% value. Positions A-D show the numerical model output and the corresponding fit using the
existing biogalvanic characterisation model for extreme locations within the parameter space.

6.4.7.2 NaCl
Table 6.1 contains the full range of Tafel parameters measured in this study for the anodic and
cathodic polarisation of zinc and copper respectively under varied salt solution concentration.
Significant increases in parameter values can be seen for potential gradient and exchange
current density for Cu as [NaCl] is increased. For the Zn electrode, the exchange current density
also increases with [NaCl], while the potential gradient was found to reduce. The parameter
ranges presented were used to inform fitting of the numerical model. Biogalvanic repeat
measurements for salt solutions are shown in Figure 6.9. A comparison of model fitting
methods shows improved conformation to the measured data through application of the numeric
model. The median fitting error along with the upper and lower range limits has also been
presented for the two fitting methods across the range of external loads and [NaCl]. For all
concentrations, the numerical model shows reduced fitting error indicating improved agreement
with the measured data. The average absolute fitting error across the range of external loads
tested for the median fits of 1.71, 17.1 and 154 mM [NaCl] was 0.0036, 0.0096 and 0.024 V
respectively for the numerical model, while the existing characterisation method produced
respective average fitting errors of 0.024, 0.035 and 0.033 V for the same concentrations.

The fitting parameters for the numerical model have been included in Table 6.2. A
comparison of the conductivity fitting predicted across concentrations for the two methods is
presented in Table 6.3 (graphically presented in Figure 6.10). Comparison of the model

predictions with theory shows a dependence on the solution concentration (conductivity). For
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the low concentration of 1.71 mM [NaCl], the prediction of the conductivity is close to the
theoretical value for both systems. Fitting using the simplistic model does show improved
accuracy as the system is bulk dominated and so electrode influence is minimised. For the
middle concentration of 17.1 mM [NaCl] the fit conductivity using the existing method is much
lower than theory, indicating an influence of the electrode resistance. The proposed method
however, makes a more accurate prediction through separation of bulk and electrode
parameters. Under high conductivity conditions of 154 mM [NaCl], the traditional fitting
method becomes saturated, only giving prediction of electrode resistance. The proposed model
also suffers under these conditions, as the electrode resistance is dominant making the fitting

process insensitive to large variations in the value of the bulk conductivity.

Table 6.1: Full range of measured Tafel parameters for zinc (anodic) and copper (cathodic)

electrodes within varied [NaCl] (mM) (n=5).
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Figure 6.9: Median characterisation and range (shaded) of biogalvanic data measured in NaCl
(n=5) using the numerical model for (a) 1.71 mM, (b) 17.1 mM, and (c) 154 mM, and using the
existing biogalvanic fit for (d) 1.71 mM, (e) 17.1 mM, and (f) 154 mM; average fitting error

(solid) and upper and lower fitting error ranges also shown (dashed).
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Table 6.2: Numerical model fit parameters for repeat tests within varied [NaCl], showing
variability as a function of concentration.

o (S/m) a (mV) ip (MA/m2) ocv (V)
[NaCl] | Mean SE % SE | Mean SE % SE | Mean SE % SE | Mean SE % SE
(mM)
171 0.045 0.001 31 75 2 2.6 27 2 7.7 0.846  0.003 0.35
17.1 0.140 0.040 286 60 4 6.8 49 7 144 : 0859 0.014 164
154 137 14 10.5 199 10 5.3 0.841 0.01 0.98

Table 6.3: Fit parameters for conductivity (S/m) of varied [NaCl] using the current and
proposed biogalvanic characterisation techniques; theoretical conductivities also given.

Existing model Numerical model Theoretical
[NaCl] = Mean SE % SE | Mean SE % SE -
(mM)
1.71 0.023  0.0008 3.5 0.045 0.0014 3.1 0.022
17.1 0.0668 0.0040 6.0 0.14 0.04 28 0.22
154 0.0703 0.0381 54.2 - - - 1.9
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Figure 6.10: Comparison of theoretical conductivity for varied [NaCl] to the average determined
conductivity using the numerical and existing characterisation models.

6.4.7.3 Human colon characterisation

Biogalvanic measurements on human colon show typical trends across the external resistor
range. Figure 6.11(a) & (b) indicates the measured data and illustrates the fitting solutions
achieved for each repeat using the numerical model. For comparison, a bulk dominant fit to the
median repeat measured data for healthy and cancerous colon tissue using the existing model
has been presented in Figure 6.11(c) and (d) respectively. This model shows poor fitting to the

measured data points. The fitting parameters achieved using the numerical model are presented
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in Table 6.4. Due to the dominance of the electrodes under these test conditions, a suitable
conductivity value was not achieved. Statistical assessment (Student’s t-test) of the two Tafel

parameters (a and i,) extracted independently showed no significant difference (p > .05)

between healthy and cancerous tissue.
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Figure 6.11: Repeat biogalvanic characterisation data from ex vivo human colon on (a) healthy
region, and (b) cancerous region. Proposed model fits for each repeat are shown. Typical fits
using the existing (bulk-dominant) model are also shown for the median healthy and cancerous
biogalvanic measurements within (c) and (d) respectively.

Table 6.4: Numerical model fitting metrics for biogalvanic measurements conducted on healthy
and cancerous colon tissue (n=5).

o (S/m) a (mV) iy (MA/m2) ocv (V)
Tissue type Mean SE % Mean SE % Mean SE % Mean SE %
Healthy - - - 455 5.1 11.2 140 351 251 @ 037 0.2 6.3
Cancerous - - - 40.1 1.7 42 111 240 216 i 034 001 29
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6.4.8 Parameter space comparison

The fitting results from the numerical model based characterisation of NaCl tests were used to
define the parameter space positions for the varied concentrations. These estimated positions
have been presented in Figure 6.12. The lowest concentration tested is shown to be at the limit
of the bulk dominated regime, and higher concentrations extending well into electrode
dominated systems. As the numerical fitting to colon tissue data presented no reasonable
conductivity value, representative values from published BIS tests were used for parameter
space position estimation. Parameter space calculations were made using conductivity values
ranging from 0.15-0.6 S/m [182], which represent a wide range of soft tissue vales, and the
geometry and Tafel parameters from the presented tissue tests. The range of positions for
healthy and cancerous tissues have been indicated in Figure 6.12. The values clearly predict an
electrode dominant regime even at the highest tissue conductivity. This is consistent with the

measured data and associated fitting presented in Figure 6.11.
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Figure 6.12: Model system parameter space including the defined positions for biogalvanic
characterisation using the numerical model for varied [NaCl] and healthy and diseased colon
tissues; conductivity values for colon tissues estimates from published soft tissue values [182].

6.4.9 Discussion
Fitting to biogalvanic data using the existing model offers no means of separating the electrode
resistance inherent within the two electrode cell from the salt-bridge resistance of interest. The

expanded numerical model reported has shown how knowledge and use of electrode properties
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can allow for independent assessment of these aspects under certain operating regimes.
However, the physical constraints of the practical tissue sensing system present real problems

for either technique.

6.4.9.1 Numerical model

The numerical model described has allowed for a level of parameterisation of the system,
making assessment of the expected system behaviour over a wide range of conditions possible.
Figure 6.8 shows the linear (small-current) response for a range of geometries and
electrochemical properties quantified by the two dimensionless parameters a and b (equations
(6.8)& (6.9) respectively). Reliable estimation of tissue conductivity o is only possible far from
the electrode-dominated regime b > 1. Currents far in excess of nr2i, will also produce a
medium-dominated response suitable for extraction of o.

The spatially-extended finite element model for the medium resistance also allows the
geometric dependence to be quantified. Two limiting cases can be readily understood. For L «
r, i.e. closely separated electrodes, the net medium resistance obeys equation (6.10) (see
Supplementary Information, Appendix B) as postulated in [115]. However, for far-separated
electrodes L > r, each electrode can be represented as a point source or sink of electric current,
and an alternative expression is derived as equation (6.11). The presented experiments
correspond to a = L/r = 4, placing it intermediate between these two limits for which there is
no analytical expression available, and numerical simulation is therefore required to determine
the geometric dependence. There is no dependence on the medium geometry when the response

is dominated by the electrode resistivity, as expected.

L
L —

RhSh = —5- (6.10)
RE> = 2 (6.12)

The above suggests that application of the existing characterisation model, as presented in
[115, 156], is inappropriate for the determination of resistance and also conductivity through
application of the geometric relationship of equation (2.4). The efficacy of the existing method
has therefore been discussed for the salt solution analogues and human colon tissue tested, and

contrasted to the findings from the proposed numerical model.
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6.4.9.2 NacCl testing

Through application of measured Tafel parameters over the range of test solutions it has been
demonstrated that the numerical model may also be utilised to characterise measured data and,
under certain regimes, extract conductivity parameters. Figure 6.10 makes a comparison of the
two methods, showing that for a very low salt solution concentration either system may offer a
suitable prediction of the system conductivity. The simplistic bulk dominated model in fact
offers a more accurate prediction under these conditions. At moderate concentration, values of
conductivity expected in soft tissues [108, 182, 183], the influence of the electrodes becomes
dominant. The traditional characterisation method therefore greatly under predicts the
conductivity, and is indeed saturated to this minimum resistance due to the system electrodes.
This minimum resistance is carried through to the highest tested concentration, making the
value misrepresentative of the solution conductivity. Utilising the numerical model allows
improved prediction at the intermediate concentration, due the separation of electrode and bulk
parameters. However, as the concentration is increased the solution to the model becomes
insensitive to the conductivity, making its prediction inaccurate.

Figure 6.12 illustrates these systematic issues clearly, with NaCl concentrations under the
geometric arrangement used being indicated within the a vs b parameter space. It is clear that
increasing the concentration over two orders of magnitude shifts the system from partially
electrode dominated into strongly electrode dominant. It is clear from both numerical and
existing model characterisation of 154 mM [NaCl] that determination of meaningful

conductivity under this position within the parameter space is not possible.

6.4.9.3 Tissue testing

Figure 6.11 (a) & (b) shows the data from a biogalvanic measurement on healthy and diseased
human colon tissue with corresponding model fits using the numerical model. Figure 6.11(c) &
(d) show the median datasets for each tissue condition and the associated fit using the existing
model. It is clear that the numerical method allows for better conformation to the measured data.
The existing model fit does not match the data points across the external resistor range, and
gives a fit consistent with that of electrode dominance shown in Figure 6.8A & B.

Through combination of the average fitting parameters for « amd i, along with published
conductivity values for soft tissues [182], a range of parameter space locations were estimated
as shown in Figure 6.12. The positions indicated for healthy and cancerous tissues are both well
into the electrode dominant regime. This suggests that application of the existing model to
biogalvanic tissue data collected under the tested geometries may not be appropriate for

estimation of a tissue specific resistance.
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Consideration of the biogalvanic resistance as a cell resistance (electrodes and tissue)
rather than a tissue resistance may still allow for determination of a health specific parameter.
However, although the mean value for healthy colon (M = 1200, SD = 320 Q) was higher than
for cancerous colon (M = 1066, SD = 103 Q), this difference, 133 CI [-213 480], was not
significant t(8) = 0.889, p = 0.416. In addition, application of the existing model does not allow
for analytic mitigation of the geometric influence on the system, and therefore conversion to
conductivity or a geometrically normalised equivalent.

In contrast, the numerical model presented does allow for a geometrically independent
conductivity to be determined. However, the electrode dominance within the tested tissue
systems made the fitting process insensitive to this parameter. The electrode potential gradient
and exchange current density also did not show specificity for tissue type.

6.4.10 System adaptation
An alternative approach to avoid altering the underlying assumption of the existing model is to
modify the cell properties and move the system into the bulk dominant region. This can be
achieved in three potential ways: (1) increasing the electrode surface area, (2) increasing the
electrode separation, and (3) altering the electrode Tafel properties. The first two of these are
more simplistic but have practical limitations when considering applications within surgery. As
an example to move the b parameter toward a bulk dominated region (<2), electrodes of at least
four times the radius would be required (24 mm). This geometry is practically unrealistic for the
surgical setting, is assuming the lowest tissue conductivity and does not account for the
associated negative influence on the a parameter. Electrode separation is not as easily evaluated
for a practical case as the electrode carrying device, the tissue geometry and region of interest,
and the mechanical application of the electrodes all influence the separation at point of
measurement. The assessed tissue cases reported represent very large electrode separation, and
it is therefore expected that measurements taken in vivo would in fact only be with reduced
separation, thereby amplifying the electrode dominance of the system

The latter option of adjustment of Tafel parameters is not constrained by practical
geometries, but by material properties. For a successfully passive system the galvanic cell
should deliver a significant potential difference, therefore requiring specific half-cell reactions.
For alternative materials that may offer more favourable Tafel parameters, the cell potential may
be made too small for the measurement to be accurately taken. Ultimately, these parametric
adjustments may reduce the influence of the electrodes on the measurement system, however
the required shift may not be practically achievable within the desired application. Under the
existing configuration, the findings presented suggest that the biogalvanic method is not a

suitable candidate for assessment of tissue resistance.
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6.5 Modelling outcomes

Two new approaches to biogalvanic system modelling have been presented and evaluated in this
chapter. A common aim for both approaches was to improve the extraction of tissue specific
resistance properties from measured biogalvanic test data. The outcomes from each modelling
approach have been considered separately in this section.

In the first instance, the transient signatures of the voltage response were analysed. This
response was assumed to be induced by the capacitive nature of the electrode-tissue interface
(EDL). Transient features are common in measured biogalvanic data and the analytical model
developed (equation (6.6)) offers a simplistic extension to the existing biogalvanic
characterisation method. The positive outcomes from the presented work using this modelling
technique are:

A time-dependent model: A new analytic model has been developed based on a simple
electronic analogue of the electrode-tissue interface and bulk
tissue resistance. This model has been successfully integrated
into a data fitting algorithm and applied to ex vivo porcine

and human tissue data.

Reduced load rate influence: As part of the presented study the influence of external
resistance loading was demonstrated. Through application of
the time-dependent model it was found that the internal

resistance variability may be reduced.

Tissue health discrimination: The transient model was successfully applied to measured
biogalvanic characterisation from a single human colon
specimen with a healthy and cancerous region. Using existing
characterisation, no statistical difference was found between
tissue type across five repeat. Application of the transient
model produced a statistical difference between the tissue

resistance metrics for the same dataset.

Application of a numerical model of the biogalvanic system was investigated to study the
influence of geometry and electrode properties on the determined resistance (conductivity). This
work represents a more comprehensive system model and has been used to investigate the
suitability of the biogalvanic method for tissue characterisation. The main positive outcomes

from the presented work using this model are:
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A numerical model:

System parameterisation:

Model characterisation:

Electrode dominance:

A spatially extended finite element model was developed with
inclusion of standard electrical and tissue properties. The
model accounts for cell (electrode and tissue) geometry,

allowing definition of the electrical field.

Through combination of electrode and geometric properties,
the relative influence of the electrodes on the biogalvanic
system has been presented across a wide range of conditions.
The parameter space produced has been compared to the
existing model, showing its inefficacy when electrode

influence is large.

The numerical model has been successfully applied to
measured data to allow extraction of electrode and tissue
properties. Output metrics have been compared to those from
the existing model in NaCl solution, and improved
conductivity determination accuracy was found under certain

conditions.

The characterisation results from NaCl solution and colon
tissue allowed estimation of parameter space position for each
test case. Findings suggest that, for the tissues tested, the
system is heavily dominated by the electrodes. In addition,
efforts to adjust the system properties may make the
measurement system impractical for application within

surgery.

It is evident that the two modelling approaches focus on different aspects of the system.

In each case necessary assumptions are made meaning that neither model fully captures the

complexity of the system during measurement. Primarily these are the neglect of the influence

of ionic diffusion for the transient model, and the assumption of steady-state currents in the

numerical model. In addition, neither offers a direct means of accounting for the issues of

diffusion limitation at the cathode as described in Chapter 5. However, although these models

are not ideal, they have offered practical advancement of the biogalvanic technique, and given

context to the influence of the electrodes in measured data.
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6.6 Chapter Summary

The investigations presented in this chapter have demonstrated that there are a number of ways
to adapt the modelling of the measured data from biogalvanic testing. Improved parametric
control was realised through the integration of the Ivium CompactStat (Ilvium Technologies),
meeting Objective 6.1.

To meet Objective 6.2, a time-dependent analytic model of the biogalvanic system was
developed and integrated into fitting software. This has been used to reduce the influence of
switching rate on the characterised resistance. In addition, a statistical difference was shown
between healthy and cancerous colon tissue, which was not found using the standard
biogalvanic model.

A more comprehensive model of the system was generated as part of Objective 6.3. In
conjunction with the School of Computing, a numerical model of the biogalvanic system during
characterisation was developed. This was used to firstly understand the influence of the various
system parameters on the expected measured data, and secondly to offer an alternative
characterisation method. Combination of these two aspects allowed the level of electrode
dominance expected in measured data to be estimated.

In relation to Objective 6.4, the findings to date have presented biogalvanic
characterisation as an interesting technique, with some potential benefits for the proposed
application as a surgical sensing tool. However, the benefits of simplicity and scalability have
been outweighed by the complexities of the power generation system. In particular, the
electrode-tissue interface and mass transport limitations at high currents produce significant
artefacts in the output metrics. The methods presented in this chapter go some way toward
alleviating these issues. However, they do not yet pose a solution with the accuracy and
sensitivity required for the desired application. In conclusion, a more fundamental change to the
technique is required to make this step toward a surgically appropriate sensor. Many of the
findings presented may be relevant to the development of such a technique, and therefore should

be considered within any future work.
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characterisation

The work of Chapters 5 and 6 has demonstrated that the biogalvanic characterisation
technique is subject to significant errors. These arise from discrepancies between the
electrochemical system and the electronic model assumptions upon which the technique is
based.

Application of modelling modalities, as described in Chapter 6, may offer
improvement or mitigation of the influencing system parameters. However, introduction of
more comprehensive modelling methods is at the cost of increased system complexity and
instability. One of the primary motivations for the use of a biogalvanic technique was that
of simplicity, and with this removed the modality is arguably less appropriate than other
techniques such as BIS.

The complexity of the galvanic cell and the lack of potential or current control make
it an unfavourable element within a measurement system. The work of this chapter presents
the initial formulation, system development, and testing of a new DC resistance
characterisation technique. The proposed method has been developed through
consideration of the problems associated with the biogalvanic system (detailed within
Chapters 4-6) in conjunction with resistance compensation techniques from the fields of
electrochemistry and corrosion science. Section 7.2 details the requirements for a
successful sensor based on the findings from investigation into the biogalvanic technique.
Relevant background information applicable to the developed technique and a description
of the technique itself are contained within sections 7.3 and 7.4 respectively. Section 7.5
gives a technical description of the test system developed to allow suitable testing of the
proposed modality. A general parametric investigation of the technique is detailed in
Section 7.6, with tests specifically aimed at assessing the applicability of the technique to
surgery being presented in Section 7.7. The concluding Section 7.8 summarises the work of
Chapter 7.

170



Chapter 7 Multi-reference galvanostatic resistance characterisation

7.1 Chapter aims

The aim of the presented technique is to consider and apply electrochemical phenomena to
allow for a more accurate measurement of tissue resistance. To this end a discussion of
some of the relevant resistance characterisation methods follow. The associated chapter
objectives are:

Objective 7.1: To detail relevant electrochemical theory pertinent to the

elimination or measurement of cell resistance.

Objective 7.2: To propose and describe an improved resistance characterisation
technique.

Objective 7.3: To develop and validate a control and measurement system
capable of performing the required measurements and associated

characterisation.

Objective 7.4: To investigate the efficacy of the characterisation method when
applied to tissue and begin examination of the influencing

parameters.

Objective 7.5: To investigate the efficacy of the characterisation method under

conditions appropriate to the desired application of MIS.

7.2 Sensor Requirements

The properties of an effective sensing modality depend heavily on the system in which it
will operate. The focus of this research is on the measurement of tissue resistance,
specifically within the realm of minimally invasive surgery. To this end, Table 7.1 reviews
the most immediate factors to be considered and gives comments on their relation to the
surgical environment.

The constraints outlined in Table 7.1 are in fact moveable, and for a truly accurate
sensing modality with potential human benefit, concessions can be made to allow its
application. Many of the modalities discussed in Chapter 2 may fall short in regard to some
of these constraints but are still currently under development. However, the more easily a
system can operate under current surgical constraints, the lower the barrier to entry for in

vivo human testing required for real validation.
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Table 7.1: Factors for consideration when developing a sensing technology for application
in minimally invasive surgery.

Importance Comments
Factor ]
(High/Med/Low)

Fast High/Med To perform within the surgical environment

measurement without disruption to the procedure, the system
should measure quickly. However, for specific
measurements e.g. assessing the health of a
tumour margin this time constraint could be
relaxed.

Scalable High A sensor would need to be able to function under

across contact with different tissue types (e.g. type,

materials and health, inter-person variation). For integration

geometries into a surgical tool the geometric constrains are
likely to be restrictive.

Low power High The sensing modality should not cause undesired
damage to the tissue region of interest.

Stable High The measurement metrics should be easy to

(highly obtain and give repeatable values for the same

repeatable) tissue type.

Low impact Med The setup and operation of the sensing tools and

to surgical auxiliary equipment should not create significant

procedures impact on the surgical preparation and operation.

Simple Med/Low Output metrics should be presented in a way to

output allow simple comparison of tissue health, so not

metrics to confuse the surgical decisions to be made with

this information.

Electrochemical and electrical assessment techniques offer only one methodology
for sensing during surgery. The motivation for continuing research into this type of sensing
is based on the positive findings from the biogalvanic investigation and the success shown
with other electrochemical ([184, 185]), and EIS based ([132, 186, 187]) bio-sensing
technologies. As a starting point, Section 7.3 outlines some background information
pertinent to electrochemical based measurement systems and the sensor requirements of
Table 7.1.
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7.3 Background

Methods for determining electrolyte/analyte resistance in electrochemical systems are not
exclusively as a means of resistance characterisation for analysis. In fact, often the motive
for resistance measurement is in order to mitigate its influence upon an electrochemical
aspect of interest. To this end, a large effort has been made to correct or reduce the
uncompensated solution resistance as part of electrochemical experimentation [188].

Uncompensated solution resistance creates a fundamental issue in electrochemical
systems, particularly those with low concentration (high resistivity) electrolytes [189]. For
example, when simple polarisation techniques are employed, uncompensated resistance
losses induce an error between the controlled potential set-point and the realised potential
of the working electrode. In effect, the system is offset by the loss in potential between the
working and reference electrodes. Therefore, inferences made regarding the behaviour of
working electrode, particularly quantitative assessments, will be inaccurate. Additionally,
for systems where variations of the internal resistance or electrode impedance occur, the
measured artefacts will become significantly more complex [190]. For this reason
numerous techniques have been considered and implemented in order to mitigate or
measure and account for resistance losses between the working and reference electrode. In
general, these fall into two categories: (1) adjustment of the physical arrangement of the
test apparatus to minimise resistive influence, and (2) active measurement or calculation of
the uncompensated resistance.

An example of the former is the use of a reference electrode connected through a
tube of electrolyte. The end of tube is reduced to a fine capillary and positioned close to the
polarised electrode, thus minimising the distance between the working and reference
electrodes [191]. A common example of this is the Luggin-Haber capillary tube [83, 84,
192]. This arrangement is shown in Figure 7.1(a). This option is more prevention than cure
and as such could offer the best results due to not being susceptible to the errors associated
with resistance characterisation techniques. However, being able to position such a device
is not always possible, particularly when assessments are to be made within closed or non-
liquid systems (e.g. fuel cells/gels/biological tissues). Additionally, some errors still remain
when using this method [189] and without careful placement, the system of interest can be
influenced or the measurement corrupted [191, 192].

An alternative and more relevant corrective action is that of determination of the
solution resistance through measurement or calculation followed by correction before or
after the electrochemical test. The most basic application of this type is to calculate the
effective uncompensated solution resistance using conductivity and geometric data and

then removing the corresponding IR drop from the measured output. For simple geometries
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this can be calculated by solving the Laplace equation, and for more complex geometries
computational methods can be employed to solve finite element or boundary element
models of the system configuration [189]. As such, for complicated geometric
arrangements the determination of an accurate values of uncompensated resistance
becomes particularly challenging, and combinations of empirical data and analytic and
numeric modelling may be required [193].

A more practical approach is to directly measure the uncompensated resistance.
Numerous methods have been proposed, with arguably the most common being the current
interrupt technique [194, 195]. This method uses the transient potential response of a cell
when it is interrupted (opened) from a controlled current via the auxiliary electrode lead
[189]. Figure 7.1(b) shows a typical electronic arrangement for the current interrupter test
and the typical output potential trace measured between the working and reference
electrodes. The trace shows that the potential has a step response followed by a slower
decay caused by the Ohmic solution resistance and capacitive electrode double layer
respectively. Fitting and extrapolation of the transient allows the IR drop from the solution
resistance to be evaluated. A number of issues associated with this type of measurement
have been discussed [189, 196]. Nevertheless, this technique has been integrated as an

automatic feature of numerous Potensiostats.
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Figure 7.1: Uncompensated solution resistance correction methods: (a) experimental
arrangement a Luggin-Haber type capillary tube reference electrode, and (b) electronic
configuration (top) and typical voltage response (bottom) associated with the current
interrupt technique; modified from [189].
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Table 7.2: Available methods for the correction or measurement of uncompensated solution

resistance.

Technique — description

Strengths

Weaknesses

Capillary tube reference
electrode — physical
positioning of a tube
electrolyte reference
electrode close to the

working electrode.

Physical reduction of

resistance.

Requires no interpretation of
data.

Not applicable when the aim
is to determine internal
resistance for a

discrimination metric.

Constrains of the solid tissue
medium reduce the
placement options for this

type of equipment.

Equipment can be fragile.

Calculation and subtraction
from output — model the
geometry of the cell to
estimate the IR drop
corresponding to the solution
resistance and subtract from

the output trace.

Simple methodology.

Applied after data is
recorded.

Determination of suitable
system model can be
challenging.

No compensation prior to

measurement.

Complexity highly dependent

on system geometry.

Current interrupt technique —
extrapolation of transient
potential response of the
system when constant current

is interrupted.

Fast technique.

Simple model fitting.

Subject to noise and
resolution errors, especially

for low current densities.
Polarising

Can be influenced by the
slow response of the

reference electrode.

High frequency techniques —
use the properties of the
system at high frequency to
isolate the solution

resistance.

Established.

Non-polarising method
reduces errors from changes
at current carrying

electrodes.

Requires measurement over

range of frequencies

Model selection based on
assumed knowledge of the

system.
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A high frequency method for determining the solution resistance again exploits the
capacitive nature of the EDL. In this case the ratio of applied high frequency potential, and
measured current gives the solution resistance [189]. This is based on the EDL behaving as
a short circuit at high frequency, and so estimation of an appropriate high frequency value
is an additional requirement. Characterisation of the system in question using EIS offers a
practical means of determining a suitable high frequency value. In fact, electrical
impedance measurements independently allow for characterisation of the solution
resistance directly. Fitting of the response of a system to EIS to a suitable model allows
determination of various components of the system, including the solution resistance. The
issue is that measurements are required over a range of frequencies in order to have a
reliable fit. Additionally, selection of an appropriate model is particularly challenging
[108]. Table 7.2 summarises the main options used in mitigation of solution resistance in
EC measurements, and includes some of the strengths and weaknesses of each technique.

The range of research into the topic of resistance compensation is vast, and
numerous techniques have offered suitable solutions for electrochemical experimentation.
However, the work presented in this chapter is concerned with determining the salt bridge
(tissue) resistance in isolation from the electrode interfaces and is therefore subject to the
constraints outlined in Table 7.1. The technology discussed in this section therefore
informs the development of a practical sensing technique, rather than giving a complete
solution. The strengths and weaknesses of these techniques have been considered in the

development of the multiple reference DC technique described in section 7.4.

7.4 Technique Description

A simple method for measuring tissue resistance involves contacting the tissue of interest
with two electrodes, controlling the current passing through the tissue cell, and measuring
the corresponding potential difference across the cell. This is fundamentally the process
employed by the biogalvanic characterisation method described and tested in Chapters 3-6.
Resistance determination using this method is, however, flawed as a two electrode
arrangement has an inherent inclusion of artefacts from the electrode-tissue interface (c.f.
Section 5.6). These are associated with the induced polarisation of the electrodes when
current flows between them. Losses in potential across each interface cause the measured
cell voltage to not be representative of the tissue medium resistance. The addition of a
single stable reference electrode allows the individual potential of the working electrode to
be monitored with a higher degree of precision. However, this would not give an accurate

reading of the working electrode potential as the response contains a resistive loss from the
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tissue. Contrariwise, measurement of the tissue resistance still contains artefacts from the
working electrode-tissue interface.

The addition of a second reference electrode to the system does not directly allow for
a more accurate monitoring of the working electrode potential. However, it does allow for
the measurement of the potential difference between the reference electrodes and therefore
determination of the medium resistance between these points. Figure 7.2 illustrates the
different cell configuration discussed and shows a simple representation of the potential
profile and electrode positions across each cell case. The four electrode configuration is
analogous to the four-wire (Kelvin) method for measurement of very low resistance
material [197, 198].

(a) (D) (c)

Figure 7.2: Schematic electrode representation (top) and potential response showing
effective voltage measurement (bottom) in the cell for (a) two electrode cell, (b) three
electrode cell, and (c) four electrode cell.

It is proposed that it is possible to obtain resistance specific information from a four
electrode cell in a different and novel manner. The proposed method measures the potential
response of the working electrode with respect to two (or more) separate reference
electrodes, and subsequently uses the difference in responses to give a potential loss in the
cell that is induced by the electrical resistance of the salt bridge medium. The technique is
applicable to a standard electrochemical cell connected through a tissue salt bridge. This
consists of a current carrying electrode pair (working (WE) and counter electrodes (CE)),
and two stable reference (potential measurement) electrodes (RE). Application of
significant current demand upon an EC cell necessitates a change in potential of the
current-carrying electrodes. For an electrode under a kinetic regime of activation control,

its overpotential n can be calculated using the Tafel equation (7.1), [83]. This relates the
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change in electrode potential, relative to its equilibrium potential E, to the current density

of the cell i via the Tafel parameters a and b.
n = a—b.logi (7.1)

Assuming a suitable counter electrode is present in the cell, the potential difference
AEYE between the working and any reference electrode can be determined using equation
(7.2). The terms n¥E and n&E represent anodic polarisation of the working electrode (+ve)
and cathodic polarisation of the reference electrode (-ve) respectively. A suitable reference
electrode will have a stable equilibrium potential (ERE) and be highly non-polarisable
relative to the working electrode, leading to a negligible cathodic ovepotential (nX£ =~ 0).
For the cell in question, Ry, z_grg represents the resistance of the tissue salt-bridge between
the working and reference electrodes. When multiplied by the current density, this indicates
the potential drop across the tissue. Assuming identical, non-polarisable and stable
reference electrodes, calculation of a potential difference AE, the comparison of the
working electrode potential to two separate reference electrodes, yields equation (7.3). This
crucially allows subtraction of the working electrode polarisation and leaves a current-
potential relationship equal to a cell resistance, equation (7.4). This resistance (ARgg1-rg2)
is proposed as being representative of the tissue salt-bridge, potentially making it a useful
comparative metric for assessment and discrimination during surgery. The resistance
determined in equation (7.4) will be equal to the difference (in resistance) between the
resistive pathways from the working electrode to each reference electrode respectively. As
such its value will be highly dependent on geometry, making consideration of electrode

configuration paramount.

AEg® = (E"E + /") — (ER** +n&*) + iRyppe (7.2)
AE = AE}%@ - AE}%El = i(Rwg—rE2 — RwEe—RE1) (7.3)
AE/i = ARgg1-re2 = AR (7.4)

The theoretical prediction of equation (7.3) is that measurement of the difference
between the working electrode responses, measured from two separated reference
electrodes, for a controlled current flow will give a linear correlation. The gradient of the E

vs I plot will represent the difference in resistance for the two resistive pathways from WE
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to the respective RE. Figure 7.3(a) shows two representative electrode arrangements that
could be used to achieve the proposed measurements. A theoretical response of the
working electrode, as measured from two independent reference electrodes, is shown in
Figure 7.3(b). The corresponding theoretical potential difference (between measured
responses of Figure 7.3(b)) against the polarisation current is shown in Figure 7.3(c). The

gradient of this response has been indicated as the resistance of the tissue salt-bridge.
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Figure 7.3: The proposed multiple reference resistance characterisation technique showing
(a) possible electrode configuration for a four-electrode arrangement, (b) theoretical
response of the working electrode (measured at two reference electrodes) to galvanic

polarisation and (c) theoretical differential response of compared reference electrodes.

7.4.1 System considerations

The proposed system offers a means of determining a tissue specific resistance. There are a
number of important benefits to the proposed system that make it suitable for the surgical
sensing environment. In addition, there are also limitations and technical challenges that
may need to be addressed prior to achieving a suitable sensing solution. The following list

details some of these considerations:

7.4.1.1 Polarisation

To cause cell polarisation, the potential, current or load can be controlled. The proposed
method is to use current control (galvanostatic polarisation), although the theory of
technique extends to any means of cell polarisation as long as cell current is measured. This
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suggests that the system may be operated in a passive capacity, as is the case for

biogalvanic characterisation.

7.4.1.2 Electrode response

As the current levels are increased, the working and counter electrodes will polarise
significantly. The response may be that of simple activation control as in equation (7.1), or
it may be much more complex including mass transport limitation, time-dependent
elements or passivation. The response is dependent on the materials and level of
polarisation induced. However, the proposed technique is theoretically independent of this
response. If equation (7.1) were replaced with the more general expression n = f(j), then
applied to equations (7.2) and (7.3) it is evident that no alteration of equation (7.4) is
apparent. Therefore, as long as there is a working electrode response, a tissue resistance
may still be determined. This also means that for a low resistance tissue where the
difference in responses from the independent reference electrode may be small, a much
greater polarisation can be induced to generate a measureable response.

7.4.1.3 Reference stability

A suitable reference electrode will have small changes in potential for a large increase in
current (low resistance). However, for a solid tissue system under surgical constraints the
choice of reference electrodes is somewhat limited. Under the traditional four-electrode
arrangement (Figure 7.2(c)), the potential difference is measured between two reference
electrodes, giving a low resistance input to the DAQ device. Although low resistance
(impedance) is good for noise reduction, measurement accuracy and fast transients, it does
give a higher current through the measured circuit. This may induce a larger polarisation
(error) in the reference electrode. Additionally, when two reference electrodes are
measured relative to one another the polarisation errors will oppose in direction, summing
the resulting errors. This is not the case in the proposed technique, where any polarisation
of the reference electrode is mirrored in the working electrode. Each reference electrode
will polarise in the same direction, subtracting error. In addition, the working electrode
may have a much larger resistance, therefore reducing current flow in the measurement
circuit and the subsequent level of reference polarisation. Differences in the equilibrium
potential of the two references will cause an offset in the characterisation response (shown
in Figure 7.3(c)). However, this does not influence the resistance (gradient) unless there is

relative change during the measurement.
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7.4.1.4 Resistivity

Determination of a resistivity is useful as it allows comparison between tissues measured
under different conditions. However, to convert resistance to resistivity it is necessary to
know how the current flows between the electrodes. This is challenging for complex
geometry and in particular the multiple reference system proposed. As the characterised
resistance represents the difference in resistive pathways between the working electrode
and each reference electrode, the issue is compounded. For simple geometric arrangements,
numerical modelling may offer the best method for addressing this issue. In the short-term,
consistent electrode geometry may be used and the resistance compared directly.

7.5 System Development

To achieve a suitable testing system capable of validating the proposed method, custom
configuration of hardware and software components was required. The method can be
viewed as two separate sections: (1) control of cell current between two electrodes
(working and counter), and (2) measurement and processing of the voltage response of the
working electrode at two separate reference points. Due to the wide range of unknowns at
the time of method conception, a pragmatic approach to the system development was
taken. To this end, the use of a reconfigurable potentiostat (CompatStat, Ivium
Technologies) and simple programmable DAQ device (myDAQ, National Instruments,
TX) was employed. Figure 7.4 shows the desired system configuration schematically, with

justification for some of these system compenents being described within Section 7.5.1.

Potentiostat . . Communication
(Ivium CompactStat) interface
we Q) RET  REZ CE Processing
& display
DAQ hardware COH:E)(;:‘;?;EAQ
LlgiDYe) (NI LabVIEW)

Figure 7.4: Schematic of the proposed multiple reference resistance characterisation
equipment; arrows indicate communication direction, and electrodes WE, CE, RE1, and
RE2 represent the working, counter, reference 1 and reference 2 electrode respectively.
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7.5.1 System requirements and component selection

This section describes the key requirements for the testing system. These are then
considered in the context of the components selected. Optimisation of these components
was performed with significant attention to the early stage nature of the methodology and
the time constraints of the project. Where appropriate, suggestions for the configuration of
a more robust, longer-term system have been proposed.

7.5.1.1 Working/counter electrode pair

As the previous work of Chapter 5 gave a detailed electrochemical investigation into the
potential/current characteristics of a Zn/Cu system, this has been taken as the starting cell
for current control. A significant aspect of the system was found to be the current limitation
of the copper cathode, where the rate of oxygen diffusion causes a large change in potential
for a small increase in current. For the system under current control this may induce a large
change in the measured potential at higher currents. However, based on the theory
presented in Section 7.4 the working electrode polarisation response should not influence

the characterised resistance.

7.5.1.2 Current range

Two main issues concern the current range selected and how it relates to the
voltage/current response of the cell; (1) a high current can lead to saturation of the
measured potential, and (2) a low current may not induce a large enough potential change
to be accurately measured within the resolution and range of the DAQ device. These high
and low values are arbitrary without consideration of a number of other dependent factors.

These have been summarised as:

e the polarisation response of the working/counter pair
e the electrode areas

e measurement resolution of the DAQ device

e geometry of the four-electrode configuration

e the resistance of the tissue medium

e current output range/resolution of the current control device

It is clear that it may not be possible to directly control these factors within the
measurement system. For example, the resistance of the tissue is the focus of the
measurement and its value will alter the polarisation characteristics of the electrodes and
the cell. The suitable current range was therefore chosen primarily based on the typical

currents seen at the proposed electrode areas. Values of current ranging from 1-100 pA
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were expected to give a wide polarisation, allowing resistance characterisation. The
selection of a configurable potentiostat enabled this value to be adjusted if it was found to

be inappropriate.

7.5.1.3 Reference electrodes

The reference electrode needs to be in direct contact with the tissue and allow for stable
measurement of the working electrode potential. An ideal reference electrode would have a
very low resistance, giving only a small change in potential for a large current. Typical
commercial reference electrodes will contain a complete electrode/electrolyte system in
isolation connected through a porous membrane [83]. Although this type offers a very
stable reference point, the size of the electrode and requirements of a liquid junction make
it an impractical solution for the proposed method.

With consideration of these requirements along with the available materials, cost and
manufacturing ease, a zinc reference electrode was chosen. The zinc system has been
extensively investigated as part of Chapter 5 and has been shown to be stable relative to the
copper electrode against which it will be measured. The stable half-cell potential for the
zinc oxidation reaction of equation (5.1) is -0.76 V under standard conditions. The settling
time and stability of the zinc electrode are the primary concerns for the use of this
reference. With the assumption of consistent settling rates, this error may be cancelled out

due to the use of a second reference.

7.5.1.4 Data acquisition & control

As outlined in Figure 7.4, the system requires the control of current and the measurement
of the potential of the working electrode from two separate reference electrodes. The
standard potentiostat used (CompactStat, Ivium Technologies) allows for precise current
control down to the low levels required (<1 pA), however it does not easily allow
additional channels of potential measurements against the working electrode. Conversely,
programmable data acquisition devices offer many voltage measurement channels at high
precision; the NI myDAQ (National Instruments) offers a 2-channel ADC device with 16-
bit resolution over +/- 10 V. This DAQ however does not allow for precise control of the
low current levels required. As neither system offers a complete solution, both were
coupled and custom software (LabVIEW) used to register systems to a common time base.

Section 7.5.4 describes the development of the required software.
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7.5.2 Electrode manufacture

The electrode materials selected where 1 mm diameter extruded copper (99.9 % pure) and
zinc (99.9 % pure) wire (Goodfellow Cambridge Ltd, UK). This size was selected to allow
for significant electrode separation without inducing a large overall size. To connect the
electrodes to the control and DAQ devices, copper wire was soldered onto the back of each
electrode. Stray conductive pathways and electrical shorting was mitigated by setting the
electrodes into a non-conductive resin. Each soldered electrode was punctured through the
base of a silicone mould at the desired separation. The solder connection for each was
positioned so that it would be easily covered by the resin and not in contact with other
electrodes. The exposed ends of the electrodes were inserted into re-useable adhesive
(Blue-Tack®, Bostik, UK) to stop movement and leaking during resin setting. Non-
conducting resin (Varidur™, Buehler, USA) was poured into the mould and allowed to set,
leaving the end face of the electrodes and insulated wires exposed. The electrode faces
were wet ground to 1200 grit and rinsed with distilled water prior to each test. Figure 7.5(a)

shows the configuration of the manufactured electrode set, and Figure 7.5(b) shows the

\

corresponding manufactured electrode.

(a) 30

(b)
25 y
5 037 é/
/ ;

Figure 7.5: Four-electrode configuration showing (a) schematic of the desired electrode
geometry and (b) an example manufactured electrode set; (units shown in mm).

7.5.3 Contacting equipment

The multiple reference electrode system requires consistent contact to the salt-bridge
medium during measurement. For a tissue system, the loading conditions including stress
and strain may become significant parameters and require investigation. However, for
initial testing it was only essential to deliver a stable contact and allow for repeat measures
to be taken under the same conditions. To this end a simple clamping system was
developed to give adjustable planar contact with a tissue region of interest. The system, as

shown in Figure 7.6, was designed with a large workspace to accommodate various sizes of
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ex vivo tissue. A nylon nut was glued to the back of the electrode set directly onto the resin
to allow for coupling to the clamp body, as shown in Figure 7.6(a). The electrode clamp

was adjustable to allow minimal strain contact conditions to be met during testing.

Electrode (b)

Electrode mounting

clamp

Electrode
/\\ // set G' <
Connecting —~ ——
wire Tissue |
\ \ \ .}Specimen \ . N

Figure 7.6: Electrode set clamp, showing (a) schematic of clamping system and (b)
physical clamp acting on tissue phantom.

7.5.4 Software development

As the proposed testing method is not a standard technique used within EC analysis, the
development of bespoke software was an essential part of the produced system. Software
was written to control and measure the current and voltage through the cell, and
additionally to extract, analyse and report the data from parametric tests. The following

sections describe these software applications in more detail.

7.5.4.1 Testing system

For time coded measurement of potential differences and control of current it was
necessary to develop custom software. The choice to combine the use of a potentiostat and
DAQ device makes this task more involved as the two systems require configuration,

control and synchronisation. The software requirements were defined as:

e Configuration of the DAQ device
¢ Communication with the potentiostat (setting/reading current)
e Configuration of testing parameters

e Processing and logging of data and determined metrics (resistance)

The configuration of DAQ hardware was enabled through the use of the standard
DAQmx toolkit (LabVIEW, National Instruments). Communication with the potentiostat
was made possible through the use of the IVIUM_remdriver dynamic link library (DLL)
and associated LabVIEW files (Ivium Technologies). These files allow direct control of the
IviumSoft software through LabVIEW. A flow chart detailing the architecture of the
overall test software is shown in Figure 7.7; the sub-functions identified have

representative schematics presented in Appendix C.
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Figure 7.7: Software flowchart for the galvanostatic resistance characterisation technique;
*indicates connection to sub-function diagrams presented in Appendix C.
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The user interface developed for the testing software is shown in Figure 7.8. From
this screen the operator can configure the test settings to indicate the type (potential or
current) of cell control, the controlled current (or potential) step sizes, rate and range, as
well as the pre-test holding current (or potential) and hold duration. When these parameters
are selected the test may be started and will continue to completion automatically unless
aborted by the user. Display of the measured cell and reference potentials is delivered to
the user graphically along with a live update of the characterised resistance.

4 ELECTRODE TEST SOFTWARE

012
115, Current vs potential e (V)
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=5 =]
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Figure 7.8: User interface for the four-electrode resistance characterisation technique
software; various components are: (i) single test settings configuration, (ii) run/ stop test,
(iii) raw current and voltage readings, (iv) cell potential, cell current and reference
potentials time coded display, (v) resistance characterisation plot and (vi) batch test setup.

7.5.4.2 Analysis system

Using the software described in Section 7.5.4.1 for testing generates a raw measured data
file and a test configuration file for each test. Running a batch of tests, including parametric
changes or repeated measures, generates a large number of files. For this reason, separate
analysis software was written to process and sort the measured data based upon testing
parameters. Each file from within a selected folder is opened (along with its corresponding
configuration file), pre-test hold data are removed, and potential and current data applied to
a linear fitting function to generate a resistance. Resistance values are sorted by test
condition and written to a summary file for further processing. The software was utilised

for the results processing required in the following testing sections and in Chapter 8.

7.6 General Parametric Investigation

This section describes the necessary first stage testing required to assess the system

performance and to establish baseline information regarding tissue resistance values,
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current ranges, and repeatability. This work is also required to help define sources of error
within the testing methodology and system. Investigation into the influence of current
range and switching rate is also presented. Primarily the work was conducted using ex vivo

porcine colon tissues.

7.6.1 System validation and technical comments

System validation was considered through performing and analysing a typical tissue
measurement, including raw output variables and processed data. The aim of this testing
was to show how a real characterisation compares to theoretical expectations presented in
Section 7.4.

7.6.1.1 Example measurement

Characterisation tests were conducted on ex vivo porcine rectal tissue using the developed
test system (cf. Section 7.5). Contact was maintained between the tissue mucosa and the
four-electrode cell (cf. Section 7.5.2) using a tissue clamp (cf. Section 7.5.3), as shown in
Figure 7.9. Based on the findings from initial testing, the test software was configured with

the following parameters:

e Current range: 60 pA

e Pre-test hold current: 3 pA

e Current switching rate: 6 pA/s
e Current step size: 6 pA

o Pre-test settling time: 5 s

The corresponding recorded cell data was output from the testing software and

processed for comparison to the expected cell behaviour.

Figure 7.9: Multiple reference resistance characterisation validation test configuration for
ex vivo porcine rectal tissue.
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The response of the control system was evaluated by monitoring the current response
over the course of the above test (Figure 7.10(a)). The response indicates that the current is
transitioned accurately in the demand steps specified. However, there is an accumulative
error in switching time. This undesirable feature is associated with the communication
interface between the control software and lviumSoft. Specifically, there is a time delay
between commands being sent and received through the DLL. Although the timing
accuracy is reduced, crucially the cell is maintained accurately at the desired current
intervals. Correction to this error could be achieved through the use of a custom DLL, or a
bespoke testing system. The cell voltage against time, measured between the working and
counter electrode, is presented in Figure 7.10(b). Figure 7.10(c) shows the polarisation
response for the anodic polarisation of the zinc working electrode. The characteristics of
the response indicate an activation controlled response in line with equation (5.7).
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Figure 7.10: Example of measured cell data for step-wise galvanostatic polarisation,
showing time response for (a) cell current (controlled factor) and (b) cell voltage, and (c)
cell voltage against cell current.
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As the current was stepped through the desired range, Figure 7.11(a) shows that the
measured reference potentials increased significantly. The presented theory of Section 7.4
predicts that the potentials will have a current dependent offset induced by the tissue
resistance and electrode geometry. This can be clearly seen within Figure 7.11(a), with the
difference in potential increasing from 0-0.149 V over the test current range. Comparison
of this voltage difference to the cell current shows highly linear correlation, as predicted
within equation (7.4). Application of linear regression fitting to the data produces a tissue

specific resistance AR.
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Figure 7.11: Example of measured cell data for multiple reference electrodes, showing (a)
polarisation response for the two reference electrodes and their difference, and (b)
corresponding voltage difference against current resistance characterisation, AR = 2450 Q.

7.6.2 Time drift

During preliminary testing it became evident that a time variation in the characterised
resistance was present. An investigation was therefore performed to assess the level of drift
with time and assess this issue more rigorously. A single experiment is presented in this
section although, this factor was also considered in other parametric testing along with ex

vivo human tests described within Chapter 8.
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A porcine rectum specimen was clamped with the electrodes under the configuration
shown in Figure 7.6. Electrode contact was maintained throughout the experiment. To
minimise the effect of electrode stabilisation of the tissue, the polished electrode set was
subjected to 10 min of contact with a separate specimen prior to the testing. The test

configuration for each repeat was:

e Current range: 60 pA

e Pre-test hold current: 3 pA

e Current switching rate: 6 pA/s
e Current step size: 6 pA

e Pre-test settling time: 5s

The duration of each test was approximately 15 s, and repeats were performed
successively for a 20 min period. Each repeat was subsequently analysed to produce a
tissue resistance and a test time. Resistance variation found as a function of time is shown

in Figure 7.12.
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Figure 7.12: Influence of time on the characterised tissue resistance for a 20 min test on ex
Vvivo porcine rectum.

Figure 7.12 clearly indicates an influence of time on the resistance. Over the 20 min
testing period, an increase in resistance from 553 — 622 Q (12.5%) was found. A
decreasing rate of increase with time was also shown, indicating greater influence on the
system at the early stages of testing. There are a number of potential explanations for the

increase shown, these are:
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Electrode drift: Fresh electrodes (polished to 1200 grit) may have a potential far
removed from that at equilibrium for the electrode-tissue interface.
As such, upon initial contact there will be a settling period where
the system moves to this new equilibrium. This applies to all of the
system electrodes and while non-equilibrated, errors in the
measurement may be present. An attempt to mitigate this issue was
made through application of the electrodes to tissue prior to
testing. Although transferring between tissues may create an
additional shift in potentials that could again influence

measurements.

Tissue death: From the point of animal slaughter, tissues will proceed to alter as
the supply of oxygenated blood is not maintained. The specific
processes of tissue death are complex but will include the self-
digestion of cells (autolysis) and breakdown of proteins
(purification) [199]. The level of influence of these processes on
the resistance of the tissue tested is unclear. However, work by
Haemmerich et al [200] showed an increase in extracellular
resistivity (measured using BIS) over the first 2h followed by a
steady decrease up to 12h. The findings of the presented test align
with this work, indicating that post mortem tissue degradation may

be one of the key influencing factors.

Hydration: As with tissue death, hydration will reduce from the point of animal
slaughter. A reduction in the water content of the tissue will
influence the concentration of ionic species and therefore

resistance.

Temperature: Supplied animal tissue maintains a temperature above that of the
laboratory during the transportation process. At the point of
dissection, the temperature drops more rapidly toward room
temperature. The conductivity of salt solutions is strongly
influenced by temperature. Therefore, the tissue resistance will be
increased as the temperature drops. As there is a trade-off between
testing as soon as possible to maintain freshness and testing at a

constant temperature, it is likely that this factor is influential.
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The list of influential factors discussed above is non-exhaustive, however, some or
all of these are likely to be involved in the time-drift seen during experimentation. It is not
possible to mitigate all factors and they are inherent issues with ex vivo tissue testing.
However, utilisation of consistent protocols and a specific ordering of repeated measures
were implemented for further investigations to minimise the impact of time-drift on the

findings.

7.6.3 Measurement rate
The measurement rate is one factor directly responsible for the duration of a measurement.
As stated in Table 7.1, it is desirable for a surgically appropriate sensor to be able to
measure quickly. To this end, the stability of the output metric (resistance) should be
evaluated over a wide range of measurement rates to assess the rate dependence of the
technique.

An experiment was conducted to evaluate this factor. Two colon tissue sections were
tested independently. Prior to each test, the colon mucosa was exposed and the electrodes

clamped into contact. The test settings for each measurement were:

e  Current range: 10 pA

e  Pre-test hold current: 3 uA

e Current switching rate: varied from 0.1 - 40 pA/s (corresponding to
measurement times ranging from 100 — 0.25 s respectively)

e  Current step size: set equal to the current switching rate for 0.1 - 10 pA/s
and 10 pA for faster rates

e  Pre-test settling time: 10 s

The set of testing conditions used have been presented in Table 7.3. Each
measurement time was employed six times for each tissue specimen. Tests were ordered in
a oscillating pattern beginning with a reducing measurement rate. This was to minimise the
influence of the time-drift on the investigation. The findings for the two tissue tests have
been presented in Figure 7.13. Statistical assessment of each specimen using a single-factor
analysis of variance (ANOVA) test (n=6). No statistical difference was found for the

measurement rates tested on either tissue specimen, p > .05.
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Table 7.3: Test settings used for investigation of measurement time.

Switching rate Current step Measurement No. of data points
(nA/s) size (LA) time (s) recorded
0.1 0.1 100 101
0.2 0.2 50 51
0.5 0.5 20 21
1 1 10 11
2 2 5 6
5 5 2 3
10 10 1 2
20 10 0.5 2
40 10 0.25 2

[ Tissue specimen 1 [JJ] Tissue specimen 2
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Figure 7.13: Characterised resistance values as a function of measurement time (n=6), for
two colon mucosa specimens.

7.6.4 Current range
The current range of a measurement is the difference (increase) in the current from the test
start (pre-test hold value) and the maximum test current. As the potential application of
testing is within surgery on living tissues, it is desirable to control this factor to within safe
levels. Mortimer et al., [201] suggest that current densities above 50 pA/mm? may induce
tissue damage during skeletal muscle stimulation although this study is experimentally
distinct from the proposed measurement technique of this chapter.

An investigation was therefore performed to evaluate the influence of the current

range selected on the characterised tissue resistance. A single colon tissue specimen was
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tested with pre-conditioned electrodes clamped into contact with the exposed mucosa. The

test settings for each measurement were:

e  Current range: Varied from 10-100 pA in 10 pA steps, with a low end
tests at 5 pA

e  Pre-test hold current: 3 pA

e  Current switching rate: Two rate conditions tested (10 current steps over
10 s and 1 current step over 0.25 s)

e  Current step size: set equal to the current switching rate for 0.1 - 10 pA/s
and 10 pA for faster rates

e  Pre-test settling time: 10°s

The set of testing conditions used have been presented in Table 7.4. Each current range
and test time combination was tested over 10 repeats. The order of current range selection
was randomised. Due to the long duration of the experiment analysis of the influence of the
time-drift was also investigated. The mean + SD resistance values of the current ranges
tested have been presented in Figure 7.14.

Table 7.4: Test settings used for investigation of measurement current range.

Current range (uA)  Switching rate Currentstep  Switching rate Current step

[max est. current [10 s test] size [10 s test] [0.25 s test] size [10 s test]
density (LA/mm?)] (nA/s) (nA) (nAfs) (nA)
5 [6.4] 0.5 0.5 20 5
10 [12.7] 1 1 40 10
20 [25.5] 2 2 80 20
30[38.2] 3 3 120 30
40 [50.9] 4 4 160 40
50 [63.7] 5 5 200 50
60 [76.4] 6 6 240 60
70 [89.1] 7 7 280 70
80 [101] 8 8 320 80
90 [115] 9 9 360 90
100 [127] 10 10 400 100

195



Chapter 7 Multi-reference galvanostatic resistance characterisation

| [ 10 second test [Jl] 025 second test

4000
= 3000 -
)
)
Q
£ 2000
h%
[7e)
]
&~ 1000 -
0
5 10 20 30 40 50 60 70 80 90 100
Current range ([LA)
» 10 second test = 0.25 second test l
3200 T :;= T T T T T T T T
(b) »
~ 3100} -
®
3 3000 ——— -
Q . = =
2900 N _ |
& 9800 N —
2700 | I 1 1 1 1 1 1 =|=’ |
0 10 20 30 40 50 60 70 80 90 100

Current range (nA)

Figure 7.14: Mean resistance + SD (n=10) as a function of current range used for two test
times, showing (a) full scale data and (b) reduced ordinate axis scale; lines added for trend
illustration.

Figure 7.14 indicates the variation introduced through changes in the current ranges
tested. A range of approximately 500 Ohms was found across all test conditions. Two
general trends are shown in Figure 7.14(b): (1) for higher current range, the repeatability of
the test is improved (lower SD), and (2) for the faster test setting (0.25 s test), the
characterised resistance is consistently lower. The same current dependence trend is shown
for both measurement rates, although this difference is less pronounced for low current
tests.

With further analysis of the time variation of the resistance values it became evident
that the current range variation may be significantly influenced by alteration of the tissue
condition. Figure 7.15 shows all repeats arranged in time order. It is clear that from
measurement number 30 onward that there is a decreasing trend of tissue resistance. In
addition, the two testing rates show a consistent offset of approximately 180 Q. This
indicates a dependence on measurement rate, which is contrast to the findings of Section
7.6.3.
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Figure 7.15: Measured resistance values in time order for current range testing for two
testing times.

The range of resistance values across all test conditions was found to be less than
20%. Of this variation, a large part was attributed to tissue alterations (death and drying) as
detailed previously. This suggests that there is flexibility in the selection of current range.
The variability shown in Figure 7.14(b) suggests that the use of a higher current is desirable
due to the larger potential shifts giving an improved signal-to-noise ratio for the
measurement. The larger variability of low current tests may be explained by the lower
voltage changes induced, leading to a higher influence of quantization error.

7.6.5 Electrode geometry

The arrangement of the electrodes, in particular the relative positioning of reference
electrodes, was proposed as being of direct relevance to the characterised resistance. This is
due to the resistance value being defined as the difference in resistance of the resistive
pathways between the working electrode and the two reference electrodes respectively.
Application to laparoscopic surgery imparts significant geometric constraints and is
therefore an important variable for consideration. Geometric investigation was performed
using two electrode configurations, as shown in Figure 7.16. These were selected as the
maximum and minimum reference electrode separations practically attainable within a 30
mm footprint. Five repeat measurements were taken for each electrode configuration at the
same range of measurement rates detailed in Table 7.3. Measurements were recorded at the
same colon mucosa location for the two electrode configurations. The test settings for each

measurement were:
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e  Current range: 10 uA

e  Pre-test hold current: 3 pA

e Current switching rate: varied from 0.1 - 40 pA/s (corresponding to
measurement times ranging from 100 — 0.25 s respectively)

e  Current step size: set equal to the current switching rate for 0.1 - 10 uA/s
and 10 pA for faster rates

e  Pre-test settling time: 5 s

(a) 30 (b) 30 ,

®©0 e

WE RE1 REZ

Configuration 1 Configuration 2

Figure 7.16: Schematic of the two electrode geometries used for assessment of reference
electrode positioning; all dimensions in mm, not to scale.

A comparison of the characterised resistance values for the two electrode
configurations is shown in Figure 7.17. The set of testing conditions used have been
presented in Table 7.4. Each current range and test time combination was tested over 10
repeats. The order of current range selection was randomised. The mean + SD resistance
values of the current ranges tested have been presented in Figure 7.14. Statistical analysis
of each testing time was performed (one-tailed Student’s t-test, n=5). Statistically lower
resistance (p < .01) was found for Configuration 2 for all test times.

The two configurations were tested to see the influence of the reference electrode
positioning. In particular, the maximum and minimum reference electrode spacing within
the 30 mm footprint of the current carrying electrodes. Figure 7.17 indicates a general trend
as expected, with an increased reference electrode separation showing a higher resistance.
Scaling the resistance to the separation does not give a linear correlation, indicating a more
complex current pathway within the system. Modelling of the system under different
arrangements may offer some further insight into this finding. For the purposes of initial
testing, the maximum separation was taken as the most suitable geometry due to delivering

the largest resistance.
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Figure 7.17: Average (mean £ SD) resistance characterised using two electrode
configurations.

7.6.6 Tissue type variation

Acting as part of an instrumented laparoscopic grasper, measurements of tissue resistance
have the potential to allow tissue identification aiding in the guidance and registration
during MIS. The feasibility of using the method for tissue type differentiation was therefore
investigated. Specifically, resistance variation between ex vivo porcine liver, colon and
rectal tissue from a single animal was tested.

Tissues were contacted with the electrode cell under minimal strain as shown in
Figure 7.6 and ten repeats of each specimen were taken. Measurement settings for all tests
were:

e  Current range: 10 pA

e  Pre-test hold current: 3 uA

e  Current switching rate: 6 pA/s

e  Current step size: 6 uA

e  Pre-test settling time: 5s

The normalised AE against cell current values for all tests are shown in Figure
7.18(a). Linearity is shown with low variability induced across repeat measurements
(shaded region). The gradients of each tissue type are shown to be distinct. Figure 7.18(b)
summarises the mean + SD (n=10) for each tissue type. A one-way ANOVA shows
significant difference between the resistance of the different tissue types, F(2, 28) = 1369, p
< .01. In order of increasing resistance, rectal, liver and colon tissues showed a range from

550-2300 Q. A particularly distinct difference is shown between the colon and rectum
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tissues, which may not be expected as they are anatomically connected. These tissues do
however differ in muscle wall structure and thickness, with resistive differences previously
reported [156]. In addition, it is possible that the relatively thin colon tissue may alter the
current pathway under the electrode configuration tested, leading to an increased
resistance. Detailed correlation of this resistance to the cellular structure of the tissues is
beyond the scope of this chapter. However, the resistance values recorded are likely to be
influenced by the fat content and salt concentration of the respective tissues. The
significant difference shown between types in conjunction with the simplicity of the
electrode materials and arrangement indicate suitability of the methodology to surgery.

0.025 ; 2500
Liver
+— Colon /

0.02
Rectum /

0.015

2000

1500

1000 -

Normalised AV (V)
Resistance (£2)

0.01 //
0.005 > 500
0 Z / 0

0 5 10 15 Liver Colon Rectum
Current (pA) Tissue Type

Figure 7.18: Results for ex vivo porcine liver, colon and rectum tissues showing (a) mean
normalised measured voltage difference vs current (shaded region indicates range from
repeats), and (b) mean calculated resistance + SD (n = 10).

7.6.7 Insitu investigation

Tissue measurements performed on ex vivo tissues allow for useful assessment of the
measurement system performance. However, there is an assumption that the tissue is
representative of the in vivo situation. To investigate the influence of tissue aging,
application of the measurement technique to porcine colon tissue was performed in situ.
Tests were conducted on a single male pig (~30 kg) under UK Home Office regulations for
animal experimentation. The animal was given a terminal anaesthetic before a laparotomy
being performed to expose a section of the mid colonic spiral. Electrode configuration 1
(Figure 7.16(a)) was clamped onto the tissue, as shown in Figure 7.19. Ten repeat tests
were performed at three measurement rates and at three locations along the mid colonic

spiral. The testing conditions for each measurement were:
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e  Currentrange: 120 uA

e  Pre-test hold current: 3 uA

e  Current switching rate: 12, 120 and 480 pA/s

e Current step size: 12, 120 and 120 pA in conjunction with the above
switching rates respectively (corresponding measurement times of 10, 1
and 0.25 s respectively)

e  Pre-test settling time: 5s

Figure 7.19: Image of in situ porcine testing of the mid colonic spiral, showing electrode
configuration 1 clamped into test location 1.

The mean + SD resistance values measured have been presented in Figure 7.20. It is
evident that the values show a similar level of variability to ex vivo studies presented
previously. Resistance values were all found to be below 800 Q for in situ testing
compared to values of above 2000 Q typically found for ex vivo measurements. The lower
resistance of the fresh tissue is in line with the findings of Haemmerich et al. [200] who
suggest an increase in extracellular resistance over the first two hours post mortem.
Sensitivity to measurement rate and tissue location was also examined, with the former
showing no significant influence on the measured resistance. Tissue location 1 shows a
significantly higher (two-tailed Stundent’s t test, p < .05) resistance than measurements
taken at locations 2 or 3. This indicates that there is variability within the same tissue type
although a maximum difference of only 92 Q (14.5%) was measured. A post mortem
increase in resistance is also evident when individual repeats are analysed. Figure 7.21
shows the repeat measurements from each location as a function of repeat number. For all
positions an increasing resistance trend is clear, again showing that variability measured is

largely influenced by the tissue.
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Figure 7.20: Average (mean + SD) resistance values for three test locations measured at
three measurement rates.
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Figure 7.21: Resistance values for three in situ test locations as a function of measurement
number; 10 s measurements shown only.

7.6.8 Summary

The parametric testing described in this section has been focused on addressing Objective
7.4. In general, the findings have repeatedly indicated that the measurement technique
matches to the theoretical predictions of Section 7.4. Highly linear measurement responses
have shown repeatedly for tests performed under similar conditions. A number of key

findings from this section have been summarised as:

Measurement rate: This parameter is essential for delivering a fast and therefore
practical sensor. Tests presented in Section 7.6.3 illustrated
the insensitivity of the technique to measurement rate. These
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findings have been consistently matched over other tests
presented. Rates have been tested to deliver measurement
times from 100-0.25s, with the lower limit being at the limit of
the control system. Significant flexibility of this parameter is

available for practical integration of the technique.

Current range: As with measurement rate, the current range used is of
practical importance for system integration of the technique.
Findings from Section 7.5.1.2 suggest a complicated
interrelationship between current range, measurement rate
and tissue degradation (c.f. Figure 7.14 and Figure 7.15).
However, the variation seen for current range remains low
and is likely to be within the variation induced by time
variation of the tissue. This should allow for safe current
levels to be implemented for in vivo applications.

Electrode geometry:  The measured resistance was proposed as being related to the
relative positioning between the working and two reference
electrodes. Results presented in Section 7.6.5 show the
resistance to indeed be dependent on the reference electrode
positioning. Reference electrode spacing was reduced from 20
— 5 mm which resulted in a 60% reduction in measured
resistance. The relationship between spacing and resistance is
complex and requires further investigation. However, for the
two geometries tested, the technique independently produced

consistent results.

Tissue variation: To assess the potentially influencing parameters, results were
obtained from 6 different animals (5 ex vivo, 1 in situ). Ex vivo
tests for colon resistance showed some variation between
animals with a mean + SD value of 2342 + 444 Q being
obtained. Variability of this order was also found within the
same animal (c.f. Figure 7.13). Significantly lower resistance
values were found during a single testing session on colon
tissue in situ. An average value of 668 + 45 Q) was obtained in
this case. At 71% lower, this indicates a significant alteration to

tissue resistance as a function of time.
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Time drift: Parametric testing has shown time to be the most influential
ex vivo testing factor. The drift illustrated in Figure 7.12 is
typical across measurements. A discussion of the potential
causes for this has been presented in Section 7.6.2, with
alterations to the tissue state being suggested as the main
issue. It is apparent that following tissue death (cut of blood
supply) the resistance rises for a time that coincides with ex
vivo testing. This is therefore an important consideration for
ex vivo testing, and should be a primary factor for

investigation on tissues in vivo.

7.7 Parametric investigation for surgery

With grasper based manipulations, surgeons will have a strong influence on the sensor
configuration. As the surgeon conducts tasks, such as running the bowel, suturing, and
retracting, the conditions at the tool-tissue interface are altered. From an electrochemical
point of view, the interface is broken and re-established numerous times. The multi-
reference system is based on some electrochemical assumptions (c.f. Section 7.4) and these
may not be appropriate for a system under unstable conditions.

For a sensor to be integrated into surgical tools it is therefore necessary to consider
the practical constraints on the sensing technology with a holistic view. For example, the
measurements would ideally be fast and not create delays in the surgical procedure.
Additionally, it is desirable to make a system with simple application and metrics to reduce
the learning curve for the surgeon. Parametric testing presented in Section 7.6 was in many
ways aimed at addressing some of these potential issues. However, to further the findings
of this work, the performance of the multi-reference electrode system was investigated in

the context of a surgical procedure.

7.7.1 The multi-reference electrode system in surgery

There are significant challenges in integration of a sensing modality into a useable surgical
tool. However, prior to researching into overcoming these specific challenges, the sensing
system can be evaluated with relation to the types of contacting conditions that would be
experienced with suitable integration. As a simplistic view of the surgical environment, the
sensor conditions can be broken down into three situations: (1) the sensor is not in contact
with the tissue; (2) the sensor is in contact with the tissue but is not under test, i.e. no active

modulation of current; and (3) the sensor is contacting the tissue and is under test, i.e.
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current is being modulated. Figure 7.22 illustrates how these situations are represented
within the surgical simulation system.

From analysis of the sensing system as these conditions are varied, the efficacy of
the sensing technique can be established. For a system with slow settling time after being
away from tissue contact, the surgical procedure would be significantly slowed when
information from the sensor was desired. Conversely, if the sensor remains stable even
with short settling times, then point-wise tissue characterisations could be performed

during the routine manipulations of the tissue, minimising the impact on comportment.

Actuator position

oo/

Time

Figure 7.22: Potential contact conditions expected during a surgical procedure: (1) no
contact with tissue, (2) contact with tissue with no active current control, and (3) contact
with tissue with current modulation and resistance characterisation.

7.7.2 Surgical simulation system
To validate the sensing technique under surgical settings, a testing platform was developed.
The aim of the testing platform was to allow for controlled variation over the following

conditions:

e  Tissue contact time

e  Tissue contact load

e  XYZ positional control of the electrode array

e  Pre-test hold time (during tissue contact)

e  Multi-reference galvanostatic testing conditions (current range, rate)
e Configurable repetition of test set

e Data logging, including test configuration and positional data

Table 7.5 describes the various elements of the developed system. These were

integrated as shown in Figure 7.23.
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Table 7.5: Details of the sub-system components involved in the surgical indentation
platform.

System components Description

Linear actuator (SMAC LCA25-010- Linear actuator with 10 mm range at 5 um
55-1 & LCC11 controlled, SMAC resolution. Configured through SMAC Control

Corporation, California USA) Center software & a bespoke LabVIEW
interface (developed at the University of Leeds,
UK).

XY stage Stepper motor controlled XY stage offering

linear resolution of ~0.1 mm over 150 X150 mm
area. Interface circuity and software designed at
University of Leeds, UK.

Multi-reference electrode Described in detail in Section 7.5. Integrates the
characterisation system Ivium CompactStat (Ivium Technologies), NI
myDAQ (National Instruments), and custom
software (adjusted to function as part of the

indentation system.

Integration software Developed to control the aforementioned
subsystems, and allow data to be recorded for
tests. Section 7.7.2.1 describes the developed

software in detail.

Indentation testing platform

| Laptop

Potentiostat (Ivium Galvanostatic resistance

Linear actuator (SMAC Linear actuator control
LCA25) software

(]

CompactStat) characterisation software §
Data acquisition device E
(NI myDAQ) XY stage control software g

& XY stage g

5

2

K=

Figure 7.23: Schematic overview of the various sub-systems involved in the surgical
indentation testing platform.
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7.7.2.1 Software

To practically make multi-reference electrode measurements as a function of the electrode
position/contact conditions, a software architecture utilising an adjusted version of the
software described in Section 7.5.1.4 was employed as shown in Figure 7.24. The
integration software was developed in conjunction with a summer internship project

managed as part of the PhD programme.

7.7.2.2 System specification
The final system developed can be seen in Figure 7.25(a) with the electrode-tissue contact

shown in Figure 7.25(b). The associated software front panel is shown in Figure 7.25(c).

Palpation rig loop IT\/ Start /w Galvanostatic loop
N -
‘Wait on user start Init.ialise palpation <« ]nitialisel 4EL test
position rig (set home) options

—

_~"User set start ™~_

- —»  Wait on notifier <
. position?

User select test
positions array Notifier ™

—*7 "~ received?
- v
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~ Stoploop?

. Get next test
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Run measurements
Move to position <" Last position? Send end notifier
N
Stop
N - ~_Y < Test complete? >
" In position? Send measurement Loop P -
\ notifier
Wait on
measurement < || Send test complete
complete notifier notifier
Y " Notifier
S received? Ty

Figure 7.24: Simplified software flowchart for the integration of the multi-reference
electrode galvanostatic resistance characterisation technique into the surgical indentation
system.
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The developed system was utilised for investigation as described in the following

section. For each experiment the system allows:

e  Calibration of the XY stage.

e  Adjustment of the starting (0, 0) position.

e  Selection of the desired test positions.

e  Selection of the number of positional repeats.

e Configuration of the multi-reference electrode characterisation settings
for each positional repeat.

e  Selection of the number of repeats of each of the selected characterisation
settings for each location.

e  Adjustment of the down position of the actuator.

e  Adjustment of the off-time (non-contact) between positions.

4 ELECTRODE TEST SOFTWARE
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Figure 7.25: Indentation testing platform, showing (a) tissue indentation rig with (i)
structural frame, (ii) SMAC actuator, (iii) indented electrode and tissue specimen holder,
(iv) XY stage, (v) stepper controller electronics and DAQ device; (b) close-up of electrode-
tissue contact; and (c) front panel of indentation testing software.
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7.7.3 Experimentation

The design and use of the surgical simulation system served two primary aims: (1)
to gain an understanding of the influence of the contact conditions on the four
electrode measurement, and (2) to deliver information relating to the spatial
variation of tissue resistance, and the spatial repeatability of the four electrode
system. In addition, the system offers and effective platform for obtaining

qualitative information relating to the technique.

7.7.3.1 Experiment 1: Influence of contact conditions

An initial experiment was conducted to assess the influence of the contact conditions on the
repeatability of the multi-reference galvanostatic measurement technique. In accordance
with the conditions illustrated in Figure 7.22, examination was made into the effect of
making and breaking of the contact conditions.

7.7.3.1.1 Methodology

A single piece of ex vivo porcine rectum tissue was opened and mounted into the testing
tray to present the mucosa surface to the testing probe. A four electrode probe
(Configuration 1, Figure 7.5) was mounted onto the linear actuator and the system
configured to apply a constant load to the tissue for each position tested. This was achieved
through setting the maximum force output of the actuator to 5N and arranging the geometry

to cause the actuator load limit to be tripped in attempt to reach the target depth.

Figure 7.26: Electrode-tissue contact conditions realised during testing showing the contact
(On), non-contact (Off) and re-contact (On) positions.
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The contacting conditions illustrated in Figure 7.22 were assessed as part of the
study. Two off-time situations (10 s and 60 s) were tested and four on-time values were
configured (1, 10, 30 and 60 s) for each. The order of test configurations was randomised
and the test location held constant throughout the experiment. A total of twenty repeats
were performed for each test configuration. Figure 7.26 illustrates the non-contact and
contact conditions achieved during the experiment. For each resistance characterisation, the

following test settings were employed:

e  Current range: 180 pA

e  Pre-test hold current: 3 pA

e  Current switching rate: 18 pA/s

e  Current step size: 18 pA

e  Pre-test settling time: varies to match the on time values of 1, 10, 30 and

60 s used.

7.7.3.1.2 Results & discussion

Average (mean + SD) resistance values obtained for each combination of off-on time have
been presented in Figure 7.27. It is evident that there are significant changes in the average
resistance values with alteration of these conditions. Of particular interest is the level of
variation seen for each of the test configurations. Figure 7.28 shows the standard deviation
as a percentage of the mean resistance for the range of test conditions. This clearly shows
that there is a much larger variation for the 1 s on time tests. This would be expected as this

represents the minimum settling time for the system prior to measurement.

| 105 oft [ 60 off|

Resistance (QQ)

1 10 30 60
On time (s)

Figure 7.27: Average (mean * SD) characterised resistance values for varied off-on time
conditions during porcine rectal mucosa indentation (n=20).
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No particular trend is apparent between the two off-times tested. However, the
longer off-time delivers a more consistent average resistance across all on-times tested. An
increased off-time would be expected to cause greater electrode drift and therefore increase
the length of on-time required to achieve a stable measurement. It is therefore suggested
that these findings are as a result of other factors. Specifically, the tissue time drift in
conjunction with the testing order is proposed as the cause of this result. Figure 7.29 shows
the measured resistance values as a function of measurement number. It is evident that the
second half of testing (60 s off time) produced more stable measurements with a slow drop
in resistance with time. This is consistent with the time influence seen in previous ex vivo
testing.

| 105 off [ 60 off
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Figure 7.28: Variation within repeats calculated as percentage of standard deviation for
varied off-on time conditions during porcine rectal mucosa indentation.
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Figure 7.29: Resistance values determined as a function of measurement number for the
off-on time conditions tested.
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7.7.3.2 Experiment 2: Spatial variation of tissue resistance

As part of a surgical application, it may be necessary or desirable to map the resistance
profile of a tissue region. A second experiment was therefore conducted to assess the
variation in resistance over a tissue surface using the multi-reference galvanostatic

measurement technique.

7.7.3.2.1 Methodology

The indentation rig was loaded with porcine rectum tissue with the mucosa exposed to the
end effector. A four electrode probe in Configuration 1 (Figure 7.5) was attached to the rig
and the system calibrated to a desired starting position. Figure 7.30 shows the tissue surface
mounted in the testing tray with the positions of the testing sequence overlaid. A total of 28
test positions were used, forming a 7x4 grid with 10 mm separation between each point.
The resistance was measured sequentially at each of the locations in the order indicated in
Figure 7.30. This sequence was repeated to give 20 repeats for each location. The four

electrode test was configured with a 2 second off-time and the following test configuration:

e  Current range: 120 pA

e  Pre-test hold current: 3 uA

e  Current switching rate: 24 pAls
e  Current step size: 24 pA

e  Pre-test settling time: 5s

Figure 7.30: Test sample (opened rectum mucosa) mounted into the test tray with test
position order over a 7x4 grid at even 10 mm spacing.
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7.7.3.2.2 Results & discussion

To assess the influence of time on the measured resistance all measurements were plotted
as a function of sample number, as shown in Figure 7.31. The data show a slight decrease
in resistance with time, although the effect is smaller than found for other studies. This

decline, although slight, will contribute to the variability seen for each position.
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Figure 7.31: All measurement points as a function of measurement number for resistance
mapping of rectal tissue specimen.
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Figure 7.32: Average resistance + SE for spatial positions across rectal tissue, demonstrated
as test rows.

Resistance values were collated for each position and sorted into rows in
accordance with Figure 7.30. The average (mean * SE) values for each position are

presented in Figure 7.32. Assessment of the tissue from left to right (as depicted in Figure
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7.30) shows a decreasing resistance across all rows. This is also evident when moving from
bottom to top of the tissue, and can be seen within the surface map presented in Figure
7.33. These findings showed qualitative correlation to the tissue thickness, although no
guantitative evidence for this was recorded.
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Figure 7.33: Surface distribution of average resistance values measured over the tissue
surface; top-down view also shown.

In general, the grouping of the data for each position is quite tight, as illustrated with
the small error bars in Figure 7.32. The small variation of each location indicates that the
technique gives repeatable readings even with breaks in contact and tissue temporal
variation. Based on the average resistance measurements, there is little variation with
position (~ 20% across all tests). This would be expected for a small section of rectum
mucosa. Tight grouping of measurements on healthy mucosa is imperative if subtle

differences in resistance, caused by disease are to be discriminated.

7.8 Chapter Summary

The electrochemical theory reviewed as part of Objective 7.1 was used in the chapter to
develop and describe the theory of a new DC resistance measurement technique. The
multiple reference system is based on independent assessment and comparison of electrode
polarisation from two independent reference electrodes. This method allows for subtraction
of the electrode polarisation artefacts from the measured data and therefore isolation of a
tissue resistance. Details of the technique are presented in Section 7.4 and relate to
Objective 7.2. To meet the requirements of Objective 7.3, a testing system was developed
allowing measurements to be made in line with the proposed theory. Details of the

developed system are contained in Section 7.5.
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Initial testing using this technique has shown higher linear data in line with
theoretical expectation. Initial parametric investigation (Objective 7.4) assessed the system
sensitivity to measurement rate, current range and geometry. Findings indicate that this
parameters cause minimal influence of the characterised resistance, making the system
flexible for application specific testing.

Variation with tissue type was found for tests on ex vivo tissues, and the influence of
time drift was demonstrated. The exact cause of this phenomenon remains uncertain,
although probable causes are tissue death, hydration levels and temperature fluctuations.
Testing protocols were investigated with a focus on surgical relevance. The final chapter
objective (7.5) was met through testing under simulation of the contact behaviour expected
during surgical tool interaction. Contacting on and off time generally showed little
influence on the measured resistance, although increased variation was found for the
shortest on-time (1s). There may therefore be some practical considerations for surgical
implementation of the technique, although the system is broadly applicable under the

current configuration.
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The work of Chapters 7 presented a new DC resistance measurement technique. Initial
parametric testing demonstrated the ability of the system to measure resistance with high
repeatability and showed insensitivity to measurement rate and current range. The singular
focus of this chapter is to apply this technique to healthy and diseased human tissues to
determine if resistance (measured with the technique) is health specific for colorectal cancer.
Testing presented was conducted on fleshly excised human colon samples containing a
cancerous element. A continuation of parametric investigations into measurement rate and
current range has also included in this chapter. Results indicate a clear and consistent difference
between tissue type (healthy vs diseased mucosa) and measured resistance. In each of the six
test cases presented, the diseased element was found to be significantly (p < .01) lower than the
corresponding healthy region. These findings were repeated across a range of measurement
rates (10, 1 and 0.25 s) and current ranges (60 and 180 pA). Qualitative comparison of
resistance results to histopathology slides indicates a potential correlation between resistance
and tissue morphology. These findings are encouraging for the application of this sensing

modality into laparoscopic tools for colorectal cancer surgery.
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8.1 Testing aims

The primary aim of the presented testing is to apply the multi-reference galvanostatic
polarisation tissue resistance measurement technique to human diseased tissue. It is an
additional aim to investigate some of the potentially influencing parameters on human tissues
and to make comparisons to previous porcine results. The associated chapter objectives are:

Objective 8.1: To apply the galvanostatic polarisation resistance characterisation
technique to heathy and diseased human colon tissues.

Objective 8.2: To assess and compare the resistance values between healthy and
diseased tissues.

Objective 8.3: To explore the influence of time drift, measurement rate and

current range on ex vivo human tissues.

Objective 8.4: To make comparisons between human testing and previous tests

conducted on ex vivo porcine tissues.

8.2 Resistance testing

Tissue resistance measurements using the multi-reference galvanostatic polarisation technique
were performed on ex vivo human colon tissues immediately following surgical resection. The
aims of the testing have been outlined in Section 8.1, with a primary interest being assessment
of the resistive difference between healthy and disease colon mucosa. A total of six cases were
assessed over a six month period. This section details the methodologies employed throughout

the collation of this data.

8.2.1 Method

It is important to note that significant practical constraints were placed on the measurement
procedure during these tests due to the surgical (hospital) environment and as testing is
essentially an interruption to the normal flow of tissue processing. For this reason the methods
presented may not appear ideal from a scientific perspective. Justification for the setups used
has been given where appropriate.

Freshly excised human colon tissue was obtained in accordance with NHS and Leeds
University Teaching Hospital Trust ethics procedures. Each tissue specimen was removed as
part of a standard surgical procedure, with subsequent histopathology being performed after
testing. Immediately following resection, the colon samples were moved from theatre into a rear

room for testing with the measurement electrodes.
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All testing was conducted with a single electrode configuration. Four 1 mm diameter
electrodes (1 copper and 3 zinc) were set into non-conducting resin (Varidur™, Buehler, USA)
with a geometric arrangement of Configuration 1 shown in Figure 7.16(a). The exposed
electrode faces were wet ground to 1200 grit and rinsed with distilled water prior to testing each
sample. Control of the current between the working and counter electrodes was performed using
a commercial potentiostat (CompactStat, Ivium Technologies). This was configured to operate
galvanostatically, thereby inducing electrode polarisation through control of the cell current.
The potential differences between working and reference electrodes were recorded using a
standard data acquisition device (NI myDAQ, National Instruments). Custom software
(LabVIEW, National Instruments) was used to allow synchronisation, measurement and control
of the system. The details of this measurement system have been given in Section 7.5. Current
and voltage data from the system were recorded at 10 Hz.

The hospital environment was found to induce increased noise into measurements
(compared to laboratory testing) due to the large number of active devices. As such, and based
on initial testing in this environment, the current range of 3-13 pA was deemed too low for
optimal assessment of tissue resistance. Therefore a higher current range was selected for

standard measurements; described within Section 8.2.1.2.

8.2.1.1 Measurement locations

For the primary test locations, electrodes were clamped onto either healthy mucosa or the
diseased element as shown in Figure 8.1. It was an experimental aim to clamp the electrodes
under minimal strain, although maintaining contact with the heavy, slippery tissue often
necessitated increased clamping load. This was assumed to not influence the measured

resistance.

Figure 8.1: Electrode set clamped onto rectal mucosa during resistance measurement.
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Due to the limitations on testing time these two locations were measured first across all
investigated measurement conditions. However, when additional time was available, other
tissue regions were also measured such as the serosa. Where possible, each tissue region was
tested over 10 repeats. The voltage-current response for the electrodes was characterised using a
linear regression fit (LabVIEW, National Instruments) to define the tissue resistance. A
statistical comparison (independent samples t-test) of the tissue types (healthy vs diseased) was
subsequently performed to establish if resistance is specific to the tissue type tested.

8.2.1.2 Measurement conditions

As part of the general parametric investigation into the sensing modality, a range of
measurement settings were employed during health discrimination testing. The influence of
these is discussed in detail in Section 8.3. These measurement settings were divided into: (1)
standard settings for making tissue health comparison, (2) additional measurement rate settings
and (3) additional current range settings. Due to the variable time constraints for testing, these

were prioritised in the presented order. The standard measurement settings were:

e  Current range: 60 pA

e  Pre-test hold current: 3 uA

e  Current switching rate: 6 pA/s
e  Current step size: 6 uA

e  Pre-test settling time: 5s

The above settings result in a 10 s measurement time. When additional measurement rate
settings were employed, the configuration was adjusted to deliver 1 s and 0.25 s tests with 5 and
2 data points respectively. For example, a 1 s test at 60 pA was achieved through a 60 pA/s
switching rate at a 15 pA step size. When measurement rate testing was applied, an oscillating
order was employed to minimise any influence of time drift. Adjustment to the current range
was also evaluated through the addition of a 180 pA current range. Rate and step size settings
were adjusted to achieve consistent measurement times under this current range. The cases

presented were tested under all of these measurement conditions unless otherwise stated.

8.2.2 Case descriptions
As each test specimen was a different patient case, and therefore may have significant variation
in disease type, stage and location among other factors, this section has been included to

describe each individually. The following information was collated from the details of the

219



Chapter 8

Testing for tissue health (colorectal cancer)

Histology/Cytology Report as well as testing notes. Table 8.1 details each case independently,

and should be used as reference for the presented results.

Table 8.1: Human colon test case details including histopathology report references.

Case no.

Histology / Cytology Notes

1

Right hemicolectomy

Caecal cancer

Polypoid & exophytic tumour
Adenocarcinoma (T4)

Synchronous mid rectal cancer and adrenal tumour
Anterior resection and left adrenalectomy

Adenocarcinoma (T1)

Low anterior resection
Preoperative radiotherapy
Rectal cancer

Polypoid tumour

Adenocarcinoma (T1)

Low anterior resection

Long course chemoradiotherapy
Mid rectal cancer
Adenocarcinoma (T3)

Right colon
Located within appendix
Mucinous tumour

Adenocarcinoma (T3)

Anterior resection
Long course chemoradiotherapy
Upper rectal cancer

Adenocarcinoma

8.2.3 Results

This section summarises the results obtained for each test case (as described in Table 8.1).

Descriptions have been separated into cases to allow separate assessment and analysis, although

a summary of all of the results has been given in Section 8.2.3.7.
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8.2.3.1 Casel
A total of ten repeat measurements were obtained for healthy mucosa and diseased mucosa
tissue regions under varied measurement rate only. Table 8.2 presents the average resistance

measurements obtained for these measurements.

Table 8.2: Average (mean * SD) resistance values (Q) for case 1 tissue regions for all
measurement conditions; test time (s) shown with current range (uA) in parentheses.

Tissue region 10 (60) 1 (60) 0.25 (60)
Healthy mucosa 389+ 20 402 £ 24 375+13
Diseased mucosa 317+9 322 +15 312 +10

The average resistance values characterised for each tissue region have been presented
within Figure 8.2. For the primary measurement case (4t = 10 s, 41 = 60 pA), the healthy
mucosa was on average (M=389, SD = 20 Q) found to be higher than the cancerous mucosa
(M= 316, SD =9 Q). This difference, 72 Q, CI[58, 87], was highly significant t(18) = 10.4, p <
0.01; this represented a large-sized effect, d = 3.6. A statistically significant difference was also
found between healthy and cancerous mucosa for all other measurement configurations.
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Figure 8.2: Case 1 data, showing (a) repeated measures for healthy and cancerous mucosa
(tumour) (10 s measurement and 60 A current range results shown), and (b) mean + SD
characterised resistance for tested tissue regions under varied measurement conditions.

Histology slides for the resected sample, showing a healthy reference region and a cross-
section of adenocarcinoma, have been presented in Figure 8.3. The cancerous region (Figure 8.3
(b)) shows growth through multiple layers of the caecal tissue. The pathology report indicates
an invasion level of T4 (c.f. Figure 2.2). Partial calcification was also noted within cancerous
polyp.
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Figure 8.3: Case 1 micrograph sections of (a) normal tissue region (original magnification x0.5,
hematoxylin-eosin [H-E] stain) and (b) polypoid tumour (original magnification x0.5,
hematoxylin-eosin [H-E] stain); arrows indicate tumour region.

8.2.3.2 Case?2

A total of ten repeat measurements were obtained for healthy mucosa, diseased mucosa and
serosa tissue regions under each measurement condition. The healthy and diseased tissue
locations within the specimen have been presented in Figure 8.4. Table 8.3 presents the average
resistance measurements obtained for these tests. Typical raw measured data and linear fitting

are shown in Figure 8.5.

Figure 8.4: Image of case 2 tissue specimen, showing (a) healthy mucosa and (b) diseased
region.

The average resistance values characterised for each tissue region have been presented in
Figure 8.6. For the primary measurement case (4t = 10 s, 41 = 60 pA), the healthy mucosa was
on average (M=374, SD = 6 Q) found to be higher than the cancerous mucosa (M= 244, SD =
11 Q). This difference, 130 Q, CI[122, 139], was highly significant t(18) = 33.2, p < 0.01; this
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represented a large-sized effect, d = 21.7. A statistically significant difference was also found

between healthy and cancerous mucosa for all other measurement configurations.

Table 8.3: Average (mean + SD) resistance values (Q) for case 2 tissue regions for all
measurement conditions; test time (s) shown with current range (uA) in parentheses.

_ _ 10 10 1 1 0.25 0.25
Tissue region
(60) (180) (60) (180) (60) (180)
Healthy mucosa 374+6 358+9 376+6 360+6 378+x6 3606
Diseased mucosa 244+11 214+10 233%7 2176 231+10 2177
Serosa (fatty) 821+30 726+25 837+33 744+28 823+36 749%30
——Healthy — Serosa ——Cancerous ——Healthy —— Serosa ——Cancerous
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Figure 8.5: Mean measured data and characterisation fits for each tissue region for case 2 under
varied test time (At) and current range (41); shaded regions represent the full range of
characterisations over all repeats (n = 10).
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Figure 8.6: Case 2 data, showing (a) repeated measures for healthy and cancerous mucosa
(tumour) (10 s measurement and 60 pA current range results shown), and mean + SD
characterised resistance for tested tissue regions under varied measurement conditions, showing

(b) healthy and cancerous mucosa and (c) all tissue regions.
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Figure 8.7: Case 2 micrograph sections of (a) normal tissue region (original magnification x1.2,
hematoxylin-eosin [H-E] stain) and (b) adenocarcinoma (original magnification x1.2,
hematoxylin-eosin [H-E] stain); arrows indicate tumour region.

Histology slides for the resected sample, showing a healthy reference region and a cross-

section of adenocarcinoma, have been presented in Figure 8.7. The cancerous mucosa (Figure

8.7(b)) shows an average diameter of approximately 4 mm and was pathologically staged as T1
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(c.f. Figure 2.2). It is evident visually that the mucosa has been significantly altered by the
cancerous cells. Cancerous cells show less homogeneity and are particularly anisotropic. These

properties appear to give a larger proportion of extracellular space, which may be the cause of a
reduced resistance.

8.2.3.3 Case3

A total of ten repeat measurements were obtained for healthy mucosa, diseased mucosa, close
proximity to diseased mucosa and serosa tissue regions under each measurement condition. An
image showing the diseased tissue location (polypoid tumour) has been presented in Figure 8.8.

Table 8.4 contains the average resistance measurements obtained for these measurements.

Figure 8.8: Image of rectal cancer case 3 tissue specimen, showing polypoid tumour within
rectal mucosa (indicated with arrow).

Table 8.4: Average (mean + SD) resistance values (Q) for case 3 tissue regions for all
measurement conditions; test time (s) shown with current range (uA) in parentheses.

10 10 1 1 0.25 0.25
(60)  (180)  (60)  (180)  (60)  (180)

Tissue region

Healthy mucosa 733+13 754+10 701+17 753+10 697+17 751+10

Diseased mucosa
200+6 285+3 285+2 285+1 283+2 280+3

(on polyp)
Diseased mucosa
347 +£8 382+6 347 +9 3837 346 £8 3817
(near polyp)
1261 1454 + 1285 + 1456 + 1283 + 1456 +
Serosa (fatty)

+60 34 56 33 54 32
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The average resistance values characterised for each tissue region have been presented in
Figure 8.9. For the primary measurement case (4t = 10 s, 41 = 60 pA), the healthy mucosa was
on average (M=733, SD = 13 Q) found to be higher than the cancerous mucosa (M= 290, SD =
6 Q). This difference, 443 Q, CI[433, 452], was highly significant t(18) = 95.6, p < 0.01; this
represented a large-sized effect, d = 33.4. A statistically significant difference was also found
between healthy and cancerous mucosa for all other measurement configurations.
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Figure 8.9: Case 3 data, showing (a) repeated measures for healthy and cancerous mucosa
(tumour) (10 s measurement and 60 pA current range results shown), and mean + SD
characterised resistance for tested tissue regions under varied measurement conditions, showing
(b) healthy and cancerous mucosa and (c) all tissue regions.

Histology slides for the resected sample, showing a healthy reference region and a cross-
section of the polypoid tumour, have been presented in Figure 8.10. The cancerous mucosa
(polypoid tumour) shows an average diameter of approximately 15 mm and was pathologically
staged as T1 (c.f. Figure 2.2). Measurement positions for tumour testing and near tumour testing
(Figure 8.9) represent electrodes completely covering and partially covering the tumour
respectively. Qualitative correlation for these two locations indicates that the proportion of

current flow through the tumour causes direct influence on the determined resistance. Therefore,
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small misalignments of the electrodes may cause variability in resistance between samples. This
indicates high sensitivity of the measurement technique which may allow for functionality such

as spatial resistance mapping.

(a) Lo

Figure 8.10: Case 3 micrograph sections of (a) normal tissue region (original magnification
x0.4, hematoxylin-eosin [H-E] stain) and (b) cancerous polypoid tumour (original magnification
x0.5, hematoxylin-eosin [H-E] stain); arrows indicate tumour region.

8.2.3.4 Case4

A total of ten repeat measurements were obtained for healthy mucosa, diseased mucosa, and
serosa tissue regions under each measurement condition. Table 8.5 contains the average
resistance measurements obtained for these measurements. The average resistance values
characterised for each tissue region have been presented in Figure 8.11. For the primary
measurement case (4t = 10 s, 41 = 60 pA), the healthy mucosa was on average (M=535, SD =
17 Q) found to be higher than the cancerous mucosa (M= 383, SD = 6 Q). This difference, 152
Q, CI[140, 164], was highly significant t(18) = 26.3, p < 0.01; this represented a large-sized
effect, d = 8.2. A statistically significant difference was also found between healthy and
cancerous mucosa for all other measurement configurations. At the time of writing, no
histopathology slides were available for this test case. Pathology reports indicate a tumour of 7

mm and an invasion level of T3 (c.f. Figure 2.2).

Table 8.5: Average (mean + SD) resistance values (Q) for case 4 tissue regions for all
measurement conditions; test time (s) shown with current range (uA) in parentheses.

) ] 10 10 1 1 0.25 0.25
Tissue region
(60) (180) (60) (180) (60) (180)
Healthy mucosa 535+17  564+6 540 + 7 563+8  538+10 562+7

Diseased mucosa 383+6 368 +7 3805 365+6 380+ 6 362+7

Serosa (fatty) 1785+23 1688+55 1778+23 1681+55 1781+22 1677 +56
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Figure 8.11: Case 4 data, showing (a) repeated measures for healthy and cancerous mucosa
(tumour) (10 s measurement and 60 pA current range results shown), and mean + SD
characterised resistance for tested tissue regions under varied measurement conditions, showing
(b) healthy and cancerous mucosa and (c) all tissue regions.

8.2.3.5 Case5

A total of five repeat measurements were obtained for healthy mucosa and diseased mucosa
tissue regions under each measurement condition. The testing range was limited for this case
due to time constraints within the hospital. Table 8.6 contains the average resistance
measurements obtained for these measurements. The average resistance values characterised for
each tissue region have been presented in Figure 8.12. For the secondary measurement case (At
=1s, 41 =60 pA), the healthy mucosa was on average (M=475, SD = 16 Q) found to be higher
than the cancerous mucosa (M= 162, SD = 13 Q). This difference, 313 Q, CI[292, 335], was
highly significant t(8) = 33.6, p < 0.01; this represented a large-sized effect, d = 19.0. A
statistically significant difference was also found between healthy and cancerous mucosa for all

other measurement configurations.

228



Chapter 8

Testing for tissue health (colorectal cancer)

Table 8.6: Average (mean + SD) resistance values (Q) for case 5 tissue regions for all
measurement conditions; test time (s) shown with current range (uA) in parentheses.

) ) 10 1 1 0.25 0.25
Tissue region
(60) (180) (60) (180) (60) (180)
Healthy mucosa 476 +63  505+9  475+16  492+4 460+8 491+7
Diseased mucosa 150+£47 172+15 161+13 163+14 156+10  157+8
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Figure 8.12: Case 5 data, showing (a) repeated measures for healthy and cancerous mucosa
(tumour) (1 s measurement and 60 pA current range results shown), and (b) mean = SD
characterised resistance for tested tissue regions under varied measurement conditions.

Figure 8.13: Case 5 micrograph sections of (a) normal tissue region (original magnification
x0.5, hematoxylin-eosin [H-E] stain) and (b) mucinous adenocarcinoma (original magnification
x0.4, hematoxylin-eosin [H-E] stain); arrows indicate tumour region.

Histology slides for the resected sample, showing a healthy reference region and a cross-

section of the tumour, have been presented in Figure 8.13. The adenocarcinoma shows an

average diameter of approximately 40 mm and was pathologically staged as T3 (c.f. Figure 2.2).

The tumour was noted as being mucinous, as can be clearly seen from the histopathology slide.

The high level of mucin (approximately 50 %) appears to correlate with the lowest resistance
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measured across all cancer test cases. The viscous fluid containing mucin may act as a highly
conductive salt bridge for the electrochemical cell. Therefore, the resistive pathway through the

tissue will be reduced resulting in a lower characterised resistance.

8.2.3.6 Caseb

A total of ten repeat measurements were obtained for healthy mucosa, diseased mucosa, and
serosa tissue regions under each measurement condition. An image showing the diseased tissue
location has been presented in Figure 8.14. Table 8.7 contains the average resistance
measurements obtained for these measurements. The average resistance values characterised for
each tissue region have been presented in Figure 8.15. For the primary measurement case (At =
10 s, 41 = 60 pA), the healthy mucosa was on average (M=473, SD = 17 Q) found to be higher
than the cancerous mucosa (M= 228, SD = 26 Q). This difference, 246 Q, CI[225, 266], was
highly significant t(18) = 24.6, p < 0.01; this represented a large-sized effect, d = 14.2. A
statistically significant difference was also found between healthy and cancerous mucosa for all

other measurement configurations.

Figure 8.14: Image of rectal cancer case 6 tissue specimen, showing tumour within rectal
mucosa (indicated with arrow).

Histology slides for the resected sample, showing a healthy reference region and a cross-
section of the tumour, have been presented in Figure 8.16. The tumour invades the mucosa and
submucosa, showing an average diameter of approximately 20 mm. The tumour was
pathologically staged as T2 (c.f. Figure 2.2). As with Case 2, the inhomogeneity and anisotropy
leave a reduced cell density leading to easier current flow through the cancerous tissue (reduced

resistance).

230



Chapter 8

Testing for tissue health (colorectal cancer)

Table 8.7: Average (mean + SD) resistance values (Q) for case 6 tissue regions for all
measurement conditions; test time (s) shown with current range (uA) in parentheses.

) ) 10 10 1 1 0.25 0.25
Tissue region
(60) (180) (60) (180) (60) (180)
Healthy mucosa 473+ 17 4947 479+ 18 489+8 468 + 12 491+8
Diseased mucosa | 228 +26 242 £5 212+8 244+ 6 214+9 240+ 6
Serosa (fatty) 2094 £127 2395+61 2083117 2394+63 2084+114 2386 +62
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Figure 8.15: Case 6 data, showing (a) repeated measures for healthy and cancerous mucosa
(tumour) (10 s measurement and 60 pA current range results shown), and mean + SD
characterised resistance for tested tissue regions under varied measurement conditions, showing
(b) healthy and cancerous mucosa and (c) all tissue regions.
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Figure 8.16: Micrograph section of cancerous tumour (original magnification x0.6,
hematoxylin-eosin [H-E] stain); arrows indicate tumour region.

8.2.3.7 Combined data

Each case has been assessed independently, and from the histopathology reports it is evident
that there is significant variation within the location, pre-treatment and staging of the tumours
tested. However, comparison between all test cases has been presented in Figure 8.17.

| I Tumour [Ji] Healthy |
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Resistance (QQ)
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Specimen

Figure 8.17: All cases average (mean £ SD, n=10) characterised resistance data for healthy and
cancerous mucosa (10 s measurement and 60 pA current range results shown).
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For all test cases the resistance of the cancerous tissue was found to be significantly lower
than for the healthy reference. For all cases combined there remains a statistical difference
between the healthy and cancerous tissue. However, the highest resistance measured for
cancerous tissue was marginally higher than for the lowest resistance for healthy tissue. This
may be due to relative time drift between cases (c.f. Section 8.3.1), inter-patient variability or

electrode alignment.

8.3 Discussion (Parametric influence)

The testing presented in this chapter has allowed assessment of the multi-electrode resistance
characterisation technique efficacy for differentiation of healthy and cancerous tissues of the
colon. Additionally, a number of the parameters assessed in Chapter 7 have been revisited. The
following sections discuss the relevant findings from these tests in relation to the time drift,
measurement rate and current range. The correlation of measured resistance to tissue health and

the relevance of the technique to surgery are also briefly addressed.

8.3.1 Time drift

The influence of time was evident and significant in the ex vivo porcine tissue testing described
in Section 7.6.2. The testing cases of this chapter represent particularly fresh tissue, with
measurements being taken directly after resection. Repeat measurements were conducted for
each sample as part of the testing protocol, allowing for indirect examination of time drift for ex
vivo human tissues to be tested. The influence of repeat number for the standard test conditions
(10 s test at 60 pA current range) has been presented for each test case in Section 8.2.3.
Acquisition of ten repeat measurements took approximately 4 minutes, meaning that time drift
assessment can only be made over this relatively short period.

Figure 8.18 shows the time drift results for all test cases. It is evident that through all tests
on healthy and cancerous tissues, all variation fell within £15% and was primarily found to give
an increasing resistance with time. An increasing resistance with time is consistent with porcine
tissue results presented in Section 7.6.2. This would suggest the drying of tissue or the processes
of dying may be acting to reduce current flow through the tissue. The variability found for
repeated measures is likely to be due to this time drift phenomena. Measurements taken on
tissues with a constant blood supply (in vivo) may deliver a further reduction in variability and

therefore increase the specificity of the technique.
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Figure 8.18: Variation in characterised resistance as a function of time for all cases, showing (a)
healthy tissue tests, and (b) cancerous tissue tests.

8.3.2 Measurement rate

The influence of measurement rate was considered for ex vivo porcine tissues in Section 7.6.3.
These findings showed that this parameter has little influence on the characterised resistance.
For the human tissue samples tested, all relevant test cases also showed no significant variation
across the three rates tested (rates delivering measurement times of 10, 1 and 0.25 s). The
assumptions of the technique and its theoretical basis would predict that there is no influence
with measurement rate, as the measurement is of an isolated, purely DC resistance. However,
the measurement system (connection, wiring and data acquisition hardware) and the
measurement environment would be expected to add sources of error into the system that may
be time dependent. The findings from this chapter show that these errors are minimal relative to
the measured tissue property and therefore the measurement rate can be selected within practical

limitations to suit the application.

8.3.3 Current range

To measure the tissue resistance, significant polarisation of the cell electrodes is required. This
allows for the relative difference in potential from two reference points to be compared. To
achieve increased polarisation, the current is increased. Theoretically, the response difference
(caused by the tissue resistance) should be evident across any polarisation range. However, in
order to measure the difference, analogue to digital signal conversion is necessary and is
therefore subject to quantisation error based on the resolution of the analogue to digital
convertor (ADC). At low currents the polarisation overpotential for the working electrode will

be small and the difference in this value between reference sources even smaller. It therefore
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becomes necessary to increase the current range to achieve a suitable signal-to-error ratio for a
meaningful resistance characterisation to be achieved.

For large currents, it is likely that the reference electrodes may become polarised and
therefore break from ideal conditions. If this occurs to a different extent on the individual
reference electrodes, this will be included in the resistance characterisation data and therefore
the influence the determined resistance.

The results from this chapter are consistent with the findings of Chapter 7, where
variation was noted with this parameter. Most of the test cases presented show a difference with
current range. The direction of the change appears spurious; however, this can be correlated
with testing order. Current range tests were performed in series, with all current rate repeats
taken for a particular current and then all repeated for the second current range. Current range
order was randomised and the order used correlates with the direction of change found. The
second current range tested shows a higher value than the first for all cases. Therefore the
differences are likely to be indicative of changes in tissue with time, rather than influence of
current range. More specific current range testing would be required to validate this assertion,
although changes do not influence the statistical separation for the two tissue types (healthy and

cancerous).

8.3.4 Tissue health

The results presented in Section 8.2.3.7 show that the resistance for cancerous tissue is
consistently lower than a healthy reference. The range of difference was from 72 Q to 442 Q,
and a large variation between test cases was found. Consistent differences between health states
is encouraging, and suggests that it may be possible to use the resistance technique to determine
the presence of cancerous tissue during surgical procedures. However, this currently functions
as a relative measurement meaning calibration with a healthy tissue region would be required.
The influence of parameters such as time drift and electrode alignment increases the variation
between cases and further testing would be required to understand to what extent. Testing on in
vivo tissues with improved spatial tracking and co-registered histopathology would allow for
improved assessment of these issues.

The histopathology reports and associated micrograph images indicate large tumour
variability across cases (stages T1-T4 represented). Qualitative relation of measured resistances
to the microscopic tissue structure (histopathology slides) was made for available test cases.
Features such as reduced cell density, reduced homogeneity and increased mucin content may
be influential in reducing the resistance of cancerous tissue. Based on the local resistance
variation around the tumour found in Case 3, the determined resistance appears to be an average

of the current pathway between the electrodes. Exploration of the electric field distribution as a
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function of geometry and tissue properties may allow for improved correlation with micrograph

imaging. However, this is outside the scope of this study.

8.3.5 System relevance to surgery

The tissue testing presented in this chapter represents the closest simulation of surgical tissue
conditions without testing in vivo. In addition to ethical approval, there are a number of practical
changes that are required to allow the device to be utilised in vivo, making this outside of the
scope of this thesis. The work of this chapter therefore allows validation of the measurement
technique rather than a specific surgical device. Findings from Section 7.7 and those discussed
in Section 8.3 indicate that the technique meets many of the requirements outlined in Table 7.1.
In particular, fast measurement has been demonstrated and shown to not influence the output
metrics. Additionally, the system is low power and output metrics are simple to obtain and
interpret. Further development and testing would be required to understand the ease of device
integration and therefore the potential impact on surgical procedures.

Repeatability of results from on-off contact testing indicates that electrode elements may
be integrated into a laparoscopic grasper and used as a point contact measurement tool during
standard tissue manipulation. The suitability of this method of assessment would require
investigation, as the data obtained may not be informative to the surgeon, and a different form-

factor device may be more appropriate.

8.4 Chapter Summary

The concluding testing presented within this chapter detailed testing of the multiple reference
electrode galvanostatic resistance measurement technique on healthy and cancerous human
colon tissues. Application of the technique to human diseased tissues was the remit of Objective
8.1. Objective 8.2 required evaluation of the findings from testing for tissue health. Results for
each case have been individually presented and a collation of all test cases presented in Section
8.2.3.7. The resistance of cancerous tissue has been found to be significantly lower than its
healthy equivalent for all test cases. Parametric findings relating to Objective 8.3 indicate that
time-drift appears to be the dominant influencing factor. In addition, the measurement rate and
current range have been shown to have only a small impact on the characterised resistance.
Regarding Objective 8.4, these findings are in accordance with the porcine testing conducted as
part of Chapter 7. Human tissue values for mucosa resistance typically give a lower resistance
than for a porcine equivalent. This is likely to be associated with the time drift of tissue,
typically giving an increasing resistance with time. The results of this chapter are very
encouraging, indicating the potential suitability of the multi-reference electrode technique as an

intraoperative assessment tool.
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General discussion

The research presented in this thesis has demonstrated the development, application and
analysis of new and unproven electrochemical based sensing technologies. More specifically,
the proposed method of biogalvanic characterisation was investigated as a sensing candidate for
tissue health assessment. Findings from extensive tissue and salt solution testing outlined a
number of issues with the technique. Section 9.1.1 highlights the main outcomes from this
testing and details the important results from the mitigation and modelling strategies explored in
Chapter 6. The work of Chapters 7 and 8 has described and tested a novel multi-electrode tissue
resistance measurement technique. Section 9.1.2 defines the main outcomes from testing with
this in the context of a laparoscopic tool for tissue assessment during colorectal cancer surgery.
The discussion considers key features of the research regarding the generality of the
technique, how it compares to alternative technology and how it may be applied under differing
sensor configurations. The concluding comments of the chapter reassess the research objectives
of the thesis and highlight some potential adaptations of the current research through the

proposal of appropriate future work.
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9.1 Overall discussion

Surgical intervention remains necessary for the treatment of colorectal cancer, and offers the
most effective curative treatment. The advent of laparoscopic surgery has improved outcomes
for the patient but in many ways made surgical tasks more challenging. With reduced visual and
haptic feedback, laparoscopic resection of the colon is a complex procedure and requires years
of training to perform competently. A move towards personalised surgery may offer the next
step in improving outcomes for the patient. Real-time information regarding the health state of
tissue around the tumour site coupled with assessment of associated lymph nodes may allow the
surgeon to tailor resections and minimise unnecessary tissue removal.

For personalised resections to be possible, improved intraoperative sensing is required.
Many technologies are currently under development that may be suitable for surgical
integration. The research presented in this thesis has looked at one such technique; namely
biogalvanic tissue characterisation. By evaluating this technique and identifying its limitations,
a novel alternative for measuring the DC resistance of biological tissue has been developed. The
following sections discuss the main findings from the thesis with regard to these two sensing

approaches.

9.1.1 Biogalvanic tissue characterisation

Determination of an electrical resistance based metric using a biogalvanic cell was originally
proposed by Golberg et al. [115]. The system was presented as simple and scalable, and the
metrics were shown to be specific to tissue type and to be sensitive to tissue damage
(electroporation). Initial research effort was made to develop a biogalvanic testing system to
allow verification and exploration of this technique. The following points discuss the primary
findings from development, testing and modelling of a biogalvanic characterisation system. The

topics covered follow the order presented in Chapters 3-6.

9.1.1.1 Test system
An electrode manufacturing protocol was developed to deliver insulated and non-insulated
cylindrical electrodes with connecting wires in a range of diameters. Electrodes were integrated
into custom testing platforms (Testing platform & Surgical clip) to allow for fixed strain testing
on ex vivo and in vivo tissues. Although this combination was suited to the initial stages of
testing, the laborious electrode manufacturing protocol and discrete separation levels of the
Surgical clip limited the scope of initial testing.

Improved measurement flexibility was achieved through the development and application

of a controlled external load and voltage measurement system. The electronic circuit was
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designed to allow alteration of fixed external loads and their connection state to be controlled
through digital logic. The control software developed allows for switching rate and external
load profiles to be configured rapidly. The 7-bit limit of the electronic circuit (allowing
combinations of 7 external loads) was found to limit the range and resolution of the external
load test set. Later testing was therefore conducted using a commercial potentiostat
(CompactStat, Ivium Technologies) which gives a fully selectable external load range but
requires separate testing protocol files to be implemented for each test to avoid current
saturation.

Measured voltages were used as model inputs to allow for biogalvanic system metrics to
be extracted (R;yr and OCV). Two new model approaches (Model A and Model B) were
investigated for characterising measured data. These models both use data sets for a range of
external loads to determine internal resistance and open circuit voltage values. This is in
contrast to the original point-wise characterisation proposed by Golberg et al. [115], which uses
discrete measurement points and an assumption of OCV to determine an internal resistance.
Fitting to larger data sets was found to improve the accuracy and repeatability of the
characterisation process (Figure 3.22), with Model B showing the best results. In addition, the
sensitivity of the point-wise characterisation to small errors in the assumed OCV was

demonstrated in Figure 3.21.

9.1.1.2 Tissue testing
Tissue experiments demonstrated efficacy of the testing system for ex vivo and in vivo
arrangements. Characterisation models were able to successfully fit to measured data from these
test cases, allowing extraction of internal resistance (R;,7) and open circuit voltage (OCV). The
biogalvanic model assumptions presented by Golberg et al. [115, 116] (c.f. Section 3.7) were
examined along with the validity of conversion of internal resistance to a normalised resistivity
of GAIR. Accurate model fitting and production of consistent internal resistance values within
the same tissue specimen suggested the appropriateness of the proposed biogalvanic model. The
measured data was initially shown to conform well to the assumption of a fixed internal
resistance. However, application of a GAIR correction did not lead to tissue specific resistivity,
and significant variation in the characterised OCV values was also demonstrated. Influence of
tissue thickness and contact area was found. However, these parameters did not induce linear
scaling of the internal resistance, as are the assumptions for conversion to GAIR.

A second assumption of the model presented by Golberg et al. [115] is that of a constant
OCV equal to that predicated by the standard redox equation (5.3). It is particularly evident
across the performed tests that there is significant variation in cell OCV, with deviation from the

predicted OCV of 0.76 V. Values for tissue tests were all lower than this, ranging from 0.75 to
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0.25 V across tissue types and test conditions. This indicates that the reaction conditions at the
electrode-tissue interface differ significantly from those used in predicting the standard galvanic
potential difference.

The influence of electrode interface resistance and capacitance was found to induce large
transients within the measurement signals. Additional longer-term time dependence was noted
as arising from tissue degradation (hydration and breakdown) and from electrode passivation.
Separation and mitigation of these influencing factors is challenging and all are influential on
the characterised biogalvanic parameters. The external load switch rate and direction
dependence posed significant practical barriers to surgical integration.

9.1.1.3 Electrochemical aspects

An investigation into the electrochemical aspects of the biogalvanic system was presented in
Chapter 5. The main findings of this study relate to the electrode redox reactions and associated
electrode potentials and kinetics.

Average OCV values measured from the galvanic couple show statistical significance for
varied NaCl concentration. Salt ion concentrations within physiological range alter the standard
electrode potentials, generating a spread of OCV values spanning 0.1 V from 0.8-0.9V. Salt
solution results are markedly different to OCV values measured in vivo on porcine tissues. The
lower OCV found in tissues may be due to a lower open circuit potential at the copper electrode
caused by a reduced dissolved oxygen concentration. The influence of oxygen can also be seen
within the salt solution system (Figure 5.7), where the OCP at the copper electrode becomes
more negative as the oxygen solubility is reduced by higher NaCl concentrations.

Polarisation of the individual galvanic cell electrodes indicated the dominance of the
copper cathode on the system performance. To achieve closed cell current conditions, the
copper cathode is polarised to a much greater degree than the zinc anode. The cathode response
demonstrates the influence of mass transport limitation. This is associated with the maximum
rate of oxygen diffusion to the cathode and forms a non-linear potential-current response which
is not accounted for in the standard biogalvanic models. The extent to which this factor
influences the characterisation depends on the resistance of the salt-bridge. However, even with
a large salt-bridge resistance the influence of electrode polarisation will still be evident within
the measured response and therefore the characterisation metrics. These electrochemical aspects

of the system formed the motivation for investigation of improved system modelling strategies.
9.1.1.4 Modelling aspects
The work of Chapter 6 investigated the feasibility of using modelling to understand the

biogalvanic system and improve tissue resistance specificity. Adaptation of the characterisation
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model, utilising the recorded voltage-time data, is presented in Section 6.3. This approach was
taken to understand and potentially exploit the transient voltage response found between
external load switching. This phenomenon, induced by the electrode-tissue interface, causes the
biogalvanic characterisation to be switching rate dependent, making it unsuitable for surgical
applications. Through a simple model of the electrode interface (parallel resistor and capacitor)
the influence of switching rate was reduced and therefore the surgical applicability of the system
improved. Successful delineation of cancerous and health tissue was also shown using the
technique for a single test case.

Through collaboration with the School of Computing (University of Leeds), a more
comprehensive numerical model of the biogalvanic system was developed. Modelling of the
individual electrode polarisation responses and the potential and current distributions within the
biogalvanic cell has given insight into the system. This modelling approach allows for
independent assessment of the tissue and electrode properties. However, this is only possible
under conditions where the electrodes are not dominant within the system. Through parametric
investigation, these favourable conditions were found to be achievable only for impractical
geometries. Ultimately, the system model highlights the challenges associated with obtaining a
specific and repeatable tissue resistance.

Modelling the biogalvanic cell in different ways has led to improved characterisation and
given better insight into the behaviour of the system. However, there are of course limitations in
the two models presented and these must be understood when making assertions based on their
application. For the time-dependent model, the electronic analogy of the electrode-tissue
interface is mathematically solved under the assumption of discrete current levels. The
biogalvanic system under external load control in fact allows for potential (voltage) and current
variation with time. The assumptions for the numerical model are that the system is at steady
state, ignoring time-dependent factors. For both modelling approaches, the non-linear influence
of the diffusion limited oxygen reduction reaction at high current is not accounted for.

The presented model assumptions are therefore not ideal and are partially responsible for
the differences seen between the model fit and measured data. Modelling has proved to be
beneficial in improving the understanding of the system, and in particular the significant
influence of the electrodes on the characterisation. Without this insight, the improved

characterisation methodology of Chapters 7 and 8 would not have been developed.

9.1.1.5 Summary

The findings of the various studies presented have clearly defined the complexity of the
biogalvanic system. The simple model originally proposed has been found to be a vast
oversimplification, where aspects of electrode kinetics and cell geometry are not adequately

accounted for. Through improved modelling some detrimental aspects of the system may be
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mitigated, however, the two electrode system fundamentally limits biogalvanic characterisation

as a surgically appropriate sensing modality.

9.1.2 Multiple reference resistance characterisation

Through exploitation of the findings from chapters 4-6, a novel adapted DC resistance
characterisation technique was developed. The aim of this research was to mitigate a number of

the limiting issues found with the biogalvanic method. Three main alterations were made:

Cell electrodes:

Cell polarisation:

Characterisation:

The two electrode configuration of the biogalvanic system was
identified as the primary source of measurement errors.
Additionally, the large sized electrodes were found to be
impractical for tumour testing on ex vivo samples. The multi-
reference technique was designed to allow for separation of
current carrying electrodes from potential measurement
electrodes. This was to allow for a reduction of artefacts
associated with polarisation of the measuring electrodes. Four
cell electrodes of 1 mm diameter were employed to give a cell
length of 30 mm. This arrangement was found to allow for
adequate electrode positioning during tumour testing while

maintain a measureable tissue resistance.

Polarisation using external resistive loads allows passive control
of the cell current. However, the associated transient response
makes accurate determination of the cell current, required for
characterisation, challenging. For improved control of the cell
performance, the multi-reference technique was galvanostatically

polarised across discrete current levels.

The system model is based on comparison of two three-electrode
electrochemical cells. The polarisation response of the working
Zn electrode is assessed from two separate reference points.
Subtraction of the signals allows isolation of the potential
difference across the tissue for the specific current level.
Application of a simple Ohmic based model has been shown to fit
consistently to measured data across a wide range of conditions.
The use of a simple model has led to extraction of unambiguous
metrics and reduced the fitting sensitivity of the model to the

measured data.
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The measurement and characterisation strategies employed within the multi-electrode
technique have delivered highly linear voltage-current responses. The simple Ohmic model has
given tissue specific resistances with only small variation with current stepping rate and range.
These properties indicate the flexibility of the measurement configuration which has clear
advantages in the context of surgical sensing. An additional study looking at the influence of
electrode contact history on characterisation suggests that measurements may be accurately
taken shortly after electrode contact.

9.1.2.1 Tissue health discrimination

The ultimate aim of the presented research was to develop and test a sensing technique capable
of delineating healthy from cancerous colon tissue, with the potential for intraoperative
integration. Chapter 8 presents results from six colorectal cancer cases which were tested using
the multi-electrode technique. For all cases the measurement equipment and protocol allowed
for rapid collection of resistance data across a selection of current stepping rates and ranges.
Linear voltage-current responses were again realised for ex vivo human tissue allowing
extraction of reliable resistance values for each tissue type across all cases.

All test cases showed a comparable resistance values for the same tissue type, and for all
cases cancerous tissue was found to have a significantly (p < 0.01) lower resistance than its
healthy equivalent. This statistical delineation was maintained for testing across current ranges
of 60 and 180 pA and for measurement times from 10 s down to 0.25 s. Comparison to
histological analysis suggested that resistive differences are based on the disordered cellular
composition, inherent in cancer tissue. These findings reinforce those from porcine ex vivo

testing, showing the suitability of the technique to surgical integration.

9.1.2.2 Generality of the technique

The specific test configuration used included two reference electrodes, a Zn-Cu EC cell, co-
planar electrode geometry, and galvanostatic polarisation. This showed encouraging findings
with high linearity, specificity to tissue health and low influence from sensing parameters.
However, a real strength of the technique is that this initial sensor configuration is readily
adjustable without compromising the underlying principles of the technique. Adaptations may
allow the: use of different materials for EC cell and reference electrodes; addition of reference
electrodes and with active EC cell pair switching; polarisation of the cell using potential or

external resistive load control; and adjustment of the geometry for different device form factors.
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9.1.2.3 Comparison to alternative technologies

It was highlighted in Chapter 2 that there are many technologies that may be suitable for tissue
assessment intraoperatively. The proposed multi-electrode resistance technique of Chapter 7 has
been found to be a suitable means of assessing tissue health. As a new and alternative method, it
IS pertinent to make comparisons to established measurement modalities. Of direct relevance are
other resistance based techniques such as biogalvanic characterisation and BIS. Chapters 4-6
demonstrated the parametric sensitivity of the biogalvanic technique and showed relatively large
resistance values due to influence of the cell electrodes. Many of these issues were considered
and addressed in the development of the new DC resistance measurement method.

As a more established measurement technique, BIS appears to deliver more consistent
resistance values for tissues. Success of BIS in the commercial cervical cancer screening device,
ZedScan (Zilico, Sheffield, UK), has identified the efficacy of this approach [134, 186].
However, the numerous method permutations including electrode type and configuration as well
as applied models to fit to measured data and statistical approaches for extraction of significant
differences can add complexity and ambiguity to the BIS approach [108]. Further work is
required to understand how the proposed technique is affected by these issues. However, the
theoretical underpinning of the multi-reference DC approach leads to a single output metric that
is unambiguous and representative across measurement conditions. Additionally, initial testing
shows limited influence of measurement configurations including current range and switching
rate.

Optical techniques have become increasing common in surgical procedures. For
colorectal cancer, fluorescence or photoacoustic imaging are likely to become essential tools for
helping to assess the tissue morphology. With the approval and testing of targeted contrast
agents, delineation of cancer using optical properties may be possible [136]. These may be
useful to deliver a broad picture of the diseased anatomy and help to identify regions of interest.
Issues of penetration depth, imaging duration and lack of quantitative output metrics may limit
the scope of this approach in surgery.

Arguably the most complete intraoperative solution to date is that of the iKnife [44].
Assessment of the vapour produced through electrosurgery offers a very accurate indication of
tissue health. However, the analysis is performed following destructive intervention, bringing to
guestion the possibility of preserving healthy tissue margins.

It is evident that for surgical procedures to have improved outcomes for the patient,
information relating to tissue types and health is required intraoperatively. From the array of
modalities available it is pragmatic to envisage a multiple sensing approach where the benefits
of numerous techniques are collated to build a thorough picture of the tissue structure and health

state. Initial testing with the proposed multi-electrode resistance technique has demonstrated the
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potential for a new method of assessing tissue health intraoperatively that may form part of this

combined approach.

9.2 Assessment of research objectives

Sections 1.1.1 detailed a number of research objectives. This section describes how each of

these has been addressed in the presented research.

1. To explore the state of the art of relevant sensing technologies that may be

appropriate to laparoscopic colorectal surgery.

A wide range of sensing technologies including mechanical, electrical, electrochemical
and optical were investigated as part of the initial review presented in Chapter 2. This
wealth of research is promising and helps to identify the need for intraoperative sensing
and the timeliness of the work presented in this thesis.

2. To define and justify a sensing technology suitable for use as a tissue health

assessment tool within laparoscopic colorectal surgery.

Many criteria were considered when selecting appropriate technology for detailed
investigation. As discussed in Section 2.5, the biogalvanic tissue resistance
characterisation method offered a simple technique with the potential for tool
integration and scalability. This technology was investigated as part of Chapters 3-6.

3. To develop a suitable testing platform for validation and parametric investigation

of the selected sensing technology.

The low technological overhead of the biogalvanic technique allowed for rapid
development of a flexible testing platform [202]. The work of Chapter 3 describes the
developed sub-systems along with the validation of the biogalvanic approach taken
forward. Development of testing equipment for the multi-reference resistance sensing

approach was also presented in Chapter 7.

4. To investigate the suitability of the technique to surgery through testing with

biological tissues.

Tissue testing of the biogalvanic system was presented in Chapter 4. Some of the

potentially influencing factors were tested and summarised in Table 4.6. The
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variability seen for many of the parameters suggests a lack of suitability of the
boigalvanic technique as an intraoperative sensor [156]. Testing of the multi-electrode
resistance technique using porcine tissues (Chapter 7) showed more consistent results
with low variability for different test configurations [203].

5. To investigate the underlying properties of the technology through suitable

experimentation and modelling.

The electrochemical investigation into the biogalvanic system presented in Chapter 5
gave improved insight into the technique. Electrode resistance and current limiting
kinetics were found to cause significant influence on the characterisation [176]. This
experimental approach was combined with the modelling strategies explored as part of
Chapter 6 to allow understanding of the system limitations. novel system models and
characterisation strategies offered improved tissue specificity, [204] although electrode
resistance was found to be dominant within the system. Ultimately, the work of these
chapters set out the important considerations made when developing the alternative

resistance measurement approach of Chapter 7.

6. To evaluate the system in the context of colorectal cancer and assess its

discrimination performance.

Discrimination performance was assessed through direct contact testing on human
colon tissue. Comparisons were made between healthy and cancerous tissue regions, as
identified by the surgeon. Biogalvanic testing showed a poor ability to discriminate for
health (c.f. Section 4.5.2) based on resistance. Adaptation of the characterisation
technique, to reduce the influence of the cell electrodes, presented in Section 6.3
allowed some discrimination improvement. The majority of testing for colorectal
cancer was performed with the multi-electrode resistance technique and described in
Chapter 8. This technique was found to give consistent discrimination across all test

Cases.

9.3 Conclusions

The work presented in this thesis has contributed through the development and testing of
electrochemical based tissue sensing techniques. Biogalvanic resistance characterisation was
initially selected as a potentially suitable candidate for surgical integration. The simplicity and
scalability supported this decision, although the published literature surrounding the technique

was limited. Research effort was therefore focused on investigating the biogalvanic technique.
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A developed testing platform was used to allow for parametric investigation. Extensive tissue
tests demonstrated issues of dependence on strain, external load switching rate and external load
switching direction. Investigation into the underlying properties of the system using salt solution
tissue analogues showed issues with electrode polarisation resistance and current limitation
through reaction Kinetics. The biogalvanic method was found to be limited in terms of tissue
specificity due to the influence of the cell electrodes. The tissue-electrode interface induces
time-dependence into the characterisation and delivers an overestimation of tissue resistance. In
addition the passive external load control across suitable test ranges induces current saturation
through diffusion limited oxygen reduction at the copper cathode. Modelling the biogalvanic
system gave improved insight into the limitations with findings indicating that tissue specificity
at surgically appropriate geometries would not be possible.

A multi-reference electrode galvanostatic technique was developed to mitigate the
limitations of the biogalvanic system. Though a combination of additional potential measuring
electrodes and a current control strategy, improved measurement repeatability was achieved.
Tissue specificity was enhanced through the employed measurement procedure, effectively
removing the polarisation signature of the electrodes from the recorded data. In agreement with
the theory behind the technique, insensitivity was found for polarisation rate and range,
delivering potential flexibility for application specific device development. From resistance
measurements on a range of healthy and cancerous colon tissues, statistical discrimination of

diseased tissue was found and qualitatively correlated with histological findings.

9.4 Future work

The work of Chapters 7 and 8 has indicated the potential for the multi-reference resistance
measurement technique. However there are many emerging research questions that may need to
be addressed to allow integration of this technology into a useful surgical tool. Some of the

primary considerations are discussed below.

9.4.1 Tumour margin delineation

Chapter 8 has demonstrated that distinction of health and cancerous tissue is possible with the
technique. Figure 8.9 showed that there is measureable graduation with distance from the
tumour centre. This initial finding is promising, however, verification and assessment of this

capability is required to determine sensitivity of the technology for margin assessment.
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Chapter 9 General discussion

9.4.2 Invivo testing

Testing of the multi-reference resistance measurement technique presented in this thesis has
only been conducted on ex vivo tissues. The influence of time on measured tissue response has
been demonstrated (c.f. Section 7.6.2) and therefore it is essential that the methodology be
validated in an in vivo setting if it is to be proposed as an intraoperative tissue assessment tool.

9.4.3 Sensor modelling

The theory behind the technique predicts a resistance that is representative of the difference in
resistive pathways between the working electrode and each reference electrode. The measured
resistance is therefore highly dependent on the electric field distribution and current pathway.
Numerical modelling of the electrode configuration under galvanostatic control would allow the
influencing parameters such as electrode geometry and tissue resistivity to be explored. These
findings would make evident the penetration depth and spatial range of the geometries

previously tested and allow for optimisation of future sensors.

9.4.4 Device integration

The electrode sizes and materials used in the presented testing are appropriate for integration
into surgical tools. However, some miniaturisation would be required and the electrode spacing
has been shown to influence resistance magnitude (c.f. Section 7.6.5) and therefore impact on
the achievable measurement resolution. More broad considerations are required to determine a
suitable form-factor for delivering the electrodes to the tissue surface. Integration into a standard
laparoscopic grasper is a clear option, however, the usefulness of the data obtained from this

configuration may need to be assessed against possible alternatives.

9.4.5 Array electrodes

Single point measurement delivers a simple unambiguous metric representative of the resistance
of the contact area under assessment. For the application of margin delineation, wider spatial
mapping is necessary. Therefore, point measurements must be correlated with position or an
electrode array must be used to quickly assess a larger area. Developing an electrode array
which can conform to the tissue and deliver a precise position-resistance map is a challenging

engineering problem requiring significant additional research.
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Appendix A

External resistance values

Table A.1: Biogalvanic test external resistance values for equivalent binary index for Resistor

set 1and 2.

Index Resistor Set 1 (k) Resistor Set 2 (k€)
1 5.1 0.0115
2 10.03 0.1006
3 15.13 0.1117
4 20 1.004
5 251 1.015
6 30 1.105
7 35.1 1.117
8 43 9.99
9 48.1 10
10 53 10.1
11 58.1 10.11
12 63 11
13 68.1 11.01
14 73 111
15 78 11.12
16 82.2 82.3
17 87.3 82.3
18 92.2 82.5
19 97.3 825
20 102.2 83.4
21 107.3 834
22 112.2 83.5
23 117.3 83.5
24 125.2 92.3
25 130.3 924
26 135.2 925
27 140.3 92.5
28 145.2 934
29 150.2 934
30 155.2 93.5
31 160.2 93.6
32 160.1 160.3
33 165.2 160.3
34 170.1 160.4
35 175.2 160.5
36 180 161.3
37 185.1 161.4
38 190 161.5
39 195.1 161.5
40 202 170.3
41 207 170.4
42 212 170.5
43 217 170.5
44 222 171.4
45 227 171.4
46 232 1715
47 237 171.6
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48 241 243
49 246 243
50 251 243
51 256 243
52 261 244
53 266 244
54 271 244
55 276 245
56 284 253
57 289 253
58 294 253
59 299 253
60 304 254
61 309 254
62 314 254
63 319 254
64 329 329
65 334 330
66 338 330
67 343 330
68 348 331
69 353 331
70 358 331
71 363 331
72 371 340
73 376 340
74 381 340
75 386 340
76 391 341
77 396 341
78 401 342
79 406 342
80 410 412
81 415 412
82 420 413
83 425 413
84 430 413
85 435 414
86 440 414
87 445 414
88 453 422
89 458 422
90 463 423
91 468 423
92 473 424
93 478 424
94 483 424
95 488 424
96 488 490
97 493 490
98 498 490
99 503 490
100 508 491
101 513 492
102 518 492
103 523 492
104 531 500
105 536 500
106 541 501
107 546 501
108 551 502
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109 556 502
110 560 502
111 565 502
112 570 573
113 575 573
114 580 573
115 585 573
116 590 574
117 595 574
118 599 575
119 604 575
120 613 583
121 618 583
122 623 583
123 627 584
124 633 584
125 637 584
126 642 585
127 647 585
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Appendix B

Numerical model supplementary information

This information was supplied by the School of Computing (University of Leeds). This forms

supplementary information pertinent to the numerical model described in Chapter 6.

Voltage-current relations for the medium in the limits L K rand L > r

The numerical solution of the geometry-dependent tissue resistance described in Section 6.4.2.1
can be tested against analytical solutions for when the electrodes are very close together
(separation L «< r, or a «< 1, with r the radius of each electrode), and when they are far apart
(L >» r or a > 1). For the former case, the field ¢ will not significantly vary in directions
transverse to the electrode surfaces, and the bulk can therefore be treated as a quasi-1D problem
for which the current density i = oV,,.q/L With V,,.4 the voltage drop across the medium.
Using the same normalisation as in Section 6.4, the voltage-current relation for the medium is

readily found to be

Vmea I a

a mriigh’ (B1)
In the opposite limit a > 1, i.e. where the electrode dimensions are much smaller than their
separation, each can be treated as a point charge, taken here to be +q for the anode at x =
(0,0,0), and - g for the cathode at x = (0,0, L), with q determined below. However, to satisfy
the boundary conditions e, - V¢p = 0 at z = 0 and z = L (where e, is the unit vector in the z-
direction), it is necessary to consider an infinite, linear array of image charges at x = y = 0 and
z=--,—2L,—L,0,L,2L, ..., alternating in sign. The field at any point is then found by
summing that for each point charge [205], i.e.

(-D'q
_ |x —iLe,|"
[=—c0

¢(x) = (B2)

Vmea 1S evaluated as the voltage difference between hemispherical surfaces a small distance €
from each point charge, and I as the mean current across the same surfaces parallel to e,.

Eliminating g and expanding in r/L then gives the voltage-current relation
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Vined I 2 T T\ 2
med _ 1= — , B3
a rai, b{l LZln2+0[(L) H (B3)

Equations (B1) and (B3) are then combined with the non-linear Tafel equations as per equation
(6.7). Figure. B.1 overlays these solutions to the numerical results for the same four points as in
Figure 6.8 in the main text, demonstrating excellent agreement.

The resistances Ryeq = Vinea/I Tor the medium-dominated regime in both limits can be found
from (B1) and (B3) by simple rearrangement. For (B3) the leading-order correction in r/L was

dropped from the expression given in Section 6.4.

— b=0.00833
— b=833

I

I

I

I

I

I

I
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(@)

Figure B1.1: Comparison between the analytical and numerical solutions for (a) Equation (B1)
and a = 1/6, and (b) Equation (B3) and a = 16.667. The Tafel equations gave been included
following the same procedure described in Sec. 2.1 of the main text, and two values of b were
selected as shown in the legends. The solid coloured lines correspond to the analytical
predictions, and the dashed lines show the numerical solution for the same parameters.
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Appendix C

Multi-electrode software flowcharts

Flow charts for the sub functions referenced in Figure 7.7 have been presented below. Figure
C.1 shows the data processing and control loop architecture and Figure C.2 shows the data

logging architecture.

Data Processing & Control Loop

e - ‘\\
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Figure C.1: Flow chart for the multi-electrode resistance software data processing & control sub
function.
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Data Logging Loop
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Figure C.2: Flow chart for the multi-electrode resistance software data logging sub function.
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