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Abstract

Colorectal cancer is a disease that afflicts a substantial number of people glob-
ally. One of the methods of removing the cancer is to surgically resect the
tumourous section. In many cases, the remaining healthy sections of the
colon/rectum are reattached to form what is known as an anastomosis. In
some cases, this anastomosis can leak, often referred to anastomotic leakage,
leading to longer hospital stays and costs and can lead to patient mortality
if not detected and treated at an early stage. However, there is no univer-
sal method of detecting anastomotic leakage at an early stage, with clinicians
often requiring patients to exhibit symptoms before even suspecting anasto-

motic leakage, which is often too late for diagnosis.

Delays in diagnosis has been shown to increase the likelihood of patient mor-
tality, therefore the aim of this thesis was to determine a method of detect-
ing anastomotic leakage reliably at an early stage. Glucose, lactate and pH,
as well as electrochemical diagnostic techniques (electrochemical impedance
spectroscopy - EIS and cyclic voltammetry - CV) were used to investigate their

usefulness in indicating anastomotic leakage.

Initially, methods needed to be developed to allow for testing of patient peri-
toneal fluid. Glucose and lactate commercial assays were modified for use
with these samples and found to have a linear region of up to 20mM for

lactate and 25mM for glucose. EIS and CV techniques were also developed
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using platinum working and counter electrodes. Initially, these techniques
were tested with a simulated wound fluid and indicated the need for a fixed
volume for testing. Further testing with a more complex simulated fluid that
is more similar to the expected patient samples. When spiked with bacte-
ria and blood, EIS showed its potential at distinguishing between differing
components of the fluid whereas results from CV indicated a lower utility for

clinical monitoring.

Methods which were developed and tested were then used on patient sam-
ples. Though no useful data was collected with regards to anastomotic leak-
age, other useful information about patients who underwent an uncompli-
cated post-op and some on patients who experienced other post-op compli-
cations was gained. Glucose was found to peak at shortly after surgery and
drop over time with a strong trend being determined. In addition, some of the
patients who had post-op condition caused anomalous results which could in-
dicate its potential at determining post-op conditions. EIS results also showed
potential with determining other post-op complications. However, lactate, pH

and CV showed to be of limited /no use of diagnosing post-op conditions.

Further work in the area should focus on larger scale studies looking at glu-
cose and EIS as well as performing micro-biology studies to confirm trends

in this thesis.
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Chapter 1

Literature Review and Rationale



1.1. Introduction and Problem Statement

1.1 Introduction and Problem Statement

Colorectal cancer is a prevalent disease that affects over a million people glob-
ally. It is the third most common cancer in males and second most common
in women. In the UK, there are approximately 40,000 new cases each year
(Cancer Research UK 2015b). Survival rates of patients with colorectal cancer
have improved over many years due to significant improvements in treat-
ment of which surgery plays a major role (Mitry et al. 2008, Brouwer et al.
2018). Often, the surgery involves the resection of the cancerous section of the
colon/rectum, with the remaining healthy sections being reattached to form
what is known as an anastomosis. However, the surgery itself can result in
life-changing consequences for a patient, especially if they experience a post-
operative complication. Anastomotic leakage is one such complication where
healing of the anastomosis does not occur correctly, resulting in a tear/hole
causing the contents of the colon to leak. This can result in unwanted symp-
toms such as abdominal pain, fever, rigid abdomen and, if untreated, can be
fatal (Epstein & Parrillo 1993, Toutouzas et al. 2009, Weledji & Ngowe 2013).
Currently, diagnosis of anastomotic leakage can be difficult with no univer-
sal method to identify the problem and often relying on patients having to
exhibit symptoms before clinicians suspect anastomotic leakage. This often
requires confirmation by a CT scan (den Dulk et al. 2009). However, this can
be problematic with radiation risks, as well as been shown in literature to
have reduced levels of sensitivity in confirming leakage (Habib et al. 2015,
Hyman et al. 2007) (see Section 1.4.6 for more information on diagnosis of
anastomotic leakage). Delays in treatment have been shown to increase the

chances of mortality (den Dulk et al. 2013) and therefore it is important that a
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method of detecting anastomotic leakage at an early stage (before symptoms
occur) be established to improve patient outcomes and reduce the chances
of mortality. In addition, the development of a reliable method of detect-
ing anastomotic leakage can result in lower costs and reduced hospital stays

(Ashraf et al. 2013, Gessler et al. 2017).

Therefore, the aim of this thesis was to research approaches that might be
used for early detection of anastomotic leakage, preferably at the point of
care. Particularly work was carried out to determine if reliable biomarker(s)
could be used to determine anastomotic leakage at an early stage and if de-
tection of such markers could be implemented in a device that could monitor
the patient in real-time during their post-op recovery. It was hypothesized,
based on the literature and discussions with clinicians, that monitoring of
drain fluid from drains placed during surgery could provide information to
determine anastomotic leakage due to the close proximity of the drain to the
anastomosis, allowing drain to collect abdominal fluid from the zone of the
anastomosis. Thus, any breakdown of the anastomosis might result in an

early marker being detected in the drain fluid.

While the causes of anastomotic leakage are not well known, ischaemia, which
is where damage to tissues occurs due to the reduction of oxygen from low
blood supply, is often quoted as one of the main reasons for this complication
occurring (Vignali et al. 2000, Hallbook et al. 1996) (see Section 1.4.2 for more
details). Three major biomarkers that change as a result of this are glucose,
lactate and pH (Matthiessen et al. 2007) (see Section 1.5.1 for more details).
Therefore, it was hypothesized that monitoring of these markers could pro-
vide a method to diagnose anastomotic leakage. While some literature has

found that there maybe a link between changes in these markers and anasto-
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motic leakage, methods used in these studies may not be accurately measur-
ing these parameters, for example, microdialysis tubes that have been used
to measure glucose and lactate have been noted that measured values are a
fraction of the actual concentration of the area they are measuring (Chefer
et al. 2009, Shippenberg & Thompson 1997, Turkina et al. 2017). In addition,
some techniques used to monitor these parameters have been invasive and
not practical for use in a clinical setting, for example, balloon tonometry for
pH measurement (Millan et al. 2006)(more detail provided in Section 1.5.1).
Therefore, unlike previous studies, lactate and glucose measurements in this
study were performed directly on drain fluid collected from patients using

colorimetric assays.

In addition, electrochemical techniques, Electrochemical Impedance Spectroscopy
- EIS and cyclic voltammetry - CV, were also chosen to study the drain fluid.
Both EIS and CV have been used to monitor various substances, for exam-
ple, EIS has been used to monitor bacterial species and differentiate between
cancerous and non-cancerous tissues and CV can be used to monitor redox
reactions and substances such as urea (Patzer et al. 1989, Ward et al. 2018,
Halter et al. 2007). Neither of these techniques have been used with regards
to characterising drain fluid or to determining whether it is possible for use
in diagnosing anastomotic leakage. It was hypothesized that changes in the
composition of drain fluid could be detected by these techniques and differ-
ences between patients without leakage versus patients with leakage could be

established.

In this chapter, an initial background to the large intestine, colorectal cancer
and treatment is given to provide context to the problem. After this, more de-

tail is given about anastomotic leakage including how it is currently clinically
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diagnosed and its problems and a literature review of markers that have been
looked into previously to try to solve this problem, leading to the aims and

objectives of the project.




1.2. Large Intestine

1.2 Large Intestine

1.2.1 Structure
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The Large Intestine

Figure 1.1: (Left) Schematic drawing of the large intestines. Reprinted from
Blausen.com staff (2014) under a Creative Commons Licence BY 3.0 Licence. (Right)
CT Image of the large intestines. Image courtesy of The Royal Alexandra Hospital
Radiology Department, Paisley.

The large intestine is an organ, approximately 1.5m long and 7.5cm wide,
found in the abdominal cavity and surrounds the small intestines. The large
intestine starts at the terminus of the ileum of the small intestine and ends

at the anus and can be generally divided into 3 sections; caecum, colon and

rectum (Figure 1.1).

The caecum is where contents from the small intestine (ileum) enter the large
intestine via the ileocaecal valve. The caecum is where collection and com-
paction of material known as chime begins (Martini et al. 2015, McGrath 2005).
This feeds into the colon which generally divided into 4 sections (dependent
on location); the ascending colon, the transverse colon, the descending colon,

and the sigmoid colon (Martini et al. 2015, Steele et al. 2016). The colon
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has two main functions. The first is digestion, either by mechanical means,
through contraction and peristalsis, and by chemical means, through fermen-
tation by the abundant bacterial population present. The second function is
the absorption of water and electrolytes (Shroyer & Kocoshis 2011, Betts et al.
2018, Szmulowicz & Hull 2011, Wood 2019) . The final part of the large in-
testine (approx. 15cm) is the rectum. The rectum lies beneath the peritoneal
reflection and is able to expand to act as a temporary storage of faeces before

its expulsion (Christensen 1991, Martini et al. 2015, Steele et al. 2016).

1.2.2 Walls of the Large Intestine

_ _ SEROSA
. — Longitudinal muscle

. MUSCULARIS EXTERNA
— Circular muscle

— SUBMUCOSA

— Muscularis mucosa :| MUCOSA
— Lamina propria

Epithelium

Gland in
submucosa

Figure 1.2: Representation of walls of the Large intestine. Reprinted from U. S.
National Institutes of Health - National Cancer Institute (2001) (Public domain image)

There are 4 different layers in the walls of the large intestines: the mucosa,
the submucosa, the muscularis propria(externa) and the serosa (Figure 1.2)

(Christensen 1991, McGrath 2005, Shroyer & Kocoshis 2011).

The mucosa is the innermost layer and consists of 3 components: the ep-
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ithelium, muscularis mucosa (a layer of smooth muscle cells) and the lamina
propria (mesh containing collagen) (Christensen 1991, Moran et al. 2008, Betts
et al. 2018, Shroyer & Kocoshis 2011, Uchida & Kamikawa 2007, Wood 2019).

The next layer is the submucosa which contains the blood vessels, fibroblasts,
collagen and other cell types including nerves (Martini et al. 2015, Christensen
1991). It has been found that this layer is responsible for the majority of the
tensile strength of the colon and as a result, most suturing of anastomoses is
through the submucosa and has been shown to improve anastomotic healing
(Matheson 1992, Leslie & Steele 2003) (Colorectal healing explained further in

later sections).

Below the submucosa is the muscularis propria which is composed of two
layers of smooth muscle fibres. The layer closest to the submucosa is orien-
tated transverse to the large intestine, whereas the second layer is orientated
longitudinally. Between these two layers is an intermuscular space which is
abundant in nerves and blood vessels (Martini et al. 2015, Betts et al. 2018,

Christensen 1991, Shroyer & Kocoshis 2011).

The final layer is the serosa/adventitia. This layer, composed of epithelial cells
and connective tissue, reduces the friction between the large intestine and
other organs and therefore, provides a layer of protection (Christensen 1991,
Betts et al. 2018). This layer is called the serosa in the transverse and sigmoid
colon and adventitia for the rest of the large intestine. This is due to the
location of these parts relative to a closed membrane structure known as the
peritoneum, which is made up of epithelium and connective tissues, covers
many abdominal structures. Some of the large intestine is retroperitoneal,
where the section of the colon is behind the peritoneum and only the anterior

part of the colon is in contact with the peritoneum, for which the outer layer
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of the wall is known as the adventitia. On the other hand, the transverse and
sigmoid colon is intraperitoneal meaning it is located within the peritoneal

cavity. The outer layer of these sections of the large intestines are known as

serosa (Marieb & Hoehn 2013, McGrath 2005).

The peritoneum is composed of two layers: the parietal peritoneum that lines
the abdomen and; the visceral peritoneum that covers the outer surface of
many abdominal surfaces. Between the two layers, there is a space, known
as the peritoneal cavity. This cavity contains peritoneal fluid which acts as a
lubricant. This fluid is normally present in small quantities but can become
more abundant as a result of disease. When the volume is greater than 25mL,

it is known as ascites (or ascitic fluid).

1.3 Colorectal Cancer

1.3.1 Types

There are several histological types of primary cancer that can occur in the
colon/rectum. The most common are adenocarcinomas which account for
approximately 95% of all colorectal cancers. Other types of cancer that can

form in the large intestine are listed in Table 1.1 (Chu 2010).

Table 1.1: World Health Organisation Colorectal Tumour Types (Jessup et al. 2017).

Adenocarcinoma in situ Medullary carcinoma
Adenocarcinoma Mucinous carcinoma
Signet ring cell carcinoma Squamous cell carcinoma
Adenosquamous carcinoma Neuroendocrine carcinoma

Small cell neuroendocrine carcinoma Large cell neuroendocrine carcinoma

Undifferentiated carcinoma Carcinoma, NOS (Not Otherwise Specified)
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1.3.2 Classification and Staging

Cancers are staged to help identify the best course of treatment for each case.
In order to determine what stage a colorectal cancer is, tumours are first clas-
sified by the TNM system. The letter “T” refers to the extent at which the
primary tumour has spread through the cell. A visual representation of the
‘T’ definitions can be seen in Figure 1.3. The letter ‘N’ refers to whether

s

regional lymph nodes have cancer present. Finally, the letter ‘M’ refers to
cancer metastasis. The full classification can be found in Table 1.2). By using

the TNM classification, the cancer then can be staged (see Table 1.3).

—_— Inner lining
® Bowel Muscle
Outer lining

T1 T2 T3 T4

Figure 1.3: Visual representation of how the tumour (T) is categorised in the TNM
system. Image reprinted from Cancer Research UK / Wikimedia Commons (2014b)
under a Creative Commons BY-SA 4.0 license.
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Table 1.2: TNM Category Definitions. Taken from Jessup et al.(2017).

Tumour (T)

TX - Tumour cannot be assessed

T0 - No evidence of primary tumour

Tis - Carcinoma in situ

T1 - Tumour invades submucosa

T2 - Tumour invades muscularis propria

T3 - Tumour invades through muscularis propria into pericolorectal tissues
T4a - Tumour invades through peritoneum

T4b - Tumour invades/adheres to surrounding structures/organs

Lymph Node (N)

NX - Regional lymph nodes cannot be assessed

NO - No lymph node metastasis

N1a - 1 regional lymph nodes positive

N1b - 2/3 lymph nodes positive

N1c - Tumour deposits present in the mesentery, subserosa or non-peritonealised
pericolic or perirectal/mesorectal tissues.

N2a - 4-6 lymph nodes positive

N2b - 7+ lymph nodes positive

Metastasis (M)

MO - No distant metastasis identified

M1a - Metastasis identified in one distant site/organ. No peritoneal metastasis.
M1b - Metastasis identified in 2+ distant sites/organs. No peritoneal metastasis.
Mic - Metastasis identified on peritoneal surface with or without metastasis

in other sites/organs.

11



1.3. Colorectal Cancer

Table 1.3: Staging of colorectal cancers using the TNM classification system. Taken
from Jessup et al.(2017).

Stage T Category N Category M Category
0 Tis NO MO
1 T1/2 NO MO
2A T3 NO MO
2B T4a NO MO
2C T4b NO MO
3A T1/2 N1 MO
or T1 N2a MO
3B T3/T4a N1 MO
or T2/T3 N2a MO
or T1/T2 N2b MO
3C T4a N2b MO
or T3/T4a N2a MO
or T4b N2b MO
4A Any T Any N Mla
4B Any T Any N Mi1b
4C Any T Any N Milc

1.3.3 Treatment

There are several treatments that can be used to treat colorectal cancer. Sur-
vival rates are highly dependent on the stage of the cancer when treatment
occurs, with patients at stage 1 having a 91.7% 5 year survival rate which

reduces to 10.3% for patients at stage 4 (Office for National Statistics 2019).

Chemotherapy

Chemotherapy is where patients are given cytotoxic agents to kill off cancer-
ous cells. The agents used affect a cell’s ability to replicate as well as trigger
cell death. This can be achieved in numerous ways, often by interfering with
the cell cycle, for example, by producing reactive oxygen species or affect-

ing enzymes that are required for cell division (Dickens & Ahmed 2018, Sak
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2012). Chemotherapy is used either; after initial treatment by another modal-
ity; for advanced cases, where some studies have shown that chemotherapy
may allow shrinkage of a tumour to the point that it could be then surgi-
cally resected; or as a palliative treatment (Dickens & Ahmed 2018, Tobias &
Hochhauser 2014).

The treatment is not able to differentiate between healthy and cancerous cells
and relies on the higher frequency of cancer cells replicating in order to be
effective. Slow-growing cancerous cells can survive this treatment and can
result in new strains of the cancer occurring weeks or months after remission
of cancer. It has been found that the higher the use of chemotherapy in a
patient, the more likely that the potential relapse becomes more aggressive
with a more resistant cancer cell types occurring (Sak 2012). In the UK, about
31.2% of patients with colon cancer and 41.9% of patients with rectal cancer
undergo chemotherapy (National Cancer Registration and Analysis Service &

Cancer Research UK 2017).

Radiotherapy

Radiation therapy is a treatment modality where ionising radiation is focused
on cancer cells to cause irreparable damage. When the cells are exposed to
this radiation, they become impaired as a result of two mechanisms: direct or
indirect. Direct radiation is where the high energy of the treatment directly af-
fects cells, damaging DNA. The second mechanism is by indirect means using
free radicals. Free radicals are produced as a result of ionisation/excitation of
water within a cell. These free radicals then interact with DNA in cells caus-
ing damage to them and therefore inhibiting their function to divide. When

lower energy beams are used, such as X-rays and gamma rays, the majority
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of damage tends to be caused by indirect actions.

The radiation dose must be calculated precisely to effectively kill cancerous
cells while not causing much damage to surrounding normal cells. As this is
often complex to calculate, due to the random nature that radiation kills cells,
multiple treatments are usually required to get the desired result. Radiother-
apy can be done externally via the use of machines (external beam therapy)
or by placing radioactive material near the cancerous cells (internal radiation
therapy, also known as brachytherapy) and is usually applied over numerous
sessions (up to 8) in low doses to minimise unwanted side effects (Ahmad
et al. 2012, Baskar et al. 2014). The use of radiotherapy is heavily dependent
on the stage and location of the cancer. In the UK, approximately 3.4% of
colon cancer patients and 40.8% of rectal cancer patients receive radiotherapy
(National Cancer Registration and Analysis Service & Cancer Research UK

2017).

Biological Treatment

Biological treatment is a relatively new option for treatment. At the moment,
the National Institute of Clinical Excellence (NICE) allows this treatment for

metastatic colorectal cancers with several criteria needing to be fulfilled.

There are several types of biological treatments are available, where mono-
clonal antibodies are used to inhibit cell function in various ways. There are
two main functions that can be inhibited by these monoclonal antibodies. The
first is to disrupt cell proliferation the antibodies targeting and by attaching to
epidermal growth factor receptors (EGFRs), which are usually overexpressed
in cancerous cells. The other method of disruption is to bind to the anti-

vascular endothelial growth factor (VEGF) receptors, which causes inhibition
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of angiogenesis (Jonker et al. 2007, Noel 2017).

Surgery

The mainstay of treatment for colorectal cancer is surgical resection, where
the cancerous section is removed alongside the mesentery to achieve complete
oncological clearance. The type of surgery that is offered depends on the stage

of the cancer.

Tumaour

Large bowel

Rectum

Colonoscope

Figure 1.4: Local resection of colorectal tumour. Image reprinted from Cancer Re-
search UK / Wikimedia Commons (20144) under a Creative Commons BY-SA 4.0
license.

For polyp cancers with no venous invasions, surgeons can perform resection
of the polyp via colonoscopy (Figure 1.4). For early stage rectal cancers (T1),
local resection/excision via the anus (Trans Anal MicroSurgery — TAMIS) is
considered optimal. For tumours staged T2 and beyond (or if the patient
wishes), segmental resection of the large intestine is performed with the ac-
companying mesentery (to remove blood vessels and lymph nodes). This can

be done either laparoscopically or at open surgery. Resections can be cate-
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gorised by the anatomy of the colon and/or rectum removed (Table 1.4). The
level of resection is dependent on how far the cancer has spread and may in-
clude lymph nodes (Althumairi & Gearhart 2015, Cancer Research UK 20154,
NICE 2011).

Diseased Section of Colon Remaining ends of colon are

is cut out i
Transverse Colon attached to form an anastomosis

Ascending —’

Colon

Figure 1.5: Cancer removal and anastomosis formation

In most cases, there is enough healthy colon/rectum left for which the sur-
geon is able to reattach, using sutures or staples, to form what is known as an

anastomosis as shown in Figure 1.5 (Cancer Research UK 2015a).
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Table 1.4: Definitions of different types of colorectal resections. Definitions based
on Martin (2015) and Cancer Research UK (2015b). Percentages based on National
Bowel Cancer Audit Annual Report 2019 (2020) values of patients in England and
Wales where suitable follow-up occurred.

. Percentage of patients
Section of the large )
Procedure . . undergoing procedure
intestine removed .
(Primary Treatment)

Total Colectomy Whole colon 3.2%
Right Hemicolectomy Ascending colon 41.7%
Left Hemicolectomy Descending colon 4.2%
Transverse colectomy Transverse colon 0.4%
Sigmoid colectomy Sigmoid colon 3.6%
Anterior Resection Sigmoid colon and a section of the rectum 32.8%
Proctosigmoidectomy Rectum and sigmoid colon 7.5%

Anus, anal sphincter, rectum and part

Abdominoperineal Resection 6.27%

of the sigmoid colon

Pelvic Exenteration Removal of all organs in pelvic cavity 0.4%

Some patients may require a stoma to be formed after resection of the large
intestine. A stoma is where either the end of the ileum of the small intestine
(ileostomy) or a section of the large intestine (colostomy) is brought through
the abdominal wall to the external part of the abdomen to which faeces can
pass through. The use of a stoma may be to protect the anastomosis and al-
low for healing among other reason and could be reversed at a later date. In
certain cases however, such as in abdominoperineal resections, a permanent
stoma is required as the patient has insufficient residual large intestine to re-
move waste products (Pine & Stevenson 2017). In the UK, approximately 65%
of patient undergo surgery for cancer removal (National Cancer Registration

and Analysis Service & Cancer Research UK 2017).

There are many complications that can occur as a result of colorectal surgery.
Some of these are listed in Table 1.5. One complication that is particularly

worrying for surgeons is known as anastomotic leakage. This occurs when
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the anastomosis deteriorates, allowing the contents of the colon to leak into
the peritoneum which can rapidly lead to a patient’s post-surgical condition

deteriorating.

Table 1.5: Complications that can occur after colorectal resections (not an exhaustive
list) (Kirchhoff et al. 2010, Longo et al. 2000). SSIs - Surgical Site Infections

Infections (including SSIs) Postoperative Bleeding

Bowel Dysfunction Ileus

Wound Complications Anastomotic Leakage

Renal Failure Cardiovascular/Respiratory Complications

Urethral /Bladder complications Neurological Complications

1.4 Anastomotic Leakage

1.4.1 Definition

There is no universally accepted definition for anastomotic leakage. In 1991,
the Surgical Infection Study Group (SISG) in the UK attempted to provide a
standardised definition to allow for valid comparisons between differing cen-
tres. Their definition of an anastomotic leak was; “...a leak of luminal contents
from surgical join between two hollow viscera. The luminal contents may emerge
either through the wound or at the drain site, or they may collect near the anastomo-
sis, causing fever, abscess, septicaemia, metabolic disturbance and/or multiple-organ
failure. The escape of luminal contents from the site of the anastomosis into an adja-
cent localised area, detect by imaging, in the absence of clinical symptoms and signs
should be recorded as a subclinical leak” (Peel & Taylor 1991). This definition was

proposed over two decades ago and is cited by the Association of Surgeons
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of Great Britain and Ireland & The Association of Coloproctology of Great

Britain and Ireland (2016) but was not universally accepted.

Often, papers that refer to anastomotic leakage provide their own definition
which usually contains elements of the definition proposed by SISG. Bruce
et al. (2001) performed a review regarding the definition of an anastomotic
leak in relation to gastrointestinal surgery. They found that in the 97 studies
that were used for the review, there were 56 differing definitions for the term
anastomotic leakage. Based on the papers used in the review, key points for a
definition were noted and three broad categories were established depending
on how an anastomotic leak could be diagnosed and the level of severity;
radiological, clinical minor and clinical major. Radiological detection refers
to leaks that were detected by imaging such as Computer Tomography (CT)
scans. Clinical minor diagnosis of an anastomotic leak refers to a diagnosis
made based on tests and observations such as fever, high white blood cell
count, etc. and clinical major is where a diagnosis is made on a similar level
as clinical minor leaks but there is more disturbances at the anastomotic site

and would be detectable with imaging techniques.

Another attempt to define anastomotic leakage was performed by the Inter-
national Study Group of Rectal Cancer, which they defined as “a defect of the
intestinal wall at the anastomotic site (including suture and staple lines of neorectal
reservoirs) leading to a communication between the intra- and extraluminal com-
partments”. They also introduced a grading system to indicate the severity
of the leakage but were based on the level of intervention required. Grade
A leaks are leaks where no active intervention was required; grade B leaks
are where active intervention is required without re-laparotomy and grade

C leaks are where active intervention requiring re-laparotomy (Rahbari et al.
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2010). Again, the definition was not widely used verbatim, but some papers
do refer a grading system or use a modified system to indicate the severity of

the leak.

Though Bruce et al. (2001) and Rahbari et al. (2010) highlighted key points
that are used in definitions of anastomotic leakage, it also brings up the point
that much of the tools used to define leakage are quite subjective which makes

direct comparison of studies regarding this topic particularly difficult.

1.4.2 Causes of Anastomotic Leakage

The cause of why anastomotic leakage occurs is still relatively unknown, even

with numerous studies that have looked into it.

In terms of healing of anastomoses, there is a three stage process: 1) The
inflammatory stage, 2) the proliferation stage and 3) the tissue remodelling

stage.

In the inflammatory stage, which starts immediately after the wound is formed
and lasts for approximately 3 days, haemostasis (the cessation of bleeding) is
achieved by vasoconstriction and increased permeability of blood vessels. In
addition, inflammatory cells enter the wound and release tissue growth fac-
tors and white blood cells fight any infections and aid in the removal of dead
cells. As mentioned in section 1.2.2, the tensile strength of colon is mostly
contributed by the collagen found in the submucosa. During the early wound
healing process, collagen is low due to the fact there is high level of colla-
genase activity. As a result, during this time, the anastomosis is weak and
its strength is highly dependent on the sutures/staples and the remaining

collagen. The proliferation stage follows this, where new tissue is formed
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with collagen synthesis occurring, vastly improving the strength of the anas-
tomosis, as well as angiogenesis improving oxygen supply to the tissue and
providing vitamins and minerals required for healing. The deposited colla-
gen in the proliferation stage is further improved (thicker bundles) and tissue
is remodelled in the tissue remodelling stage. This stage usually lasts for
weeks/months. Disruption of healing processes are thought to cause leakage
and there are 3 commonly cited reasons for why this disruption occurs: bacte-

ria, ischaemia and tension (Daams et al. 2013, Thompson et al. 2006, Bosmans

et al. 2015).

A notable difference between the large intestine and other organs (e.g. skin)
is presence of the large population of bacteria within the large intestine, for
which some groups have claimed is the cause of leakage occurring. In rats
that had anastomoses (performed surgically), Schardey et al. (1994) found
that anastomotic leakage occurred in 95% of rats which were inoculated with
Pseudomonas aeruginosa (on day 1 by oral dose), a bacteria often associated
with hospital acquired infections and can cause intestinal infections (Okuda
et al. 2010, Markou & Apidianakis 2014). This could indicate that bacteria
have some role in leakage, possibly through endo- and exo- toxins interfering
with normal healing pathways, where endotoxins are large molecules that
form part of the outer membrane of Gram-negative bacteria and exotoxins
are proteins that are excreted from bacteria, both of which are harmful to
tissues (Baker et al. 2011, Alcamo & Warner 2010). In another rat-based study,
it was found that in rats that exhibited anastomotic leakage, higher levels of
organisms that cause collagen degradation, production of which is required in
the healing of tissues, were present, particularly strains of Enterococcus faecalis.

As mentioned previously, collagen deposition is important in providing the
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colon its strength (Shogan et al. 2013).

However, other studies have suggested that bacteria have a role in healing of
anastomoses. Bacteria play a major role in digestion. One of the products pro-
duced by some of the bacteria in the colon are short-chain fatty acids. One of
these fatty acids, butyrate, has been shown to be involved in epithelial healing
by modulating the inflammatory response and a few studies have shown (in
rats) that with infusions of butyrate, the strength of anastomoses increased
(Mathew et al. 2010, Liu et al. 2018). In addition, some recent research has
found that some types of bacteria found in the mucosa of the anastomosis

after surgery were correlated to improved anastomotic healing (Li et al. 2019).

Though it has been shown that some bacteria can contribute to the cause of
anastomotic leakage, not all bacteria do and could contribute to the healing of
anastomoses. More research is required to understand how the bacterial en-
vironment affects healing of anastomoses, particularly in humans as opposed

to rats.

Another commonly cited reason for anastomotic leakage occurring is the re-
duction of blood flow /reduced oxygen perfusion. Adequate blood flow is re-
quired for healing; otherwise, ischaemia occurs. However, what is meant by
adequate is still under debate. Ischaemia occurs when tissues do not receive
enough oxygen, due to reduced blood flow, and therefore become hypoxic.
This has been indicated by several studies such a study by Hallbook et al.
(1996). In the study, laser Doppler flowmetry was used. In this technique,
a laser was used on tissues which causes light beams from the laser to be
scattered by the movement of red blood cells in accordance to the Doppler
effect. Some of the light is backscattered which can be detected by a photode-

tector and the output of this voltage levels can be related to red blood cell
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concentrations and velocity. In the study, this arrangement was used to mon-
itor blood flow during surgery at the anastomotic site and it was found that
uninterrupted blood flow (i.e. higher levels of red blood cell flow as indicated
by higher output voltages) allowed for better healing of the anastomosis. Vi-
gnali et al. (2000), who also used Doppler techniques also found that reduced
proximal perfusion of an anastomosis was linked to anastomotic leakage. It
should be noted though, that during the beginning phases of wound healing,
tissues need to be some level of hypoxic in order to trigger the healing pro-
cesses to form new blood vessels (Castilla et al. 2012). This was shown by
Boyle et al. (2000) who found, using Doppler, that oxygen levels could drop
by 57% and healing of anastomoses could still occur. Further work is still

needed to understand how perfusion affects healing.

The last commonly cited reason is leakage occurs due to incorrect surgical
technique (e.g. incorrect suturing technique) or that the two ends of the bowel
are pulled together such that increased stresses and strains are applied onto
the tissues (Shogan et al. 2013). In skin wounds, it has been seen that when
this occurs, tissues have reduced microperfusion and oxygen supply (Guo
& DiPietro 2010, Wilson & Clark 2004). While some work has found that
measuring and ensuring good microperfusion at the site of the anastomosis
improves outcomes (Grone et al. 2015), further work is required to confirm

incorrect surgical technique as a cause of colorectal anastomotic leakage.

1.4.3 Incidence Rates

The number of people affected by anastomotic leakage varies greatly in liter-
ature. Incidence rates range from as low as 1.8% of patients (Choi et al. 2006)

to as high as 33% (Komen et al. 2008) though often it tends to be up to 20%
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(Association of Surgeons of Great Britain and Ireland & The Association of
Coloproctology of Great Britain and Ireland 2016). An overview of the range
of values stated in papers can be seen in Table 1.6. One of the reasons for the
large variations could be attributed to the different definitions of anastomotic
leakage (as mentioned earlier) and what type of surgical resection is being
performed as it is well established that rectal surgery anastomoses carry a
significantly higher leak rate than colonic surgery. Why rectal anastomoses
have a higher leak rate has been associated with the fact the rectum has a
relatively poor blood supply and therefore the risk of ischaemia is increased

(Wang & Gu 2010, Bruce et al. 2001, Komen et al. 2008).

The mortality rate, like the incidence rate, varies a lot in literature from as
low as 0.7% (Alves et al. 2002) to just over 50% of patients affected by anasto-
motic leakage dying (Vignali et al. 1997) as shown in Table 1.6. More recent
papers also have a large variation with one paper by Popescu et al. (2017)
reporting a mortality rate of 28.6% and another by the 2015 European Society

of Coloproctology Collaborating Group (2020) reporting a rate of 10.6%.

Mortality has been shown to be affected by delays to treating the leakage due
to the problems regarding confirming diagnosis of leakage. When using a
standardised protocol to reduce the time required to diagnosis (reduced from
4 days to 1.5 days), den Dulk et al. (2013) found that the mortality rate reduced
from 39% to 24%.
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Table 1.6: Anastomotic leakage and mortality rates from various papers - Values were
standardised to percentages (patient numbers in brackets). Mortality rate percentages
are based on number of patients who had anastomotic leakage and not on total
number of patients. *Highest value found when reviewing

Paper Number of Patients Leakage Rate Mortality Rate
Kockering et al. (1999) 1143 4.2%(48) 4.2%(2)
Dulk et al. (2009) 223 9.4%(21) 24%(5)
Alves et al. (1999) 655 6% (39) 13% (5)
Hyman et al. (2007) 1223 2.7% (33) 6.1% (2)
Boccola et al. (2011) 1576 7% -
Alves et al. (2002) 707 6% (43) 11.6%(5)
Vignali et al. (1997) 1014 2.9%(29) 55.2%(16)
Serensen et al. (1999) 333 15.9%(53) -
Konishi et al. (2006) 391 2.8% (11) -
Choi et al. (2006) 1417 1.8% (25) 32% (8)
Khan et al. (2008) 1421 2.9% (41) 12.2% (5)
Ramphal et al. (2018) 1984 7.5%(149) -
Komen et al. (2008) - 33%* -
Kornmann et al. (2014) 524 10.9%(57) 21.1% (12)

1.4.4 Complications of Anastomotic Leakage

The effects of anastomotic leakage can be devastating and fatal if not treated
in time. The main cause of mortality is as a result of sepsis/septic shock.
This can occur because the contents of the colon, that leaks into the abdomen,
contains colonic bacteria, which become pathogenic outside their normal en-
vironment, leading to an infection such as peritonitis as well as potentially
causing abscesses to form. These microorganisms multiply and release endo-
toxins and exotoxins. As a result, a local response is triggered with cytokines
being released and cells, such as macrophages, being recruited to combat the
infection. When the infection cannot be cleared with this initial response, a

systemic inflammatory response occurs, with further cytokine and other me-
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diators such as nitric oxide and free radicals being released. This prolonged
response causes damage to cells as well as affecting the cardiovascular system
as these released substances increase vasodilation, vessel permeability, leuko-
cyte aggregation and activation of coagulation pathways to name a few effects.
If the response is not stopped, this can lead to refractory hypotension and or-
gan failure due to microthrombi formation, resulting in the patient mortality.
This mechanism can lead to patients experiencing several symptoms includ-
ing abdominal pain, increased heart rate, fever and a rigid abdomen among

others (Epstein & Parrillo 1993, Toutouzas et al. 2009, Weledji & Ngowe 2013).

Patients who experience anastomotic leakage often need emergency treatment
(management options further elaborated in section 1.4.8) requiring longer hos-
pital stays, with Gessler et al. (2017) showing that patients with leakage had
significantly longer time in hospital on average versus patients without (on
average 29 vs 9.4 days). In addition, anastomotic leakage has been shown to
increase the chances of permanent stoma formation as well as being associ-

ated with reduced survival rates (Jutesten et al. 2019, Walker et al. 2004).

1.4.5 Risk Factors for Anastomotic Leakage

There have been several studies that have found risk factors that have been
associated with this complication. A summary of these risk factors can be

found in Table 1.7.

Non-modifiable Risk Factors

There are several non-modifiable risk factors with regards to anastomotic
leakage. One of the main non-modifiable risk factors is gender where it has

been found that being male increases the chances of leakage. Why this oc-
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curs is not completely understood but some reasons that have been forward
includes a narrower pelvis meaning surgery is more difficult and hormonal

differences (Law et al. 2000, Walker et al. 2004, Rullier et al. 1998).

Another major non-modifiable risk factor that is associated with leakage is the
location where the anastomosis is performed. A study by Vignali et al. (1997)
found that there was a higher risk of leakage if the anastomosis was within
7cm of the anal verge. Similar results were found by Mékela et al. (2003), who
found risk was increased if the anastomosis was within 5 cm of anal verge.
This has been associated with the fact that there is a reduced blood supply in
this area (Wang & Gu 2010).

Fitness and cardiovascular disease are the other main non-modifiable risk
factor. Fitness is assessed using the American Society of Anesthesiologist
(ASA) score. It has been seen that a score of 3 or greater (ASA score of 3
is one where the patient has severe systemic disease) increases the risk of

leakage (Mikeld et al. 2003, Choi et al. 2006, Alves et al. 2002).

Another non-modifiable risk factor is emergency surgery. It has been seen
that compared to elective procedures, emergency surgery has a higher risk of
leakage occurring. However, it has been noted that it is more likely the case
that it is not the emergency surgery that carries a higher risk, but rather for
these emergency procedures the patients are sicker compared to patients with
elective procedures. Therefore, emergency surgery is not as important a risk

factor (Choi et al. 2006, Constantinides et al. 2007, McDermott et al. 2014).

Modifiable Risk Factors

There are several modifiable risk factors linked to anastomotic leakage. These

include alcohol consumption, where >105g of alcohol per week increases risk,
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as well as smoking, where if the patient is a smoker (Serensen et al. 1999,
Maikeld et al. 2003, Richards et al. 2012) or has had a long history of smoking
(>40 years) increases risk (Kim et al. 2011). Obesity has also been seen to be
risk factor, however, definitions in studies are not well defined but measure-
ment of waist has been seen to be more sensitive in determining anastomotic
leakage (Rullier et al. 1998, Benoist et al. 2000, Senagore et al. 2003). There
are many studies that have looked at medication as a risk factor, but the ma-
jority of medication has not been seen to increase risk. However, exceptions
are immunosuppressant drugs which have been seen to increase risk (Zeeh
et al. 2001, Alves et al. 2002). Patients who experience hypoalbuminemia and
malnutrition prior to surgery have also been seen to have an increased risk of
them developing leakage and lastly, radiation, in particular pelvic irradiation

also increases risk (Alves et al. 2002, Makela et al. 2003).

Intraoperative conditions

Surgical skill has been seen to be important in anastomotic healing and that
poor technique increases the chances of leakage occurring. In addition to this,
increased blood loss which requires transfusions to occur, as well as longer
surgical times (319mins vs 269mins quoted in Mékeld et al. has also been
associated with poorer outcomes (Alves et al. 2002, Mékela et al. 2003, Vignali
et al. 1997, Konishi et al. 2006).

The use of drainage tubes as a risk factor is still questionable. Some papers
such as one published by Vignali et al. (1997) found that there was an in-
creased chance of anastomotic leak occurring with the use of drainage tubes,
however, later studies such as Mékela et al. (2003) and Denost et al. (2017) did

not find any significant trends. There are arguments for and against the use
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of drains. As a result surgeons currently use drains at their own discretion
and in the era of enhanced recovery after surgery overall usage has declined

(Kehlet 1997, Emile & Abd El-Hamed 2017).

Postoperative conditions

The use of non-steroidal anti-inflammatory drugs (NSAIDs) has been cau-
tioned with evidence showing its use during the post-op period with one
study showing the likelihood of leakage increased by 24% (Hakkarainen et al.
2015).
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Table 1.7: Risk factors associated with colorectal anastomotic leakage. *Reference
indicates that significant trend is only found in low (close to the anal verge) anasto-
moses. Factors in bold indicate higher importance.

Risk Factors

Reference(s)

Alcohol

ASA Score

Blood Transfusion

Cardiovascular Disease

Emergency Operation

Gender

Hypoalbuminemia

Immunosupressant Drugs

Location of Anastomosis

Malnutrition

Obesity

Operating Time

Pelvis Irradiation
NSAIDs Use
Smoking
Surgical Skill

Serensen et al. (1999), Makela et al. (2003)
Maikeli et al. (2003), Choi et al. (2006),
Alves et al. (2002)

Alves et al. (2002), Mékela et al. (2003)
Makela et al. (2003), Warschkow et al. (2011)
Choi et al. (2006), McDermott et al. (2014),
Constantinides et al. (2007)

Law et al. (2000), Rullier et al. (1998),
Walker et al. (2004)

Mikela et al. (2003)

Alves et al. (2002), Zeeh et al. (2001)
Vignali et al. (1997), Mikela et al. (2003),
Alves et al. (2002), Rullier et al. (1998)
Makela et al. (2003)

Rullier et al. (1998)*, Benoist et al. (2000),
Senagore et al. (2003)

Konishi et al. (2006), Maékela et al. (2003),
Alves et al. (2002)

Alves et al. (2002)

Hakkarainen et al. (2015)

Serensen et al. (1999) Richards et al. (2012)
Vignali et al. (1997)
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1.4.6 Current Clinical Diagnosis Methods
Symptoms

Currently, the earliest way to detect anastomotic leakage is by clinicians look-
ing at symptoms and biochemical parameters that develop in patients which
are associated with the complication. The Association of Surgeons of Great
Britain and Ireland & The Association of Coloproctology of Great Britain and
Ireland (2016) suggests looking at a departure of expected recovery as a way
of diagnosing anastomotic leakage. Many of the symptoms associated with
leakage have been noted by den Dulk et al. (2009). These are listed in Table
1.8.

Table 1.8: Symptoms used to determine if anastomotic leakage is potentially present
(Not Exhaustive). Adapted from den Dulk et al. (2009)

Fever > 38°C Ileus Present
Heart Rate > 100bpm Gastric Retention
Respiratory Rate > 30/min Fascial dehiscence
Urine Production < 30ml/h Abdominal Pain

. . Infection (based on i d leukocyt
Agitated or lethargic mental state nfection (based on increased leukocyte

numbers or C-Reactive Protein levels)

Deteriorating Condition Increased urea or creatinine levels

However, it should be noted that these symptoms are not necessarily specific
to anastomotic leakage and may not present at all until much later in the
postop period. Den Dulk et al. (2013) admitted that there was a particularly
low positive predictive value when using the systems developed in the papers,
with 1 of 6 patients who tested positive using the scoring system actually hav-
ing leakage. Erb et al. (2014) found that monitoring vital signs could not be

used reliably to diagnose anastomotic leakage with patients who had an un-
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complicated post-op also exhibiting tachycardia and several of the symptoms
mentioned previously. It was also found that the positive predictive value of
using vital signs or white blood cell count to diagnose anastomotic leakage
was 4-11%. Additionally, patients have found to be discharged with hav-
ing postoperative abscesses and the diagnosis of anastomotic leakage being
missed completely in other cases (Costedio & Hyman 2008). Often, radiogra-
phy or contrast enhanced CT needs to be performed to allow for confirmation

of diagnosis (Hyman et al. 2007).

Radiography

Imaging is often used only when a clinician suspects that an anastomotic
leakage has occurred (unless it is considered obvious, i.e. the patient is very
unwell) and requires confirmation of diagnosis. Two types of radiographic
examinations can be used. The first method that can be used to detect leakage
is using water-soluble enema, where a contrast substance is put into the colon
and X-rays are taken to detect leaks. This is not used in the acute setting
as it requires contrast to be passed through the lumen. The second type is
computed tomography (CT) imaging where high resolution 2D X-ray images
are taken to build up an overall image of the area of interest and can be used

with the aid of a contrast material to optimise the images.

Though imaging has shown to be valuable in diagnosis of various conditions,
its use in detecting anastomotic leakage has been brought into question sev-
eral papers. Water-soluble enemas and CT scans have been shown to have a
moderate level of sensitivity of approximately 60-80% and 55-75% but have a
specificity of approximately 95-100% and 90-100% respectively (Habib et al.
2015, Hyman et al. 2007, Kornmann et al. 2014, Marres et al. 2017, Nesbakken
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et al. 2005). This indicates that these methods are particularly good at ruling

out anastomotic leakage rather than confirming it.

[ S

Figure 1.6: (Top) Lateral scan of gastrografin enema shows leakage of low anterior
resection as shown by contrast in the presacral space (Radiopaedia 2014). (Bottom)
Transverse plane CT image (with contrast) of abdomen showing anastomotic leakage,
shown by red arrow, with contrast material in the presacral space (Radiopaedia 2017).
Images reprinted under a Creative Commons BY-NC-SA 3.0 Licenses.

One of the reasons that was stated by Nesbakken et al. (2005) for the false
negatives was the fact that imaging was done before leakage actually occurred
indicating an important issue with regards to imaging; the importance of the

timing of imaging. Radiology can only be used once a leak has occurred,
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which can only be suspected once a patient exhibits symptoms as mentioned
in the previous section. Additionally, for CT scans, it is particularly difficult to
identify anastomotic leakage without experienced radiologists (see CT image
in Figure 1.6) and there is no consensus for how leakage is identified, with
some radiologists looking for air pockets/fluid in areas where they should
not be. Another consideration that should be noted is that both CT and
water-soluble contrast techniques expose the patient to radiation, a known
risk factor of cancer and therefore its use is not advisable unless absolutely

necessary (Kornmann et al. 2014, Nesbakken et al. 2005).

1.4.7 Time to Diagnosis

Diagnosis of an anastomotic leakage is particularly difficult due to the non-
specific symptoms currently used clinically as mentioned previously (Section
1.4.6). Diagnosis often happens several days after surgery but can take a
significant amount time, up to 42 days in some cases (Gessler et al. 2017,
Hyman et al. 2007). This is due to the fact that anastomotic leakage can occur
with little to no symptoms which doctors currently use to suspect anastomotic
leakage and, as a result, often patients are sent home due to the inability to
rationalise continued hospital stay and further costs. Hyman et al. (2007)
found in a study they conducted, 42% of patients who had anastomotic leak
were sent home before they had to be re-admitted and diagnosed. Similarly,
in a report by den Dulk et al. (2009), where 3 patients were sent home due
to the fact that they showed no signs of anastomotic leakage which was only
diagnosed on readmission. One of these patients died due to the delay in

diagnosis.
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1.4.8 Management of Colorectal Anastomotic Leakage

Anastomotic leaks can be treated in various ways and is dependent on the
level of leakage that has occurred and the patient’s condition. The aims of
management of anastomotic leakage are to try and preserve the anastomo-
sis, control inflammation/infection and to restore the function of the large
intestine (Blumetti & Abcarian 2015, Girard et al. 2014, Thomas & Margolin
2016).

Non-operative and Minimally Invasive Solutions

When possible, the first treatment often is intravenous broad-spectrum an-
tibiotics. This is used when the patient is stable but is showing symptoms of

leakage (Girard et al. 2014, Thomas & Margolin 2016).

Abscesses that are formed as a result of anastomotic leak (perforations greater
than 3cm) can be drained using several methods depending on the case. Per-
cutaneous drainage guided by interventional radiology is a commonly used
technique with the aid of imaging and has been said to be effective when
used correctly for appropriate patients (Chadi et al. 2016). Other techniques
include transvaginal, transrectal and, for use in low anastomosis, transanal
drainage, which are all done under general anaesthetic by a surgeon. If af-
ter some time, the anastomotic site has not been able to heal by itself and
symptoms are either not improving or worsening, other treatment would be

considered (Thomas & Margolin 2016, Vermeer et al. 2014).

The use of colorectal stents has also been looked into by several studies. These
stents can be used to manage symptoms of bowel obstruction (except in cases

of low anastomoses) as an alternative to a stoma and have been provided en-
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couraging results at helping manage anastomotic complications (Abbas 2010,
Blumetti & Abcarian 2015). Self-expanding metallic stents have provided
some positive results with an 86% of anastomotic leakage cured, though it
should be noted that no control was used in the study (Lamazza et al. 2015).
Chopra et al. (2009) found that the use of stents accelerated anastomotic heal-
ing after healing (105 vs 173 days on average) and claimed that stents have
helped in resolve anastomotic leakage by covering the anastomotic leak, di-
verting faecal matter and therefore reduce bacterial contamination. However,
there are several drawbacks in using these stents, most significantly migra-
tion or expulsion of the stent, which has been reported to occur in 25-40%
of patients. Additionally, costs associated have also been shown to be high
(Abbas 2010, Blumetti & Abcarian 2015, Chopra et al. 2009, Sevim et al. 2016).

Further studies are required to investigate the effectiveness of stents.

Another management strategy is the use of endoscopic clips. Most clips that
are commercially available are through the scope clips which are used to con-
trol bleeding or small perforations but were not necessarily useful for anasto-
motic leakage due to their small size and low compression forces (Blumetti &
Abcarian 2015, Sevim et al. 2016). However, newer over-the-scope clips have
been developed that allow for higher forces to be applied and there is some
evidence that the use of clip to have high success rate for small leaks. For
example, Arezzo et al. (2012) claimed 86% of patients had their anastomotic
leakage reversed with the use of over-the-scope clips with leaks less than
1.5cm. Currently, most of the studies for use of clips for reversing anasto-
motic leakage are relatively small studies or anecdotal, based on oesophageal

studies, and larger studies are required.

A device that can be utilised in management of leakage is known as Endo-
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SPONGE®. This is a polyurethane sponge which has shown some success in
treating anastomotic leakage. The sponge is placed into the deepest part of
the wound and is connected to a low suction negative vacuum. The device
allows the draining of the area as well as promoting repair of anastomotic
leaks (Arezzo et al. 2015, Veloso et al. 2013). Arezzo et al. (2015) and van
Koperen et al. (2009) found that when endo-SPONGE® was used, over 70% of
patients (89% and 75%) had successfully reversed their anastomotic leakage
when used as an early intervention treatment. However, it should be noted
that this device is particularly difficult to use where the anastomosis is present
in higher parts of the large intestine and frequent changing of sponges (at least

5 returns to the theatre) are required (Blumetti & Abcarian 2015).

Surgical Intervention

For patients who do not improve with or are unsuitable for minimally inva-
sive techniques, surgery can be performed to stop the leakage. The type of
surgical intervention is dependent on several factors including the location,

size of the leakage, condition of the patient, etc.

In some cases, the anastomosis can be salvaged (particularly if the leakage is
small)and is preferable if possible. In combination with a loop ileostomy di-
version, it has been found to be associated with lower levels of complications

compared with not using a loop diversion.

However, many leakages are treated by resecting the anastomosis and an os-
tomy is formed, though this approach has been shown to increase the chances
of permanent faecal diversion versus salvaging the anastomosis (Fraccalvieri

et al. 2012, Krarup et al. 2014, Peters et al. 2019).
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1.4.9 Economic Cost of Anastomotic Leakage

Patients who experience anastomotic leakage are associated with significantly
higher costs versus patients who have an uncomplicated post-op course due
to the longer hospital stay and further treatment required. Hammond et al.
(2014) reported that the average cost of a patients who developed anastomotic
leakage in the USA was approximately $24,129 higher than patients without
leakage. The approximate cost of anastomotic leak in the UK is £1.1-3.5 mil-

lion in the UK (Ashraf et al. 2013).

1.5 Other Investigated Markers

While in current clinical practice, anastomotic leakage is typically diagnosed
by monitoring symptoms and through the use radiology, it has been seen that
these methods are not particularly great at determining anastomotic leakage
with patients not necessarily presenting with symptoms and the relatively
low sensitivity of radiology at detecting anastomotic leakage (Hyman et al.
2007, Marres et al. 2017, Nesbakken et al. 2005). As a result, other groups
have investigated other markers that could be used to diagnose anastomotic
leakage, which has been detailed in this section and as a result, justify the

chosen markers for this thesis.

1.5.1 Biomarkers for Ischaemia

As mentioned previously, ischaemia has been commonly cited the major cause
of anastomotic leakage. In normal cell respiration, glucose is converted into
pyruvate through the Krebs cycle to produce adenosine-tri-phosphate (ATP),

a molecule used to power normal physiological processes. When oxygen is
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lacking, tissues switch from aerobic to anaerobic respiration and due to this
switch, pyruvate is converted into lactate. As tissues start healing, the effects
of ischaemia are lessened (Matthiessen et al. 2007). These markers include;
glucose, lactate, pH and oxygen concentration. Therefore, there have been
studies that have looked at how markers that are related to this are affected
and how they change with anastomotic leakage and how they change with

regards to anastomotic leakage are looked into in this section.

Glucose

Glucose is the main molecule involved in respiration and has been monitored
with respect to anastomotic leakage in a few papers. Daams et al. (2014)
found that glucose levels in patients stayed relatively similar over the post-op
period with an average glucose level of 8.1mM and 7.8mM in patients with-
out and with anastomotic leakage using microdialysis tubes placed near the
anastomosis. However, whilst Matthiessen et al. (2007) found that in patients
without leakage had a stable glucose level (of 7mM) like Daams et al. also
using microdialysis, they found that in patients with leakage had a lower
level of glucose of 6mM which dropped to 4mM during the post-op period,
though this was not considered significantly different. Pedersen et al. (2009)
also found this trend as well though this study only had two patients with
leakage. In addition, measurements of glucose by previous papers have used
microdialysis tubes to sample peritoneal fluid. However, this has been shown
to underestimate the concentration of the sampling environment (Chefer et al.

2009, Shippenberg & Thompson 1997, Turkina et al. 2017).

Based on the small amount of literature, there could potentially be a trend

with glucose that could be related to anastomotic leakage but larger scale
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studies are required with more accurate measurement techniques. As a result,
glucose was chosen in this thesis as one of the biomarkers to measure. This
was to be done by directly measuring the glucose in clinical drain fluids using
colorimetric methods, which have a high level of accuracy (Silva et al. 2016).

This has not been done previously.

Lactate

Studies to date involving measuring lactate have involved the use of micro-
dialysis catheters placed near the anastomosis. Pedersen et al. (2009) found
that in patients who developed leakage, lactate concentration and lactate/
pyruvate ratio increased significantly days before symptoms presented. The
same group had similar findings for oesophageal anastomotic leakage (Ped-
ersen et al. 2014). Similar results were found by Daams et al. (2014) where
the levels of lactate were significantly increased in patients who had anasto-
motic leakage versus patients who did not (4.4 vs 3.2 mM/L) within the first
few days of surgery. Matthiessen et al. (2007) measured lactate, pyruvate and
glucose levels at regular intervals for 6 days post-op in patients who had ante-
rior resections. They found that the lactate/pyruvate ratio to be significantly
different on post-operative days 5 and 6 for patients with leakage vs those
without. It should be noted that it is not well explained if this significance
is prior to the onset of symptoms and if so, how far in advance. Addition-
ally, these studies have used microdialysis tube to sample the environment,
which has been shown to underestimate the concentration of analytes in the
sampling environment (Chefer et al. 2009, Shippenberg & Thompson 1997,
Turkina et al. 2017).

There is some evidence to indicate that monitoring lactate concentration can

40



1.5. Other Investigated Markers

be used as an early indicator of anastomotic leakage. However, a larger
scale study is necessary to confirm the usefulness of lactate as a potential
biomarker. Previous studies looking at lactate with regards to anastomotic
leakage have used microdialysis tube which has been shown to underestimate
the concentration of analytes in the sampling environment. Therefore, lactate
was another marker that was chosen in this thesis as one of the biomarkers
to measure. This was to be done by directly measuring the glucose in clinical
drain fluids using colorimetric methods, which have a high level of accuracy

(Yanase et al. 2018). This has not been done previously.

pH

Another potential method of diagnosing anastomotic leakage is by measuring
pH levels which are lowered due to anaerobic respiration. However, there is
little literature in this regard. A study by Yang et al. (2013) measured the pH
of fluid from pelvic drains for 12 days post-op for 753 patients (57 developed
leaks). They found that significant differences on day 3 in patients with leak-
age (all leakages were diagnosed between days 6 and 12) vs those without.
A threshold point (pH=6.978) was determined that produced a high level of
sensitivity (98.7%) and specificity (94.7%) was reported. However, only mean
values were provided and nothing else (confidence intervals, standard devia-

tions, range of measurements, etc.) with regards to anastomotic leakage.

Another paper by Millan et al. (2006) measured the pH level during the first
and second 24 hours after surgery. This was done in 90 patients using tonom-
etry, where a balloon catheter was introduced near the anastomosis and in
the stomach during surgery and sutured into position. It was found that pH

was significantly lower in patients with leakage compared to those without
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in the first 24 hours (7.05+0.1 vs 7.32+0.3, mean pH+SD). Using results that
were gained, a threshold pH was found (7.28) which, if a patient was below,
they were 22 times more likely to develop leakage. It should be noted that
a negative result with this criterion does not necessarily rule out a patient
having an anastomotic leakage as, according to the paper, the experiment had
a negative predictive value of approximately 70% as well has having a low
sensitivity of approximately 28%. In addition, the use of balloon tonometry

in clinic would be impractical.

pH could potentially be valuable in diagnosing anastomotic leakage. While
there is a study that does look at measuring pH in drain fluid, not enough
information is provided to determine whether it can be used reliably (lack of
information of range, confidence levels, etc. with regards to anastomotic leak-
age pH measurements). As a result, pH was also marker chosen to measure
in this study to gain further information about whether it is able to diagnose

leakage.

Oxygen Concentration

Reduction of oxygen to tissue is the cause of hypoxia so being able to measure

this parameter could potentially be effective in detecting leakage.

One of the first studies that looked into oxygen levels as a potential predictor
for anastomotic leakage was by Sheridan et al. (1987). Using an electrode-
based system, oxygen tension was measured in 50 patients (5 of whom devel-
oped leakage) prior and post resection, at various sites of the bowel (caecum,
transverse colon, descending colon, sigmoid colon and rectum) as well as
measurements within lcm proximal and distal of the anastomotic site. It was

found that in patients who had oxygen tension levels drop either by 20mmHg
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(absolute) or 50% (relative) based on the measurements taken at the anas-
tomosis site, were significantly more likely to have anastomotic leakage. It
should be noted that one of the patients who developed leakage did not ex-

hibit reduction in oxygen tension levels.

More recent studies have used optical methods to measure oxygen supply in
the colorectal region. Hirano et al. (2006) used near-infrared spectroscopy to
detect oxygen saturation of colon tissue. Measuring at sites proximal and dis-
tal to the anastomosis site (soon after the anastomosis was formed in surgery),
they found that the level of oxygen saturation in the body was found to be sig-
nificantly lower in patients who had anastomotic leakage compared to those
who did not (58% vs 71%). However, it should be noted that there was a
very small number of patients had leakage (2 patients) so the reliability of

this trend is questionable.

Karliczek et al. (2010) performed a similar study to Hirano et al. (2006) using
visible light spectroscopy instead of infrared with an increased patient pool
(77 patients, of which 14 had leakage). The use of visible light, instead of
infrared, reduces the penetration of light through tissue and measurements
are of blood vessels closer to the surface, which in this case is measuring
saturation in the serosa layer of the colon wall. A probe was used to make
measurements prior and post resection during surgery, approximately 1.5cm
proximal and distal to the anastomosis as well as the caecum. It was indicated
from the results that an increase in saturated oxygen levels was significantly
associated with patients with leakage at the measurement site proximal to the
anastomosis. Another observation that was found was that saturated oxygen
levels in the caecum was significant lower in patients who presented with

leakage compared to those who did not (69.6+5.6% vs 73.6+5.7%).

43



1.5. Other Investigated Markers

Something that should be noted is that all the studies above looked at oxygen
during surgery. No studies have looked how perfusion/oxygen level changes

during the post-op period.

1.5.2 Inflammation Markers

Any surgery induces some level of inflammatory response. During colorec-
tal surgery, inflammatory markers are produced and released. These levels
could be increased during prolonged inflammation/sepsis and several groups
thought it would be prudent to monitor these levels with regards to anasto-

motic leakage.

C-Reactive Protein (CRP) and Procalcitonin

C-reactive protein (CRP) and procalcitonin are biomarkers that are released
as a response to infections and inflammation. CRP is formed in the liver and
its major function is to help identify and remove specific pathogens. This is
attained by binding to a certain type of receptor. This triggers the complement
system causing phagocytosis to occur. Additionally, this receptor is expressed
on dead/dying cells so CRP may aid in removal of these cells as well. The
level of CRP is relative to the level of the inflammatory response and seeing
as it has a relatively short half-life (4-7 hours), some groups have thought
this could be a useful marker in determining anastomotic leakage (Bray et al.

2016).

Almeida et al. (2012) found that in patients who had anastomotic leakage,
serum CRP values were significantly increased from two days after surgery
up to diagnosis (day 2 values: 187 vs 132 mg/L). A threshold value was
established of 140mg/L which provided a sensitivity of 78% and specificity
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of 86%. Matthiessen et al. (2008) also found that increases in CRP levels in
serum was indicative of anastomotic leakage and could be seen from 2 days
after surgery. However, it should be noted that anastomotic leakage is not
the only complication that can occur after surgery. Pedrazzani et al. (2017)
found that serum CRP values increase significantly at day 3 in patients who
had surgery-related and severe post-operative complications including anas-
tomotic leakage, bleeding, lymphorrhea, etc. Silvestre et al. (2014) similarly
looked at post-operative infections which included urinary tract infections,
central line infections, etc. as well as anastomotic leakage. A CRP value
greater than 5.0mg/dl at day six was associated with a post-operative infec-
tion, with a high level of sensitivity (85%) with a moderate level of specificity
(62%). Fernandez et al. (2017) found also found that the surgical approach

used (open vs laproscopic) also affected CRP values.

Procalcitonin is a precursor peptide to the hormone calcitonin which is in-
volved in calcium regulation. In healthy humans, this peptide is produced by
the neuroendocrine cells of the thyroid gland and concentrations in the body
are low (<0.05ng/mL). However, in bacterial infections, the levels of procal-
citonin increase significantly, with studies indicating values of >1ng/L as a
threshold to suggest use of increased /broadening antibiotics and use of imag-
ing. The levels of procalcitonin accumulate and are relative to the level of in-
flammation when this happens as, unlike neuroendocrine cells, the parenchy-
mal tissues cannot convert it to calcitonin. This accumulation does not occur
in viral infections where specific viral cytokines prevents this from happening.
Levels of procalcitonin increase promptly after initial bacterial infection and
has a relative short half-life of about 24 hrs. Therefore, its measurement has

been used to monitor sepsis and therefore naturally some groups have looked
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at its relationship with regards to anastomotic leakage (El-Azeem et al. 2013).

Giaccaglia et al. (2014) found that procalcitonin values (taken from whole
blood) from patients, were significantly different in patients who had anas-
tomotic leakage for levels measured 3 days after surgery (4.97ng/ml) versus
patients who had other complications (2.27ng/ml) or and those who did not
suffer any complications (1.12ng/ml). Additionally, it was found that if a
threshold of 5ng/ml was established (for day 3), a concentration of less than
this resulted in a high negative predictive value of 96.7% and specificity of
95.7%. It should be noted that sensitivity or positive predictive value was not
stated, and though similar trends were found on day 5 (measurements were
done on day 1, 3 and 5), leakage results were not significant from other re-
sults. It should be noted the low levels of patients with complications (only
9 anastomotic leakage patients and <20 patients with other complications).
However, a study by Garcia-Granero et al. (2013) found that procalcitonin lev-
els in serum were only significant when a “major leak” occurred on days 3
and 5 post-op. In another study which measured procalcitonin in drain fluid
from drains placed near the anastomosis, it was found there was a significant
difference in levels between patients who have leakage (approx. 2.3ng/mL) vs
those who did not (approx. 0.3ng/mL) at 5 day post-op (Komen et al. 2014).

No comparison was made with other complications.

In general, both CRP and procalcitonin can help rule out anastomotic leakage.
However, their ability to diagnose leakage is still questionable. Even with
some results that show that these markers can indicate if leakage is occurring,

larger studies are required to confirm any trends found.
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Cytokines

Cytokines is a general name for small signalling proteins that are secreted by
several different cells (particularly T-helper cells and macrophages) that affect
interactions between cells. Cytokines are produced as part of a cascade; as
one cytokine affects a cell, it triggers cells to produce more cytokines. There
are several types of cytokines: Pro-inflammatory cytokines, that are involved
in the inflammatory response; chemotactic cytokines, involved in the activa-
tion and chemotaxis of cells (particularly leukocytes); and anti-inflammatory
cytokines, which regulate the activity of the inflammatory response (Zhang
& An 2007). The candidate cytokines for indicating anastomotic leakage are

discussed below.

Interleukin 6 (IL-6)

IL-6 is an inflammatory cytokine that is predominantly produced at lesions
(Tanaka et al. 2014). Herwig et al. (2002) found, when measuring levels
in peritoneal fluid (for 4 days), IL-6 was significantly different in patients
with anastomotic leakage than those without on day 1 (162,500+105,800 vs
27,940+13,860 pg/mL, mean+SD). This trend remained for 4 days post-op al-
though this was not a significant difference on day 2. Ugras et al. (2008)
found a similar trend, though it was found to increase daily in leakage pa-
tients and there was no drop in levels on day 2 unlike Herwig et al. Both
Herwig et al. (2002) and Ugras et al. (2008) found levels in patients without
leakage dropped daily from day 1. Matthiessen et al. (2007) found, using mi-
crodialysis tubes placed near the anastomotic site, that IL-6 levels were only
significantly higher on days 1 and 2. However, Yamamoto et al. (2011) estab-

lished in their study that concentration of IL-6 (measured in drain fluid) was
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only significant after day 3. Bertram et al. (2003) and Reisinger et al. (2014)
both contradicted papers that have been mentioned previously with no sig-
nificant changes discovered between patients with and without anastomotic

leakage.

Tumour Necrosis Factor Alpha (TNF-«)

TNF-o is another inflammatory cytokine that is produced by immune cells,
particularly macrophages (Gahring et al. 1996). Herwig et al. (2002) and Ugras
et al. (2008) found significant increases in levels from day one in drain fluid in
patients with leakage. Matthiessen et al. (2007) similarly found increases but
established that these were only significant on days 1 and 2 (using microdialy-
sis techniques). Both Ugras et al. (2008) and Matthiessen et al. (2007) observed
that levels increased daily in patients with leakage and levels decreased in pa-
tients without leakage. However, like with IL-6, Yamamoto et al. (2011) only
observed significance from day 3 onwards and Bertram et al. (2003) did not

determine any significance at any time point after surgery.

Interleukin 1B (IL-1p)

IL-18 is a pro-inflammatory cytokine that is released by several different cells
in the body (Lopez-Castejon & Brough 2011). It was noted by Herwig et al.
(2002) that IL-1p levels in drain fluid were low in the first couple of days after
surgery and increased significantly on day 3 onwards. A similar result was

found by Yamamoto et al. (2011) though values were much lower.

Interleukin 10 (IL-10)
IL-10 is an anti-inflammatory mediator which is secreted from various cells,
particularly immune cells (Iyer & Cheng 2012). Ugras et al. (2008) found sig-

nificant differences between patients with and without leakage with signifi-
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cant increases from day 1 in drain fluid from patients with leakage and signif-
icant decreases in patients without. Matthiessen et al. (2007) also found sig-

nificant differences in the first 2 days of post-op using microdialysis catheters.

Inflammatory Biomarker Comments

There are several items that should be noted with regards to papers that have
looked into cytokines. First of all, increases in the concentration of inflam-
matory markers after anastomotic surgery may not necessarily be indicative
of anastomotic leakage. When Yamamoto et al. (2011) tested for various cy-
tokines, one of the eight patients who developed complications did not de-
velop anastomotic leakage but instead only developed an intraabdominal ab-
scess. None of the papers have looked to see if other post-operative com-
plications also cause changes in concentrations of cytokines. There are some
papers that show that levels change regardless of complications such as study
by van Berge Henegouwen et al. (1998) which showed that TNF-a rises were
indicative of postoperative complications in general for abdominal surgery. If
this is the case, it would be prudent to see whether changes in levels could be

distinguished to identify anastomotic leakage.

Further to this point, other conditions that could affect levels, particularly
anti-inflammatory drugs should also be considered. Yamamoto et al. (2011)
excluded patients who already had inflammatory conditions prior to surgery
and patients who took anti-inflammatory drugs and Reisinger et al. (2014)
discounted patients who had inflammatory bowel disease as they believed

that the result could be affected by this condition.

Lastly, most of the studies mentioned have low numbers of patients in the

analysis and further larger studies would need to be required to confirm any
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trends.

1.5.3 Matrix Metalloproteinases (MMPs)

In order for healing and tissue remodelling to occur, the extracellular ma-
trix needs to be degraded. This is performed by several types of enzymes,
most prominently matrix metalloproteinases (MMPs). These enzymes are
secreted by several cell types, particularly activated macrophages, in a pro-
enzyme state and then cleaved by Tissue Inhibitors of Matrix Metallopro-
teinases (TIMPs). The activity/levels of MMPs are controlled by these TIMPs
as well as by cytokines, hormones and growth factors (Jabtoriska-Trypuc et al.

2016, Quiding-Jarbrink et al. 2001).

Stumpf et al. (2005) looked at how anastomotic leakage related to the amount
of MMP levels, more specifically MMP-1, MMP-2, MMP-9 and MMP-13. From
staining techniques on colonic tissue (near anastomotic site)) MMP-1 and
MMP-2 were found to be significantly more expressed in patients with anas-
tomotic leakage versus non-leakage patients at the mucosal level. In addition
to this, MMP-2 and MMP-9 were found to be more significantly higher at the
submucosal layer in leakage patients. MMP-13 was not found to be signifi-
cantly different in any case. As MMP expression is related to collagen, the
authors also looked at the collagen I/III ratio, an indicator of tensile strength
and stability of tissues, using similar staining techniques and found that there
was a significant drop in the ratio in patients with leakage indicating that

MMPs reduce the chances that an anastomosis heals properly.

A similar study was performed by Pasternak et al. (2010) where levels of
MMP-1, -2, -3, -7, -8, -9 and -13 were looked into as well as TIMPs in intraperi-

toneal fluid collected from patients, approximately 4 hours after surgery. They
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found that only MMP-8 and -9 were the only variables that were significantly
increased in patients with anastomotic leakage than those without (median

increases of 58% and 29% respectively).

However, it should be noted that MMPs and TIMPs levels have been shown
to be affected by other post-operative complications. Baker et al. (2003) found
that there were significant differences in MMP-2 (on days 3 and 6) and MMP-
9 (on days 6 and 7) being elevated and a significant negative correlation
with TIMP-1 (day 7) and TIMP-2 (days 2 and 3) between patients with post-
operative complications (including wound infections, haemorrhage, etc.) and
those without. Additionally, it was also noted that the level of severity and
blood loss significantly affected the MMP-3 levels for the first 2 days after
post-op and stoma formation increased levels of several MMPs as well. Con-
sidering that levels of MMPs and TIMPs seems to change inconsistently and
the affects other conditions can have, they may not be effective in detecting

anastomotic leakage.

1.5.4 Bacterial Markers

Bacteria have also been suggested as a method to detect anastomotic leakage.
The colon is host to a large number of bacteria (3-40 trillion) which includes
species of Clostridia, Enterococcus and Bacteroides to name a few (Webb et al.
2016). When the colon is ruptured, the contents of the colon are released into
the surrounding area which, in this case, is the peritoneal cavity. There have
been several studies that have looked into detecting various bacteria that are

known to be present in the colon.

Komen et al.(2014, 2009) used polymerase chain reaction (PCR) to detect Es-

cherichia coli (E. coli) or Enterococcus faecalis (E. faecalis) in drain fluid (measured
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for 4 days). These bacteria were used to give an indication of whether leak-
age was occurring and were standardised using day 1 values. For E. coli,
increases in Colony Forming Units (CFU) values versus day 1, on days 4 and
5 were significantly different in patients with and without leakage. However,
though the results gave a relatively good specificity (day 4 value=83.5%) and
negative predictive value (day 4 value=95.2%) for both days, the sensitivity
was found to be moderate (day 4 value=69.2%) and the positive predictive
value was quite low (day 4 value=36.0%). For E. faecalis, significant increases
were found on days 2 to 4. Better sensitivities were found (day 2=71.4%, day
3=92.9%, day 4=75.0%), low positive predictive values were also found (day
2=27.8%, day 3=30.2%, day 4=25.7%). The method also gave false positives

meaning the system requires more refinement.

Junger et al. (1996) measured the concentration of lipopolysaccharide (LPS),
which is found on the walls of Gram-negative bacteria, in drain fluid. They
found that patients with anastomotic leakage had significantly higher con-
centration on day one and three compared to patients without leakage. Day
3 results gave results that could be used to determine threshold levels where
values were above 5000pg/ml in patients with leakage whereas patients with-
out leakage had values below 2000pg/ml. However, due to the low number
of patients used for the study (only three patients presented with anastomotic
leakage), more research would need to be undertaken to confirm the results

in this study.

A major drawback of measuring bacteria is the level of difficulty and/or
length of time required for measurement by traditional means. Culturing
and identification of bacteria can take days to complete with the use of either

colony counting methods (which can take 48 hours or longer) or requiring
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expensive equipment for polymerase-chain reactions or flow cytometry. In
addition, trained staff are required to perform the complex tasks required for
most of the techniques (Nemati et al. 2016). However, new emerging tech-
niques such as electrochemical impedance spectroscopy are showing promise
in bacterial detection with potential to substantially reduce times to diagnosis

(explained further in the next section).

Lysozyme

Lysozyme is a polypeptide that targets and destroys Gram-negative bacteria
cell walls. Miller et al. (1996) investigated how lysozyme levels were affected
by anastomotic leakage. Using drainage fluid, taken from patients who had
undergone low anterior resections, the samples (collected for 4 days) were
subject to electrophoresis to allow separation of lysozyme and then was tested
using a lysozyme testing kit. The results found showed that patients who
were diagnosed radiological, when compared to no leakage patients, had a
significant difference in lysozyme levels from day 1 onwards (approx.15 vs
6mg/dl). Though a significant trend was established, it must be noted that the

sample size was relatively small (n=42 of which 6 diagnosed radiologically).

1.5.5 Impedance Measurements

An alternate technique that has been looked into by DeArmond et al. (2013,
2010) for the detection of anastomosis is the use of electrical impedance.
In a paper published in 2010, the group looked into whether measuring
impedance of the peritoneal fluid could be used to measure leakage with the
aid of an electrolyte-contrast solution. The idea was that if leakage occurred,
electrolyte solution, given orally, would leak into the abdomen and be picked

up as a significant impedance change.

53



1.5. Other Investigated Markers

For the experiment, involving rats that had a gastrotomy to mimic leakage,
pacing leads were placed near the gastrotomy site, to allow measurement of
peritoneal fluid resistance. For direct current measurements, 2 leads were
sutured on either side of the gastrotomy site and for alternating current mea-
surements, leads (4 electrodes) were attached to scaffold placed near the gas-
trotomy site. Electrolyte contrast solution (sodium chloride solution) was de-
livered through a tube placed in the oesophagus and measurements were
taken between leads in their respective configuration. DC measurements were
taken passively using a multimeter and for AC measurements, an applied AC
current of 800pA at 50 kHz delivered by a bio-impedance device. Once mea-
surements were complete, the rats were opened up to allow removal of con-
trast material and the previous gastrotomy (imitating anastomotic leakage)

was closed up by suture and the experiment was repeated to act as a control.

For direct current measurements, there was a significant difference in resis-
tance between leakage and control results as shown by the mean maximum
resistant change (-340+125Q) vs -30+30(), mean+SD) and maximum rate of
change (-310+14002/10s vs -15£15(2/10s, mean+SD) over a 70 second time
frame. With regards to the alternating current measurements, it was found
that the maximum change in resistance was significantly different for all in-
crements of 0.9% NaCl used when comparing leakage results to control (-
11.3+4.7() vs -2.6+0.5Q) at 1ml, mean+SD). However, there were only signifi-
cant differences in the maximum rate of change at increments larger than 2ml
(-10.9+5.80) /s vs -0.73+0.15€) /s at 3ml, mean+SD). These results suggest that
measuring impedance in the peritoneum could be a viable method to detect
the onset of anastomosis. However, there are several drawbacks that are men-

tioned, one being obtaining consistent readings. The baseline readings for
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the sensor were shown to vary a fair amount, direct and alternating current
readings gave results that varied from 300-7500) and 38.4-141.8Q) respectively

for local impedance.

Further testing was done by DeArmond et al. (2013) by comparing the impedance
method they developed in 2010 to barium fluoroscopy. Impedance testing was
done in a similar manner to the 2010 paper but the leads were attached in-
side a foam sandwich, saturated with saline, to allow for stabilised baseline
readings. When comparing the two methods, it was found that both had
given similar results in terms of detecting leakage, although there were one
or two barium fluoroscopy results that were misdiagnosed by the blinded ra-
diologist. No experiments involving human patients have been performed
with this methodology. Though not necessarily testing for colorectal anasto-
moses, the approach of measuring impedance of leaking contrast fluid may
have some utility as an alternative to CT-scanning. However, similarly to CT
scanning, an issue with this approach would be that of timing, that is, the
patient would have to be constantly intaking contrast fluid in order for early

detection to occur which is not feasible.

However, no literature exists on the study of the impedance of colorectal drain
fluid in humans. There could potentially be some changes to the impedance

(e.g. due to increases in bacteria) that may be observed.

Methods have been developed to measure changes in impedance of biological
samples as an aid to diagnosis, such as for rapid detection of bacteria. In
particular, the Medical Devices group at the University of Strathclyde, where
this study has been carried out, have shown that the use of Electrochemi-
cal Impedance Spectroscopy (EIS) could be used to detect bacteria. EIS is

the application of small potential perturbations to a system for which the re-
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sponse at different frequencies are measured. Using the technique, it has been
found that it is possible to detect various bacteria considerably faster than
traditional methods using relatively cheap printed electrodes which could be
used as point-of-care devices. For example, Ward et al. (2018, 2014) found
that Staphylococcus aureus and Pseudomonas aeruginosa could be detected using
cheap screen-printed electrodes much faster than traditional methods. Other
groups have used EIS for use in identifying other responses such as differ-
entiating between cancerous and non-cancerous prostate tissues (Halter et al.
2007) as well as determining changes in tissue activities due to events such as

ischaemia (Gersing 1998).

Another technique that could be used is cyclic voltammetry (CV), where cur-
rent changes are monitored when voltage being ramped up and down in a
system. This can be used to detect and monitor changes in various substances
such as urea, uric acid, adenosine etc. These substances are present in drain
fluid and their levels change in the post-op period (Patzer et al. 1989, Nguyen
& Venton 2015, Ernst & Knoll 2001).

Neither of these techniques have been used to characterise drain fluid in pa-
tients with an uncomplicated post-op course. In addition, neither technique
has been looked at to see whether changes in results found with these tech-
niques could be used to determine anastomotic leakage. Considering changes
in the fluid occurs over the post-op period with regards to anastomotic leak-
age (e.g. inflammatory markers), it maybe worth looking at using these tech-
niques to determine whether results could be used to diagnose anastomotic

leakage at an early stage.
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1.5.6 Summary

A summary of the various markers of anastomotic leakage following colorec-

tal surgery is presented in the Table 1.9.

Table 1.9: Summaries of investigated markers in literature

Marker Summary

Clucose - Some work that may indicate decrease with AL over post-op period
- Further work is required
Lactate - Detected early when AL occurs (within 5 days)
- Small numbers used in studies so further work is required
- Oxygen levels monitored during surgery showed changes could be related
to anastomotic leakage (most likely due to reduced micro-perfusion
Oxygen due to increased tension in healing tissues by incorrect surgical technique)
- No papers have measured oxygen levels of the anastomotic
site during post-op period
- pH changes can be the effect of other problems
pH - V. little literature which only shows risk increasing past a certain
point which does not necessarily rule out leakage in the event
of a negative result
- CRP and procalcitonin have literature some that indicate changes
CRP and with leakage but more useful at ruling it out
Procalcitonin - Need more studies to determine differences between anastomotic
leakage and other conditions that could cause changes in levels
- Levels shown to increase straight after surgery but levels usually
Cytokines reduce in normal circumstances
- Need more studies to determine differences between anastomotic
leakage and other conditions that could cause changes in levels
Lysozymes - Only 1 study that shows some changes, but more studies
required
MMPs - Some evidence that changes could be attributed with leakage
- Takes significant amount of times to test for these markers
- Moderate sensitivity with anastomotic leakage
Bacterial Markers - Only looked at certain bacteria/LPS. May have more success
with other species
- Could be used to detect contrast material but no human studies
have been performed
Electrical Impedance - No studies that have looked directly at the electrochemical
signature of abdominal drain fluid with regards to anastomotic leakage

- Potential for use in measuring changes due to disease
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1.6 Aims and Objectives

Due to the potentially devastating consequences of anastomotic leakage, the
current inherent lack of detection before symptoms develop and the inability
of detecting this complication consistently, it would be prudent to develop a
system to detect anastomotic leakage as early as possible. Therefore, the aim
of this project was to determine a reliable biomarker(s) that could be used to
detect anastomotic leakage at an early stage so clinicians can take appropriate

action before further problems occur.

A driving principle was to select potential markers that might be included
in a personal monitoring device for patients immediately following surgery.
Point-of-care testing can be used to improve patient outcomes (when imple-
ment correctly) due to reduced diagnosis times, which is particularly impor-
tant for time-sensitive complications such as for the problem presented in this
thesis. Additional benefits also could include improved patient satisfaction

and reduced costs (Price 2001).

As a result and following a review of the literature, an approach based on
monitoring fluid from drains placed close to the anastomotic site was se-
lected for further research during the course of this study. It was hypothe-
sised that if such a system could be developed, it would have a high potential
to yield a method that could be used to detect anastomotic leakage, as well
as potentially being developed into a point-of-care device that can provide
early warning of complications of occurring. Normally, drains are placed in
patients during the surgery to allow excess peritoneal fluid, produced from
the body’s response to surgical response, and often removed within a week

post-op (prior to the patient being discharged) (Tsujinaka & Konishi 2011).
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This also coincides with the time period with when the majority of leaks oc-
curs (Hyman et al. 2007),thus thus supported performing measurement with

drain fluid.

Several biomarkers were chosen based on previous literature: Glucose, lac-
tate and pH. There is some evidence glucose and lactate levels are affected
by anastomotic leakage (Section 1.5.1). However, techniques used to measure
these parameters have issues with microdialysis tubes been shown to underes-
timate analytes in the sampling environment (Chefer et al. 2009, Shippenberg
& Thompson 1997, Turkina et al. 2017). Therefore, in this thesis, both lactate
and glucose were measured directly from drain fluid and measured using
colorimetric assays, which has not been done previously. This should provide
a more accurate representation of how glucose and lactate levels change over
the post-op period and potentially allow diagnosis of leakage. While a couple
of studies has looked at pH as a marker indicating it could be used to di-
agnose leakage, there are either issues with the measurement technique (not
practical for clinical use) or not provided enough information (e.g. range of
values, confidence intervals, etc.). Therefore, pH was chosen to garner more
information that has not previously been provided in terms of measurement

of pH in drain fluid.

In addition, electrochemical impedance spectroscopy (EIS) and cyclic voltam-
metry (CV) techniques were also chosen to monitor changes in drain fluid.
Neither of these techniques have been used previously in relation to drain
fluid in detection of anastomotic leakage. Both techniques have utility to de-
tect changes which can be related to a component in fluid they are testing. For
example, EIS has been used to detect bacterial species and CV can be used to

find changes in urea and other molecules (Ward et al. 2018, Patzer et al. 1989)
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(see Section 1.5.5). It was hypothesized that these techniques could detect
changes in the fluid during the post-op period and that deviations between

patients with and without anastomotic leakage could be observed.
In order to achieve the aims of this study, several objectives were established:

* To develop and test methods of monitoring glucose, lactate and pH in

drain fluid

¢ To develop and test methods to analyse drain fluid using EIS and CV
techniques to try and identify specific markers of anastomosis such as

presence of lactate or bacteria

¢ To test patient drain fluids with the developed methods (under ethical

permissions)

¢ To analyse data gained from testing patient drain fluids to determine
whether anastomotic leakage could be reliably diagnosed by monitoring

the chosen biomarkers/techniques

¢ To consider, for future work, how such measurement techniques could
be incorporated in a non-invasive device for bedside monitoring of the

post-surgery patient.

The following chapters of this thesis will provide information on the back-
ground theory of the modalities of measuring the chosen biomarkers (Chap-
ter 2), the methods and material employed (Chapter 3) for which the results
are presented in Chapter 4 and Chapter 5. Results from these chapters are

discussed and conclusions drawn in Chapter 6.
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Chapter 2

Background Theory



2.1. Introduction

2.1 Introduction

In the previous chapter, a research aim and objectives were established and a
number of parameters of potential interest with regards to detection of anas-
tomotic leakage were established; lactate, glucose, pH and electrochemical
methods. In this chapter, the underpinning theories behind these parameters

are provided.

2.2 Electrochemical Theory

Electrochemistry is the study of the electron transfer as a result of chemi-
cal reactions. Chemical reactions that happen in a cell cause movement of
electrons which allows a current (measured as Ampere, A) and potential dif-
ference (measured as Voltage, V) to occur. These chemical reactions involve
ions changing from one state to another by the loss/gain of electrons. The

loss of electrons from a substance is known as oxidation, for example;
2CI" —2e¢ — (L,

The gain of electron by a substance is known as reduction, for example;
Fe¥* + & — Fe?*

Electrochemical cells can be formed by placing electrodes in a solution con-
taining electrolytes (Figure 2.1) for which, the electrodes act as sites of oxida-
tion/reduction of electrolytes. Each electrode is considered a half cell; one is
called an anode, where oxidation of electrochemical species occurs; and one

is called a cathode, where reduction of an electrochemical species occurs.

The total cell potential of the system (E.;) is given by the summation of the
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2.2. Electrochemical Theory

potential of the anode, cathode and solution. In other words;

Ecell = Eanode + Ecathode + Esolution (2-1)

O,
electron
flow
Anode Cathode
(+) (-)

Figure 2.1: Basic Electrochemical Cell

In order to measure absolute voltage, the cell is measured relative to a refer-
ence electrode with a known fixed potential (relative to the standard hydrogen

cell which is explained further in 2.2.2).

The maximum work that the total system (AG) can provide is given by the

Gibbs free energy equation;

AG = _ZFECell (2.2)

Where z is the number electrons transferred in a reaction and F is Faraday’s
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number (9.648 x 10* C M1). The rate at which a species reacts can be described
as:

Rate = kc; (2.3)

Where ¢; is the concentration of a species (in Moles, M), j, and k is known as
the rate constant. It has been found from observations that the rate constant

can be defined by the Arrhenius equation:

k = Ae Ea/RT (2.4)

Where E, is the minimum energy required for a substance to react to form
a product (also known as the activation energy and expressed in joules per
mole, ] M!) and A is known as a pre-exponential factor which considers
various factors such as collision frequency of ions, T is the temperature (in

Kelvin, K) and R is the gas constant (8.314 ] M1 K.

In order to understand electrochemical cells further, it is best to understand

how interaction of ions within a solution and with the electrode occurs.

2.2.1 Movement of Ions - Mass Transfer

The movement of ions in a solution occurs in one of three ways; diffusion, mi-
gration(conduction) and convection. Convection is the movement of ions due
to mechanical methods (e.g. stirring). Effects due to convection are assumed

to be zero in this thesis.
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2.2. Electrochemical Theory

Diffusion

Diffusion is defined as the movement of ions due to differing concentration
gradients in a system. This is driven by the fact that changes in concentration
causes an imbalance in chemical potential and therefore the system is not in
equilibrium (Bockris & Reddy 2002). In order to reach equilibrium, regions of
high concentration of a species move to regions where low concentration of
the species occurs. When the system is considered close to steady state (i.e.
system is close to equilibrium), diffusion can be described by the following
equation;

aC]'
Ji=-D (2.5)

x
This is known as Fick’s first law of diffusion, where J; is the flux of species j
M m?2 s, ¢j is the concentration of species j (in M), x is the of direction of
movement (in metres, m), Bcj /0x is the concentration gradient, D]- is the diffu-
sion coefficient (also known as diffusivity, expressed as m? s!). The negative
sign indicates the movement of species is from high to low concentrations.
When a system is not in steady state, diffusion can be described instead using
Fick’s second law of diffusion;

% = D@ (2.6)

ot dx2 '
Where dcj/ dt represents the change in concentration in an area with regards
to time and azcj/ 0x? represents the varying change of the change in concen-

tration.
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2.2. Electrochemical Theory

Migration

Ions in a solution have an associated positive or negative charge. When ex-
posed to an electric field, they drift to either to the positive electrode, if they
negatively charged, or towards the negative electrode, if they are positively
charged. They are therefore subject to a force vector (?) which increases
their velocity (known as the drift velocity, v) in the direction of this force.
From Newton’s second law, it is known that;

F v

=g (2.7)
Where m is mass (kg) and dv/dt is the acceleration of the ion (m s2). As they
move, ions would collide with other ions, solvent molecules, etc., meaning
that the movement of the ion is not smooth, and a resistance is caused by
these collisions. The average time between collisions (T) could be defined in

terms of number of collisions, N, in time period, t (in seconds, s):

T= (2.8)

t
N
The average drift velocity for species, j, due to application of an electric field
is the acceleration due to the field multiplied by the average time between
collisions, i.e.;

V= —T=—T (2.9)

For an ionic species, j, of concentration ¢j, the flux of the species towards the

electrode (Jj) can be considered to be;

Jj = ¢jvj (2.10)
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2.2. Electrochemical Theory

Faraday’s law, which links electron flow present in electrodes to ion move-
ment in solution, indicates that the number of moles of a species moved (n)
is;
it
n=— 2.11
T (2.11)

Where i is the current density (A m2) and t is the time the current is applied.

If this is converted to a flux, then the above equation becomes;
Ji= = (2.12)
Replacing this into equation 2.10 gives the current contribution of species j;
ij = zjFcjv; (2.13)

As there are multiple species in a solution, the total current due to migration

(I) would be the sum of the current density of all species, i.e.:

I=Y i (2.14)
j

Combination of Diffusion and Migration

To account for the fact that both diffusion and migration effects would occur
in solutions, it has been found that combining of the equations of diffusion

and migration results in the following equation:

Dc dc
] = ﬁzPX — D% (2.15)
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2.2. Electrochemical Theory

This is known as the Nernst-Planck equation (effects due to convection is
considered zero). While this unifies the migration and diffusion of ions in a
solution, it does not consider that movement of ions affect the movement of
other ions. Some ions migrate at a higher rate than others when an electric
field is applied (due to size, etc.) and therefore contribute more to current
flow through the solution (Bockris & Reddy 2002). In order to quantify this, a
number known as the transport number (tj), is used to represent the amount

of the current species j (I;) contributes to the total current (It), is defined as:

=L (2.16)

2.2.2 Interactions at the Electrode Surface

Faradaic and Non-Faradaic Processes

At electrodes, two types of processes occur. The first type is to do with charge
transfer at the electrode interface. As the reactions between the metal and
the electrolyte solution follow Faraday’s law (i.e. chemical reaction due to
current o electricity passed), such as oxidation and reduction of species at the
electrode surface, and therefore are called Faradaic processes (also known as
charge-transfer electrodes). With changing potential or solution composition,
there could be changes to the electrode such as adsorption of substances onto
the electrode surface, which can cause a change to the electrode interface for
which the reactions are not proportional to the electricity passed. These are

known as non-faradaic processes (Bard & Faulkner 2000).
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2.2. Electrochemical Theory

Electrical Double Layer

In a solution, the interface between an electrode and a solution has been found
to act in a capacitive manner and is known as the electrical double layer.

1 2 3
A

0d1d2

Figure 2.2: Model of the electrical double layer. 1) Inner Helmholtz layer, 2) outer
Helmbholtz layer, 3) diffusion layer, 4) solvated ions, 5) adsorped ions and 6) solvent
molecule. Reprinted from Wikimedia Commons (2008) under a Creative Commons
BY 3.0 license

Capacitance (C), measured in Farads (F), is defined as:

C= (2.17)

1
E

where q is charge (measured in coulombs, C). When there is a potential dif-
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2.2. Electrochemical Theory

ference, both the electrode and the solution will have a charge (¢* and g°

respectively) for which, at any given moment, are equal.

On the metal surface, the charge is due to a lack or excess of electrons on
its surface. The charge at the solution side is made up of an excess of an-

ions/cations and is thought to be made up of several layers (Figure 2.2).

The ‘inner layer” of the solution, also known as the Helmholtz, compact or
Stern layer, consists of two planes. The first plane is the Inner Helmholtz
Plane (IHP) and is where specifically adsorbed ions are. The distance of the
locus of these ions are at a distance of x; away from the charged metal layer
with a charge of 4'. Ions present in the solution and not specifically adsorbed
can interact with the electrode at a distance of at least x, away from the elec-
trode, the distance between the distance x; and the average size of the nearest
non-specifically adsorbed ions. This is known as the Outer Helmholtz Plane
(OHP). The non-specifically adsorbed ions are distributed throughout the so-
lutions, from the OHP outwards into a layer, which is known as the diffuse
layer which gives an excess charge density of g?. Therefore, the total charge

density of the solution (4°) section of the double layer is;

P =q +q"=—q° (2.18)

Potential and Current at the Electrode

When a metal conductor is placed in a solution and no charge is applied, an
equilibrium potential develops as reduction and oxidation events occurs be-
tween the conductor and the solution. For example, a simple electron transfer
reaction can be given as:

AT +e <D (2.19)
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Where A is an oxidised molecule and once it has accepted an electron, be-
comes substance D. The rate of the electrons lost must be equal to the rate at
which electrons are gained, i.e. an equilibrium occurs. Therefore, the net cur-
rent due to oxidation and reduction is equal to zero. This relationship leads
to the formation of an equilibrium potential, E,. This equilibrium potential

can be described by Nernst’s equation:

.0 RT [Red)|
E,—E —Z—Fln([ox]) (2.20)

Where Ej is standard electrode potential and [Red] and [Ox] are the effective
concentrations of the reduced and oxidised species. As the substances in
a solution can change this equilibrium potential, potentials are referenced
against a standard hydrogen cell which has a defined equilibrium potential of
OV. If an additional potential, known as an overpotential (7), is added to the

system, the total potential of the system (E) is:

E=E. +7 (2.21)

The current also changes in relation to the difference between current due to
reduction and the current density due to oxidation and is described by the

Butler-Volmer equation as:

Cox(0,1) ¢~ PIE/RT _ CRL(O'%O—!%MF/RT (2.22)

Where iy is the current at equilibrium, the exponentials represent the current
density contributions at the anode and cathode (B is known as the charge-

transfer coefficient), Cp,(0,f) and Cgr.;(0,t) is the concentration of the re-
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2.2. Electrochemical Theory

duced/oxidised species at the electrode surface at time, t, and CHyand Cy,; is
the bulk concentration (far away from the electrode). Plotting current against

overpotential gives the curve shown in Figure 2.3.

Total
Current

nv)

Figure 2.3: Effect of overpotential on current on an electrochemical system. i, and i,
are the cathodic and anodic current components.

It can be seen from Figure 2.3 that at high overpotentials (7 > 0 or 1 < 0),
the current hits a limit which is dictated by mass transfer terms(Cp,(0,t)/Cf,
or Creq(0,t)/Cj,,) of the Butler-Volmer equation. At low overpotentials, the

current is dictated by the exponential terms of the Butler-Volmer equation.

Diffusion Layer

It has been found that a concentration gradient occurs from the electrode (cg)
to bulk solution(cy,;x), known as the diffusion layer. This occurs due to inad-
equacies in the transport of ions and as a result causes the concentration of a

species near the surface of the electrode to be different to the bulk solution.

At the electrode surface, the concentration of a species is at a minimum (cp),

due to immediate interaction of the species with the surface of the electrode,
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CBqu

Concentration

_\
0 Distance from electrode’

L \
\ & /

Figure 2.4: Concentration profile from the electrode. ¢ is the diffusion layer

and initially increases linearly small distances away from the electrode before
deviating from this linearity to the bulk concentration in an asymptomatic
manner. This can be seen in Figure 2.4 where the length of the diffusion layer

is represented by 4.
This layer can be described by Fick’s first law. For the initial linear region,

Fick’s first law can be changed into;

]D — _D(CO(S_ Cbulk) (223)

If a constant potential is applied to the system, it has been found that the dif-
fusion layer thickness increases with respect to time and can be approximated

as:

5 = /7Dt (2.24)
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The current due to a constant potential is described by the Cottrell equation:

FAc:,_o\/D;
= G0V (2.25)

vt

2.3 Electrical Theory

2.3.1 Resistance and Capacitance

Electrical resistance of a system (R), measured in ohms ((2) is a measure of
obstruction to current flow. This is defined by Ohm’s law as a ratio of voltage
(V)and current (I).

(2.26)

Figure 2.5: Resistors in series

Figure 2.6: Resistors in parallel

Resistances in series (Figure 2.5), R;; (m=1, 2, 3...) can be summed to calcu-

late the equivalent resistance, Reg- In other words;

Reg =) Ru (2.27)
m

Total equivalent resistance in parallel branches (Figure 2.6) can be calculated
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from the following equation;

1
—_—= —_— 2.28
Req ; Ry (2.25)

A capacitor is an electrical component that can store charge (Q). This is created
by placing an insulated material (known as a dielectric material) between
two conductors. This material becomes polarised with the application of an
electric field. Voltage and charge (measured in coulombs) can be related using

the following equation;

Q
V== 2.2
C (2.29)
where C is Capacitance. Charge can be related to current by;
t
Q(t) = / i(t)dt (2.30)
0

Therefore, the voltage is related to the current by combining Equation 2.29

and Equation 2.30 forming;

V(t) =

Ol

t
/ i(t)dt (2.31)
0

The insulating material used in a capacitor has a permittivity (¢), which is a
value that indicates a material’s ability to store charge in an electrical field.

The capacitance can be related to the permittivity by:

C="+ (2.32)

Where A is the area of the capacitor plates and d is the distance between

plates. Permittivity is made up to two components multiplied together: the
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vacuum permittivity, &9, the value of permittivity of a vacuum (8.854 x 10~ 12Fm( —
1)); and the relative permittivity, ¢,, the permittivity of a material relative to

the permittivity in a vacuum.

2.3.2 Impedance

While Ohm’s law is a well-known equation that describes resistance, it only
works with ideal resistors, i.e. resistance is unaffected by frequency, Ohm’s
law holds true at any current and voltage and, for alternating current sig-
nals, current and voltage are in phase with each other. However, in prac-
tice, this is not the case and more complex behaviour is observed. Therefore,
impedance(Z) is introduced as a more generalised definition which measures
the resistance to the flow of current in a system. This is defined (similarly to
Ohm’s law) as;

1%
Z=-
I

(2.33)

For purely resistive elements, the impedance is equal to the resistance. For

capacitive elements, the impedance has been found to be:

where j (v/ —1) indicates an imaginary number and w is the angular velocity.
Impedance of electrical components in series and parallel work the same way

in Equation 2.27 and Equation 2.28;

Zseries = 21+ Zp + ... (2.35)
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1 1 1
=~ +. (2.36)

ZPamllel Zl ZZ

2.3.3 Dielectric Properties of Biological Material

Biological tissues have been found to exhibit a frequency dependant change
when exposed to an electric field. This is due to interactions between the
composition of tissues with the electric field and are categorised as «, 8 or 7y
dispersions. The typical dispersion for biological material is given in Figure
2.7.

106—5

105—5

Permittivity
s 3
1 1
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1
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100——mnnq—wnnnrmnmrmmnrmmnrmmn|—lﬂ7mnrmnnq—l—nmnrmmnrmnnq
10° 10" 10? 10® 10* 10° 10° 10" 10® 10° 10™ 10™

Frequency (Hz)

Figure 2.7: Typical changes in permittivity due to frequency in biological material.
Based on Schwan (1957).

a-dispersions, which occur at low frequencies, have been found to be as a

result of interactions between cell membranes and the surrounding environ-
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ment. More specifically, this dispersion is thought to be affected by; metabolic
exchange, the structure of the membrane and the charges on either side of the
membrane. B-dispersions are as a result of cellular membranes which regu-
late the movement of ions between the intra and extra cellular environments.
Other B-dispersions can result due to polarisation of organic molecules. -
dispersions are due to effects of water molecules (Kuang & Nelson 1998,

Schwan 1957).

Dielectric Relaxation Theories

The effects that cause «, B or -y dispersions can be related to several phenom-

ena.

Permanent Dipoles

Many biological molecules have fixed charges that are at a fixed length away
from each other resulting in a permanent dipole. When exposed to an electric
field, they will orientate with regards to this field. At low frequencies, dipoles
can rotate with the change in electric field and contribute to the passage of

charge and the current is in phase with the voltage.

When frequencies are increased, the dipole cannot rotate in time with the
changing field causing a lag to occur, resulting in changes in current (as cur-
rent is not in phase with voltage) and reduction of charge that can be stored
in the dielectric. The permittivity (e, see Equation 2.32) can be described by

the Debye equation:
1+ jwt

€ =¢€x+ (2.37)

Where ¢, is known as the high-frequency relative permittivity (value of per-

mittivity when a potential difference is initially applied), ¢¢ is the low-frequency
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relative permittivity (value of permittivity once the system has had time to
stabilise/relax with application of a constant potential) and w is the angular

velocity.

Maxwell-Wagner Polarisation

Biological materials are composed of differing components that produce dif-
fering permittivity values. With the application of an electric field, ions and
other charge carriers build up non-uniformly through the material due to this
variation in permittivity for which, frequency dependence occurs. This charge
build-up at the interfaces will continue until the current density between the
two interfaces becomes constant. The changes in material properties maybe
modelled as a circuit, for example, a 3-layer configuration using a 3 parallel
RC circuits in series has been used to model bilipid membranes (Kuang &

Nelson 1998, Schwan 1957).

Counterion Relaxation

The counter-ion theory is similar to the electrical double layer mentioned pre-
viously, where charged surfaces occur due to distribution of free ions within
biological tissues causing a counter-ion layer to form on the surface. Appli-
cation of an electric field causes counter-ion layer to change to maintain equi-
librium. The time taken for biological material to achieve this this relaxation

(7) has been generally described by Schwarz as:

= (2.38)
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where a is the particle radius and D is diffusion coefficient which can be

defined by the Einstein relationship:

o kaT
q

D

(2.39)

where m is the surface mobility on the ion and q is the charge of the ion, kg is
Boltzmann’s constant (1.38 x 10~23JK~1) and T is temperature in Kelvin (K)

(Schwan 1957).
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2.4 Electrochemical Techniques

Using the fundamentals of electrochemical and electrical theory, many tech-
niques have been developed that take advantage of changing potentials. These
techniques can be used to diagnose reactions in a system and determine con-
centrations of various species among other parameters and further discussed

in this section.

2.4.1 Diagnostic Techniques

Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a technique used understand

and characterise electrochemical cells.
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Figure 2.8: Relationship between potential and current when a potential perturbation
(AE) is applied
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In EIS, a potential perturbation (AE) is applied to a system where at time, t:

AE; = Egexp[j(wt + ¢1)] (2.40)

Where Ej is the amplitude of the signal, w is the radial velocity (equal to 27
times the frequency) and ¢; is the phase shift in the initial voltage perturba-

tion. The measured current change corresponding to this change is;

Al = Tyexp[j(wt + ¢)] (2.41)

A visual representation can be seen in Figure 2.8. In practice, the phase shift
in the initial voltage perturbation is assumed to be zero and other signals are

measured against it, resulting in the impedance being:

Z(w) = — = Zoexp(jp) = Zo(cos¢ + jsing) (2.42)

The impedance can be represented as a complex number, in the form;

Z=7+i7" (2.43)

where 7’ is the real part of the impedance and is known as the resistance term
and, Z” is the imaginary part of the impedance and is known as the reactance
term. This information can be displaced in a Nyquist plot as shown in Figure

2.9.

Impedance could alternately be defined in polar form as:

Z=17|/6 (2.44)
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7'(Q)

Z(Q)

Figure 2.9: Example Nyquist plot

Where |Z| is the modulus of the impedance and is defined as;

Z) = (22 + (272 (2.45)
and /6 is known as the phase angle of the impedance and is defined as;

1 Z//
/0 = tan™ (7) (2.46)
EIS can be used to investigate a variety of substances. For example, EIS has
been used to detect bacteria in solutions and detect differences between can-

cerous and non-cancerous tissues (Ward et al. 2014, 2018, Halter et al. 2007).

This technique has not been previously used with drain fluid or to diag-
nose anstomotic leakage but it was thought that this technique could detect
changes in drain fluid over time which could be related to the changing com-

position of the fluid. This in turn could be used to distinguish between pa-
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tients with and without anastomotic leakage by monitoring deviations be-
tween the two groups of patients, and as a result was a technique to be used

in this thesis.

Modelling of EIS signals

Results gained from EIS experiments can be fitted by equivalent circuits. One
of the commonest and simplest ways to represent an electrochemical cell is
the Randles circuit (Figure 2.10). In this model, the electrode is represented
by capacitor and a resistor in parallel and models the faradaic resistance and
capacitance at the electrode-electrolyte interface. This parallel section is at-

tached to another resistor which models the solution resistance.

In practice, it has been found that when using solid electrodes, a certain fre-
quency dependent dispersion occurs which is not purely capacitive (Lasia
2014). In order to model this behaviour, a constant phase element (CPE) is

used instead of a capacitor.

CPE
>

Can be
replaced

—1+— G |—

Rs
—
R¢

Figure 2.10: Randles Circuit Diagram
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The impedance of a CPE is described by the following equation:

Zcpe = T(jw)? (2.47)

Where T is value related to electrode capacitance and ¢ is a value related to
the deviation from a purely capacitive component which has value of between

0 and 1. The total impedance of the Randles circuit (Z;y,) is:
Zrotal = ZLs + Zf (2.48)

Where Z; is the impedance of the solution which is purely resistive for an
ionic solution;

Zs = R, (2.49)

And Z; is the impedance of the parallel section (also known as the faradaic

impedance);
1 1 1

Z_f = R_s + ]w—c (2.50)

Or if the CPE is used instead of the capacitor, the above equation becomes;

1_1., 1
Zg Ry T(jw)?

(2.51)
In order to fit these models, non-linear least squares methods are used. Least
squares methods calculate the sum of squares of the weighted differences
between the calculated and experimental values (S). In other words;

/

5= [w; (Z; o Zz,cal) + w;, (Zzl'/ o Z;ical)} (2.52)

o8

Il
—_

1

Where w; and w;/ are applied weights (explained further in following text),
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Z;and Z;/ are experimental values of resistance and reactance at frequency,
i, and Z;/ml and Z:':cal are the resistance and reactance calculated from the
model at frequency, i. Minimisation can be carried out using a number of
methods such as the Marquardt-Levenburg or Trust-region algorithms. For
each iteration, model parameters would be changed to investigate if a better
fit can be found. For a simplified Randles circuit using a CPE instead of a
capacitor, there are four parameters that would be changed to improve fitting;
solution resistance (R;), faradaic resistance (Ry) and the T and ¢ parameters

of the CPE (Lasia 2014).

To allow fitting of models using non-linear least squares method of EIS re-
quires a weighting to incorporated into the calculations. This is because with-
out weighting, smaller features may not be approximated at all due to the
large change in magnitude of frequencies that is usually performed. The two

commonest types of weights used are modulus and proportional.

If resistance and reactance values are relatively similar in magnitude, modu-

lus weighting can be used.
/ " /12 "2

Using this method ensures that, in most cases, small and large impedance
contribute equally to the calculations. Modulus weightings can be imple-
mented in 2 ways; by using experimental values, or calculated values. When
possible, it is best to use calculated values to remove the possibility of random

errors in experimental values affecting the fitting (Lasia 2014).

If resistance and reactance values are dissimilar to each other (order of mag-

nitudes different), it may be useful to use proportional weighting instead as
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proposed by Macdonald (1987):

/ 1
W= (2.54)
" 1

Similarly to modulus weighting, experimental or calculated values can be

used but it is best to use calculated values when possible.

Cyclic Voltammetry

Cyclic voltammetry is a commonly used technique to diagnose electrochemi-
cal systems. Starting from a known voltage, the voltage through electrodes is
ramped linearly to another known voltage at a set rate. Upon reaching this set
voltage, the voltage is ramped back, usually to the initial starting point (Fig-
ure 2.11). The ramp in voltage to more positive potentials causes oxidation
reactions to occur and the ramp to more negative potentials causes reduction
reactions to occur. The rate of a scan can be altered to potentially gain further

information.

During this process, the changes in current are recorded and then plotted
against potential. The results produced shows both non-faradaic and faradaic
behaviour. Non-faradaic behaviour is characterised as baseline currents. Faradaic
behaviour, on the other hand, appears as increases such as peaks or de-
creases such as troughs. These peaks and troughs coincide with the equi-
librium potential of oxidation/reduction reactions. As the equilibrium po-
tential is approached, the species becomes reduced/oxidised resulting an in-
crease/decrease in current. The rate of current production eventually slows

down since the rate at which the reaction takes place is faster than the amount
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VoV

Figure 2.11: Example potential wave used for cyclic voltammetry

Potential (V)

of the species required for the reaction is readily available. Eventually, the
species required for the reaction is depleted causing the current to drop
which results in a peak occurring. The peak currents can be described by

the Randles-Sevcik equation:

1
2
nkosD > (2.56)

I, = 0.4463nFAc ( RT

Where n the number of electrons involved in the reaction, A the working
area of the electrode, vs is the scan rate, F is Faraday’s Constant and c is

concentration.

Several types of behaviour can be identified using this technique, primarily
the identification of reversible (fast electron transfer) and irreversible (slow
electron transfer) reactions. Reversible reactions have a reduction and oxida-
tion peak like in Figure 2.12. If an oxidation peak occurs at potential E, ; with

a current peak of I, , and a reduction peak occurs at potential E, . with a peak
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of I ¢, then the reaction is considered reversible if the following conditions are

fulfilled:
Ipa
1. Ie| = 1

2. Ep/a - Ep/c ~ 5771’1’1\/

3. With changing scan rates, E, , and E, . do not change

4. Ipoc\/z)_S

High

Current (A)

Low

Low High
Potential (V)

Figure 2.12: Example Cyclic Voltammetry Graph

If peaks do occur but do not fulfil these criteria or only an oxidation/reduction
peak occurs, then the peak is due to an irreversible reaction. Cyclic voltam-
metry is a relatively qualitative technique, but the shape of the graphs can be
used to determine electrochemical reversibility and understanding of reaction

mechanisms.

Cyclic voltammetry has been used to monitor a variety of substance. These

include urea, uric acid, adenosine, etc. that have been seen to be present in
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drain fluid. Therefore, similiarly to EIS, it was thought that this technique
could be used to detect changes in the composition of fluid over a patient’s
post-op period and that changes between patients with and without leakage

could be observed and as a result was used in this thesis.

2.4.2 Potential Controlled Techniques

Chronoamperometry

Chronoamperometry is a technique for which the potential is stepped up
from an initial value where no faradaic reaction happens to a value where the
concentration of a species at the electrode is approximately zero for which
the current is measured over time. As mentioned previously, when held at
a constant potential, the diffusion layer slowly expands into the bulk fluid.
The resultant current-time data is a decay over time after an initial peak when
the potential is stepped. This decay can be described by the Cottrell equation
(Equation 2.25). This technique can be used for several reasons, most chiefly,
determination of diffusion coefficients as well as modified versions of the
technique used to understand electrode processes (Wang 2006). In order to
use this technique, a known electro-active species that is to be investigated
needs to be established so an appropriate voltage step can be used. Currently,
this information is unavailable with regards to anastomotic leakage but could
found using cyclic voltammetry. This technique was therefore not used in this
thesis, but further studies could use this technique to gain further information

if reactions are found using cyclic voltammetry.
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Figure 2.13: (Top) Potential waveform used in chronoamperometry and (Bottom) the
resultant current measurement

Stripping Voltammetry

Stripping voltammetry is a technique to detect the concentration of analytes
in a solution. Though there are many variations of the technique, they can
be summarised into 2 main steps. In the first step, a potential is added to
the system to cause ions to be deposited onto the working electrode. This
effectively is a concentration step as the species in the large volume of fluid
is now present on the smaller surface area of the electrode. Once done, the
potential is reversed to strip the ions that were deposited in the first step. Any
type of waveforms can be used for this step but the most common tends to be
differential or square wave pulses. The current is monitored during this step
and is proportional to the concentration of the analyte. The techniques have a
very high level of sensitivity and as a result can be affected with the slightest
of contamination (Wang 2006). Unlike EIS and CV, this technique can only

monitor very specific molecules at any given time when prepared correctly.
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This is not what is currently required and therefore not used in this thesis.
but may become a useful technique for later studies if a particular molecule

is found to change with regards to anastomotic leakage.

2.4.3 Potentiometry

Potentiometry is where a system is being measured is done under static con-
ditions using electrodes. The measured potential is described by the Nernst
equation (Equation 2.20) is affected by the concentration of the measured
species. Often, an ion selective electrode is required. One of the most common

uses of potentiometry is the measurement of pH.

pH

Bronsted theory defines acids and bases as “substances that are capable of

either donating or accepting hydrogen ions”. In other words;

acid <> base + proton

By using the law of mass action (rate of reaction o concentration to reacting
substances), the activity of the acid (ay4), base (ap) and hydrogen ions (ap)

gives the constants;

K, = ABAH+ (2.57)
AHA
and
AHA
K, = 2.58
b= apan (2.58)

Where K, is known as the acid dissociation/acidity constant and Kb is known
as the basicity/association constant. Hydrogen ions are involved in all Brensted

acid-base reactions and therefore measuring its concentration is used to de-
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termine the acidity or alkalinity of a substance. As the concentration scale of

0~ ™mol L1, it is pru-

hydrogen can vary over several magnitudes (100 to 1
dent to represent hydrogen concentration on a logarithmic scale. Therefore,
pH is defined as;

pH = —log,, [H+] (2.59)

where [H] is the effective concentration of the hydrogen ions.

Glass Bulb pH Probe

The glass bulb pH probe measures the potential change across the glass mem-
brane. In order to measure the potential difference of the glass membrane, two
measurement points are required. The first is an electrode in contact with the
solution, which in this case is thin glass bulb at the end of the overall device.
The second is a reference electrode in contact with a known solution, of which
the potential is fixed and known. Usually, this is an Ag/AgCl electrode in a

solution containing chloride ions, normally 3M KCL.

Glass is mainly composed of silicone dioxide and when exposed to water,

some silicone oxide groups gain a hydrogen ion.
Si— O — +H;0" < Si — O — H" + H,O

This reaction between the glass and the surrounding solution is what allows
for pH sensing to occur and the change in potential difference at the site of

the glass/solution interface is dictated by the Nernst equation:
RT "
Egluss outer wall /solution ~ 2303? logﬂ(Hzo ) (2.60)

Where a(H307) is the activity of hydronium ion and 2.303 represents the
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conversion between natural and common logarithm from Equation 2.25.

The inner wall of the glass membrane also reacts with the internal solution
and has a constant potential due to the sealed internal solution which effec-
tively adds an offset. Additional offsets are caused by the potential of the

reference electrode in the inner solution which is also constant.:
0 RT +
Eglass electrode — E" — 2.303T log a(H3O ) (2.61)

Where E is the constant offset potential. The electrodes are connected to a
voltmeter allowing direct readings of pH. Though it is mathematically given
(2.303RT/F), it is common practice to calibrate the glass electrode in known
pH values due to potentially non-ideal conditions (e.g. interfering molecules,
deteriorating electrode, etc.) to determine the slope of change in pH. Addi-
tionally, several glass electrode models have temperature monitoring built in,

to account for daily variations.

2.5 Colorimetric Assays

A widely established method of measuring the concentration of lactate and
glucose is the use of colorimetric assays and was used in this thesis to de-
tect lactate and glucose levels. Chemicals/substances absorb light at specific
wavelength. As light at a specific wavelength is shone at the sample, the
amount of light that is absorbed can be measured. Absorbance (A) is defined
as:

A= —logT (2.62)

Where transmittance (T) is a ratio of the intensity of light exiting (I) and the
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intensity of the incident light (Ip) and can be written as:

T = — (2.63)

Incident Light Exit Light
(Io) )

Sample

Figure 2.14: Basic principal of colorimetric measurements

Most of the reduction in intensity between the incident light and the exit light
is due to absorption of the sample. When a single wavelength of light is used,

this absorption process can be described by Beer’s law:

A = ebc (2.64)

Where € is the molecular extinction coefficient, b the path length of light and
c is the concentration of the sample. However, it should be noted that some of
the reduction in intensity can be due to other factors, namely reflection due
to the holder the sample is held in place and scattering of some of the light
in the sample. The effects of these factors can be reduced by making sure
the light source is perpendicular to interface of the sample’s holder and the

use of a blank sample, which does not contain the light-absorbing molecule
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of interest and subtracting this value from the final test values (Wu 2010).

In order to calculate the levels glucose and lactate in a sample, a series of

reactions are required to allow for a specific wavelength to be measured easily.

There are several methods that allows measurement of glucose. One com-

monly used method is through the use of the enzyme glucose oxidase (GOD).

Glucose + O, + H,O GOD gluconic acid + HyO, (2.65)
2H,0, + 4 — aminophenazone + phenol —Peroxidase quinneimine + 4H,O
(2.66)

GOD is an enzyme that interacts with glucose to create gluconic acid and
hydrogen peroxide as shown in equation 2.65. This reaction does not allow
absorption at a particular wavelength. Therefore, a second reaction is used
(equation 2.66), where the 4-aminophenazone and phenol reacts with the hy-
drogen peroxide, produced in the first reaction, and catalysed by peroxidase
to produce quinneimine which gives a distinctive red-violet colour for which
absorbance can be measured at approximately 500nm which can be correlated

to concentration of glucose.

Similarly to glucose, lactate measurement can be done through the use of
an enzyme, which usually is lactate oxidase, whereby hydrogen peroxide is

produced.

Lactate'Oxidase

L — Lactate + O, pyruvate + HyOr (2.67)
H>Oy + 4 — aminoantipyrine + TOOS —Peroxdase , purple product 4+ 4H,0O
(2.68)
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Where TOOS is N-ethyl-N-(2 hydroxy-3-sulphopropyl)m-toluidine.

4-aminoantipyrine and TOOS is converted into a purple product by reacting
with hydrogen peroxide produced in the first step, which is catalysed by per-

oxidase. A purple colour is produced for which absorbance can be measured

at 540nm.

2.5.1 Characterisation of Assays

In order to understand how well an assay will be at detecting an analyte, it is
best to characterise its performance. This is done by measuring absorbance of
solutions of known concentrations of the analyte of interest and producing a

calibration curve.

Linearity and Range
1.4

1.2
1.0
0.8

0.6

Absorbance

0.4

0.2

0.0

0 5 10 15 20 25 30
Concentration (mM)

Figure 2.15: Example assay profile with linear and non-linear regions defined

The majority of assays have a linear region for which they work optimally for
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which a change in concentration is proportional to absorbance. Past a certain
point, assays stop being proportional to absorbance and their behaviour is not
as predictable due to a lack of reagent available and therefore any measure-
ments should be considered inaccurate (Figure 2.15). This linear relationship
is in the form of:

A=ke+b (2.69)

Where A is the absorbance, k is the slope of the curve and b is the background
noise of the sample (y-intercept) and c is the concentration of the analyte.
Linearity of an assay is determined visually. If a linear region is observed, a
range can be determined for which a linear fit can be performed between and
statistical tests, such as regression analysis, should be performed and stated

to give an indication of goodness of fit.

Accuracy and Precision
The accuracy of an assay is how close the mean of the results is to the true
value. This can be achieved by use of a reference sample or by comparing re-

sults from the proposed methodology to a known and characterised protocol.

Precision is how close each measurement is to each other when the same
protocol is applied to the same sample multiple times. This can be reported in
terms of standard deviation or relative standard deviation (standard deviation

divided by mean).

Detection Limit
While the upper detection limit is determined by the point at which the assay
ceases to be linear. However, a lower limit of detection (LOD) should be

determined which allows determination of the lowest concentration that can
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be measured reliably without background noise affecting the result. This can

be calculated using the formula:

LoD = %% (2.70)

Where 0, is the standard deviation of the blank (i.e. standard deviation of a
sample known to have zero concentration of the analyte of interest), a is a pre-
determined multiplier and k is the slope of the line of fit which is included to
account for error of this fitting. Usually, a is equal to 3 as, at this value, less

than 0.03% of measurements above this value should not be affected by noise.

Sensitivity

Another parameter that should be determined is the sensitivity. This is how
small a change in concentration that can be detected by the system. Sensitivity
can be described by 2 ways. Analytical sensitivity is the ability to distinguish
between 2 distinctly different but very close concentrations of the analyte.
This can be described as Uﬁb, where 0}, is the standard deviation of the blank.
Calibration sensitivity can be described as the slope k where a higher value

indicated higher sensitivity to changes in concentration.

2.6 Summary

This chapter has looked at the key theories involving electrochemistry and
assays. In the following chapter, methodologies developed based on these

theories are described.
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Materials and Methods



3.1. Introduction

3.1 Introduction

In Chapter 1, it was seen that anastomotic leakage is a potentially a life chang-
ing and life-threatening complication after colorectal resection. Though these
are known facts, the current methods of detecting anastomotic leakage are
relatively poor with symptoms often needing to present before clinicians con-
sider anastomotic leakage occurring. Therefore, aims and objectives were
established with a view to improving methods of detecting anastomotic leak-
age. From literature of previous studies looking at the problem, the mea-
surement of several biomarkers in drain fluid were identified as potentially
being able to determine anastomotic leakage at an early stage; glucose, lactate
and pH. In addition, electrochemical techniques (Electrochemical Impedance
Spectroscopy - EIS and Cyclic Voltammetry - CV) were added as a way of
gaining further information about the fluid that could also aid in the detec-

tion of anastomotic leakage (see section 2.4 for further details).

To determine whether these biomarkers could be used to detect anastomotic
leakage, methodologies had to be established to determine the best way to
detect these biomarkers. Previous studies looking at lactate and glucose have
sampled peritoneal fluid by using microdialysis tubes. However, this method
has a noted drawback that samples collected often under represents the ac-
tual concentration of the analyte of interest in the sampling area due to the
fact that removal of analytes by the tubes is faster than the replenishment of
the analyte at the tube’s surface (Chefer et al. 2009, Shippenberg & Thompson
1997, Turkina et al. 2017). In this thesis, glucose and lactate samples were
to be measured directly on drain samples which had not been done previ-

ously. By doing this, results gained should be more representative of the
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environment surrounding the anastomosis. Enzymatic assays were used to
detect concentrations of glucose and lactate in these drain samples as it is a
well-established method of detecting these markers with a high level of ac-
curacy (Silva et al. 2016, Yanase et al. 2018). While one study has looked at
pH in drain fluid with respect to anastomotic leakage, very little information
was presented (only mean pH values are provided for patients with leakage).
As a result, while a similar method was to be employed, it was to provide

previously unspecified data such as range, standard deviations, etc.

EIS and CV techniques have not been used previously with regards to drain
fluids or to diagnose anastomotic leakage. However, these techniques have
been used to monitor tissues for substances such as urea, uric acid, bacteria
as well as distinguish between cancerous and non-cancerous tissues, etc. It
was hypothesized that these techniques could be used to monitor changes in
the composition of drain fluid over the post-op period and which could be

used to differentiate between patients with and without leakage.

Before developing methodologies for these markers, it was essential to under-
stand the theory behind these techniques, for which further information can

be found in Chapter 2.

Once the theory had been understood, initial methodologies were drawn up.
It was understood at the time that samples being received from patients may
be small (potentially <2mL) and therefore developed methodologies had to

take this into account.

It was prudent to test these methodologies prior to clinical testing to char-
acterise the tests as well as understand the challenges that may present so

any problems could be minimised before testing patient samples and was
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achieved by the use of a simulated drain fluid. From these initial experi-
ments, procedures were finalised and were then used to test clinical samples.
In this chapter, the testing of initial methods and the finalised methods then

used for clinical testing are explained.

3.2 Materials and Solutions

3.2.1 Solution A

Solution A refers to a solution that attempts to mimic the wound fluid en-
vironment as described by the British Pharmacopoeia (1995). To make 1L
of solution A, 8.298g of sodium chloride (Sigma Aldrich, Gillingham) and
0.368g of calcium chloride dihydrate (Sigma Aldrich, Gillingham) was added
to 900ml of deionised water (dH,O) in a glass beaker. The solution was then
topped up to 1L by adding 100ml deionised water. The solution was then
mixed by pouring the solution back and forth from one glass beaker to an-
other until the powders were not visible. The solution was stored in a glass

bottles at 4°C prior to use.

3.2.2 Artificial Peritoneal Exudate (APE)

Though Solution A was a good starting point to test experimental protocols,
it is a relatively simple fluid and is not a particularly good representation
of peritoneal fluid. Therefore, it was prudent to develop a more complex
solution that could give a better representation of peritoneal fluid. A paper
by Kelton et al. (1978) gave details of the concentrations of various ions found

in human peritoneal fluid.

In addition to the ions to be added based on this paper, it was decided that

103



3.2. Materials and Solutions

a buffer should be incorporated to simulate the pH of peritoneal fluid, which
is typically between 7.5-8 (DiZerega & Rodgers 1992). In addition to this, the
buffer needed to be autoclavable. This was because solutions would be spiked
with bacteria (see later sections) and therefore it was required that the solution
was sterile prior to this step to prevent other bacteria from growing. Trizma
buffer, an organic compound consisting of an amine group and a commonly
used biological buffer (Gomori 1955), was chosen at it was able to buffer

solutions within this range and was autoclavable.

Table 3.1: Chemicals used for artifical peritoneal exudate

Chemical Supplier Ref Qty
Trizma HCl Sigma T3253 6.35¢g
Trizma Base Sigma T6066 1.18g
Urea Sigma U1250 1.9411g
Creatinine Sigma C4255 0.1350g
Sodium Chloride Sigma S7653  1.5206g
Potassium Chloride Sigma P4504  0.0900g
Calcium Chloride Dihydrate Sigma C5080 0.2470g
Sodium Acetate Sigma 57545  2.0436g
Uric Acid Sigma U2625 0.0871g
Sodium Carbonate Sigma 71345  0.3370g
Sodium Phosphate Dibasic ~ Sigma S0876  0.3577g
Glucose Sigma G8270 1.5180g

Table 3.1 shows the quantities of chemicals that were added. Chemicals were
added to 900mL deionised water in a 2L glass bottle suitable for autoclaving
in the order given in the table, except for glucose and sodium phosphate
dibasic. Each chemical was mixed using a magnetic stirrer at approximately

800-1000rpm for at least 5 mins before adding the next chemical.

The amount of Trizma HCI and Trizma base was chosen as it would make a
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0.05M buffer at a pH of 7.35 at 25°C. The addition of alkali elements, most
predominantly sodium carbonate, pushed the pH of the solution to approxi-
mately 7.8 which is within normal range of peritoneal fluid. Once mixed, the
solution was autoclaved at 121°C. In a separate container, glucose was added
to 60mL of deionised water and then filtered through a 0.22uM syringe filter
(Millipore SLGP033RS, Carrigtwohill, Ireland) in a level 2 micro-safety cab-
inet. Similarly, sodium phosphate dibasic was added to 60mL of deionised
water and filtered through a 0.22uM syringe filter in a micro-safety cabinet.
Both glucose and sodium phosphate dibasic were filter sterilised as opposed
to being added to the main solution and autoclaved as there is some literature
that indicate they can be affected by the autoclaving process. 50mL of both
the filtered glucose and phosphate solutions were then added to the main so-
lution in the micro-safety cabinet. Solutions were stored at room temperature

and used within 24 hours.

3.2.3 pH Buffer Solutions

In order to calibrate the pH probe, buffer solutions of pH 4, 7 and 10 were
used. pH 4 and pH 7 buffer tablets were purchased from Fisher Scientific
(B/4765/77 and B/4760/77, Loughborough, United Kingdom). pH 4 and
pH 7 buffers were made up by adding the appropriate tablet into 100mL
of dH,O. pH10 buffer solution was also purchased from Fisher Scientific
(Acros Organics™ 258600010, Loughborough, United Kingdom). Buffers

were stored at room temperature.
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3.2.4 Lysogeny Broth Media and Agar Plates

Lysogeny Broth (LB) media was used to culture stock of E.coli and P.aeruginosa.
LB media was made up by adding 2.5g of Tryptone (Fisher Scientific, 12797099),
1.25g of yeast extract (Acros Organics, 451120010) and 1.25g NaCl (Fisher Sci-
entific, S/3160/60) to 250mL of dH,O. Media was autoclaved in glass bottles

at 121°C to ensure no other bacteria would grow in solution.

To create solid media, 5g of agar (Fisher Scientific A/1080/53) was also added
to the above mixture prior to autoclaving. Once autoclaved, the media was
poured into agar plates (enough to cover the surface) before the media cooled
below 40°C in a level 2 micro safety cabinet (MSC-2) and left to solidify for 30

mins before being stored away at room temperature.

3.2.5 Sodium and Potassium Chloride Solutions

3M potassium chloride (KCl) solution was used to create silver chloride ref-
erence electrodes and as a storage solution for the pH probe and 1M KCI was
created as a storage solution for the Silver/Silver Chloride (Ag/AgCl) wires
used as reference electrodes (see following sections). 1M KCl solutions were
made by adding 7.4551g KCl (Sigma P4504) to 100mL of deionised water and
3M KCl solutions were made by adding 8.9462g KCl to 40mL of deionised wa-
ter. 0.9% sodium chloride (NaCl) solution was used to wash cells. This was

made by adding 0.9g of NaCl (Sigma S7653) to 100mL of deionised water.

3.2.6 Lactate and Glucose Reagents

In order to detect lactate concentration, a lactate oxidase-based, commercially

available kit was purchased from Randox (LC2389, Crumlin, United King-
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dom). The kit is developed for large volumes of blood samples and had to be
modified to allow for testing of smaller samples of peritoneal fluid which will
be talked about later in this chapter. This kit contains small bottles containing
the dry reagent and a buffer solution. Prior to use, the reagent must be recon-
stituted by adding 6mL of the buffer per bottle containing the dry reagent.
Once reconstituted, the reagent is stable for two weeks after which it cannot
be used. Similarly, to detect glucose concentration, a glucose oxidase-based
kit was also purchased from Randox (GL2623, Crumlin, United Kingdom)
and was also modified for small samples of peritoneal fluid. This kit requires
no preparation and is ready to use immediately unlike the lactate kit. Both the
glucose and lactate kits contained a reference solution with a known concen-
tration. For glucose, this was at 5.56mM and for lactate, this was at 4.35mM.
Both solutions were used to test the accuracy of the assays (discussed further

later).

3.2.7 Microbial Species

Microorganisms used in experiments were taken from Medical Device labo-
ratory culture stock. E. Coli strain DSM30083 was originally purchased from
Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cul-
tures. Pseudomonas aeruginosa, PA14, is a strain that was originally observed
by Schroeter and then Migula in the late 1800s/early 1900s (Hugh & Leifson
1964). PA14 was taken from the Medical Devices Laboratory stocks (Univer-

sity of Strathclyde).

The bacteria to be used were regularly streaked onto agar plates (Section 3.2.5)
under aseptic conditions. These streaked plates were placed in an incubator

at 37°C overnight before being kept in fridge.
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Culturing of Microbial Species

In order to culture microbial species to be added to a specific, single colonies
taken from steaked agar plates were placed into 15mL of LB media in white
top containers under aseptic conditions and were incubated in an orbital in-
cubator at 37°C at 150rpm for 24 hours. The resultant cultures were then
washed by first centrifuging the media at 13,400rpm for 5 mins in 1.5 mL Ep-
pendorf tubes. The subsequent supernatant was removed and replaced with
0.9% NaCl. Cells were re-suspended in the 0.9% NaCl and centrifuged again
for 5 mins. The previous step was repeated once more and then the super-
natant was removed and replaced with 15mL of the chosen media and cells

were re-suspended in this media.

3.2.8 Clinical Samples

In order to collect clinical drain samples from the hospital, a biorepository
ethics application was submitted and successfully obtained from the West
Node of the NRS Biorepositories and Tissue Services (Ref:300, see appendix

for approval letter).

Clinicians identified suitable patients that were undergoing a colorectal re-
section and consented them using the standard biorepository form. Once
consented, clinicians took peritoneal drain samples daily, starting from the
morning after the surgery had taken place (post-op day 1) for as long as drain
was left in the patient, which was determined by the responsible clinician.
The samples were collected in white top universal containers approximately
1-2 hours after they were emptied in the morning to ensure a fresh sample.

2 types of drain bags are used in the hospital; a passive draining bag and a
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suction drainage bag (Figure 3.1).

Figure 3.1: (Left) Passive drainage bag (Right) Suction drainage bag

Each patient was assigned a unique identification number to allow cross-
referencing of patient history (provided at a later date) to a sample and to
maintain anonymity of patients. The number also identified how many days

post-op the sample had been taken.

Samples were categorised as Category B biological substances. Therefore,
suitable UN3373 package was acquired from DaklaPack (Chiswick, London,
520125) and was used to transport the samples from the hospital to the univer-
sity (Figure 3.2). The packaging uses a triple layer system with an adsorbent
material between the first and second layers to ensure no spillage of biologi-

cal material into the environment during transport. Samples were transported
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within 40 mins of collection to the university (range: 24-37mins) and tested as

soon as they arrived at the lab as described in upcoming Sections 3.3.3, 3.4.2

and 3.5.7.
White Top R
Container %
(First Layer)
Adsorbent

Material

Biological Substance,
Category B

Outer (Third Layer)
Container

Figure 3.2: UN3373 packaging used for transferring samples from the hospital to the
University

All data collected from samples and details from patients (e.g. post-op com-
plications experienced) were anonymised and stored in encrypted hard drives
in accordance to the Biorepository ethics application. Patients were anonymised
by clinicians at the hospital, therefore Strathclyde researchers did not receive

any personal information in accordance with GDPR regulations.
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3.3 Lactate and Glucose Measurements

As mentioned previously, ischaemia is a commonly cited cause of anastomotic
leakage. Monitoring lactate and glucose was considered as a potentially valu-
able method of detecting anastomotic leakage in this thesis. It was decided
that the best way to measure the concentrations of these molecules in drain
fluid was the use of colorimetric assays, for which the theory can be found in

Section 2.5.

3.3.1 Equipment and Materials

Figure 3.3: Labsystems Multiskan Ascent (and connected PC) used to measure the
absorbance of samples at specific wavelengths

In order to measure the colour change of the glucose and lactate assays, a
Labsystems Multiskan Ascent, a machine that can perform colorimetric mea-
surements, was used (Figure 3.3). Samples and calibration solutions to be

tested were put into 96 well plates as specified for the experiment and placed
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into the machine and run using a connected PC containing Ascent software.

96 well plates were purchased from Thermo Scientific (Roskilde, Denmark).

3.3.2 Assay Characterisation

To test that this would work successfully for use with clinical samples, the as-
say needed to be characterised by determining parameters of linearity, range,
accuracy, precision, detection limit and sensitivity (further explanation of

these are found in section 2.5).

To accomplish this, spiked solutions of lactate and glucose with concentra-
tions ranging from OmM to 30mM were made up as specified in Table 3.2.
30mM as the upper end of the test was chosen as the kits were expected to
lose linearity at about 20-25mM. Going past this expected limit allowed ob-
servation of non-linearity occurring.

Table 3.2: Solutions used to characterise glucose and lactate assays. Na-L=Sodium
Lactate

Concentration Lactate Solutions Glucose Solutions

30mM 0.0841g Na-L + 25mL dH,O 0.1351g Glucose + 25mL dH,O
25mM 0.0701g Na-L + 25mL dH,O 0.1126g Glucose+ 25mL dH,O
20mM 0.0561g Na-L + 25mL dH,O 0.0901g Glucose + 25mL dH,0O
15mM 10mL 30mM Na-L +10mL dH,O 10mL 30mM Glucose + 10mL dH,O
10mM 10mL 20mM Na-L +10mL dH,O 5mL 20mM Glucose + 5mL dH,O
5mM 10mL 10mM Na-L + 10mL dH,O 2.5mL 10mM Glucose + 2.5mL dH20
0mM/Blank Only dH,O Only dH,O

2.5uL of each of these concentrations were pipetted into a 96 well plate, in
triplicate. In addition to these solutions, reference solutions for both lactate
and glucose (see section 3.2.6 for further details) were added in triplicate
(2.5pL volumes as well) as it allowed for testing of accuracy versus a known

reference (see section 2.5.1 for further explanation).
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3.3. Lactate and Glucose Measurements

Once all concentrations had been added to the 96-well plate, 250uL of the
lactate was added to solutions in wells containing lactate solutions and 250pL
was added to wells containing the glucose solutions. An example plate con-

figuration is shown in Figure 3.4.
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Figure 3.4: Example schematic 96-well plate used to characterise the glucose and

lactate assays

The 96-well plate was then placed into the MultiSkan ascent and was pro-
grammed to incubate the plate at 37°C and shake the plate at 240rpm for
10mins. Once complete, the machine read the absorbance of each well at
560nm for lactate samples and 492nm for glucose samples. For each tripli-
cate, absorbance values were averaged to give a final value. The calibration
experiment was repeated 5 times and all results from calibration solutions

were plotted on a graph of concentration vs absorbance.
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3.3.3 Clinical Lactate and Glucose Testing Procedure

In order to measure the concentration of lactate or glucose in a sample, cal-
ibration solutions had to be produced, for which a calibration curve could
be produced to determine the concentration of lactate and glucose in clinical
samples. From the results of the characterisation of the assay (Section 4.2 and
4.3), the linearity of the assays were determined to be at 20uM and 25uM for
the lactate and glucose assays respectively. To simplify the process, both lac-
tate and glucose calibration solutions of 0, 5, 10 and 20uM were used in this

section were made by serial dilution (see Table 3.2).

When samples were received to the lab following their transport as described
in section 3.2.8, the calibration solutions were made up fresh and added to a

96 well plate in 2.5uL volumes in triplicate.

Most samples were expected to fall within a 0-20mM range (based on previ-
ous literature, mentioned in Section 1.5.1) but as a precaution, as there was
the possibility that samples could be substantially higher than this range,
samples were diluted by taking 50pL of samples to be tested, placing them
in a white top container and adding 200uL of deionised water to create a 1:4
dilution. These diluted samples were added to the 96-well plate in 2 sets of
triplicates; one triplicate for testing for glucose levels and one triplicate for
testing lactate levels (also added in 2.5pL volumes). Once all calibration and
diluted sample solutions were added, 250pL of glucose reagent was added to
all wells containing glucose calibration solutions and sample triplicates which
had been designated for testing glucose levels. Once complete, 250uL of lac-
tate reagent was added to all wells containing lactate calibration solutions and

sample triplicates that had been designated for testing lactate levels. Imme-
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diately after this was finished, the plate was placed in the Multiskan and was
set to incubate the plate at 37°C and shake at 240rpm for 10mins, after which
the machine read the absorbance levels at 540nm for lactate and 492nm for

glucose.

Modifications to Initial Methodology

After the first several samples were tested, it was noticed that the amount of
blood contamination was particularly high on day 1. Red blood cells have
been seen to affect the assays when present in large enough concentrations
(Ginsberg 2009). Therefore, samples from patient 13 onwards were prepared
as unfiltered and filtered samples. Unfiltered samples were tested as previ-
ously done but in addition, some of the sample was filtered with a 0.22pm
syringe filter, prior to following the method of the unfiltered samples. The
use of a 0.22um was chosen as it has been shown in previous literature that
the use of filters of this size can remove at least 96.7% of red blood cells (Bruil
et al. 1995, Chen et al. 2016). It should be noted, that when 0.22pm filter is

used, bacteria from a solution would also be removed.

3.4 pH Testing

Another effect of ischaemia are pH changes that occur due to the switch from

aerobic to anaerobic respiration producing acidic components.

3.4.1 Equipment

In order to determine pH in a sample, a Mettler-Toledo InLab® Micro Pro-ISM
probe was purchased from Sigma-Aldrich (Gillingham, United Kingdom).

This probe was chosen as it allowed for measurements of small volumes as
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3.4. pH Testing

well as having integrated temperature probe to account for variations in lab
temperature that could affect results. The probe was connected to a Mettler-
Toledo 5220 SevenCompact™ pH/Ion meter, which recorded results (Figure
3.5). The probe was calibrated before every testing session using the buffer

solutions mentioned in Section 3.2.3.
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Figure 3.5: Probe and meter used to measure pH in clinical samples

3.4.2 Clinical Testing

In order to measure pH, 500uL of samples were added to 24 well plates. The
pH probe was placed into a well, with the tip in contact with the sample, and
held in position by use of a stand (see Figure 3.6). The probe was allowed
to measure the pH of a sample and once the reading was stabilised, the pH
was recorded. As much as possible, samples were added and measured in

triplicate and results were averaged. The same sample was then subjected to
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e PH Probe

e \ |

Sample

R

Figure 3.6: pH probe schematic diagram for measuring samples

electrochemical techniques (EIS and then cyclic voltammetry) for which the

tests are described later in this chapter.

Between each measurement, the probe was cleaned by washes in Distel and
ethanol, to remove biological and other contaminants before finally rinsed in
deionised water. When not in use, the pH probe was stored in 3M KCl (recipe

in section 3.2.5).

3.5 Electrochemical Testing - EIS and CV

In addition to looking at ischaemic markers, EIS and CV techniques were also
to test the drain fluid. These techniques have been previously used to detect
bacteria, changes in chemical species such as urea, uric acid, differentiate
between cancerous and non-cancerous tissues, etc. (Ward et al. 2014, Patzer
et al. 1989, Halter et al. 2007, Gersing 1998, Nguyen & Venton 2015) (Section
1.5.5). These techniques have not been applied previously to drain fluid so
it was hypothesized that changes in drain fluid over time could be detected

by these techniques and these changes could be used to differentiate between
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patients with and without anastomotic leakage.

3.5.1 Equipment

Figure 3.7: Solartron 1260 set up for use in Electrochemical Impedance Spectroscopy
(EIS) measurements

In order to do EIS experiments, a Solartron 1260 was used (Figure 3.7). This
was connected to a PC that had the software ZPlot, which allowed initiation

of EIS tests at chosen frequencies and amplitudes.

For cyclic voltammetry (CV) experiments, a Solartron 1287 was used (Figure
3.8) that was connected to a PC using Corrware software that allowed for

various electrochemical tests including cyclic voltammetry.
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Figure 3.8: Solartron 1287 set up for Cyclic Voltammetry (CV) experiments

3.5.2 Electrode Selection

For electrochemical testing, 1mm platinum rods were chosen to be used for
working and counter electrodes. This was mainly due to the fact that plat-
inum has a low resistance, which would help increase the sensitivity of mea-
surements. Before testing, electrodes were cleaned mechanically using 50pm

diamond paste and rinsed thoroughly in deionised water.

For CV, an additional silver/silver chloride (Ag/AgCl) electrode was required

to allow for stable readings to occur (described in the following section).
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Electroplating Silver Wire

Working Silver Counter Platinum
Electrode —> <— Electrode
(F1mm) (@1mm)

IK—PTFE Holder

K—Beaker
2cm ——|

2cm AgCl

3M KCI

Figure 3.9: Set-up used to produced Ag/AgCl wires

In order to get stable readings for cyclic voltammetry (CV) measurements,
a silver/silver chloride (Ag/AgCl) reference wire was required to which the
potential delivered at the working electrode can be compared against. To
create an Ag/AgCl reference electrode, a piece of silver wire (Imm diameter)
was held in place inside a solution 3M KCl solution 2cm from a platinum
counter electrode (Imm diameter) using a drilled PTFE sheet. Approximately
2cm (in length) was in contact with the solution (Figure 3.9). The wire was
connected to the Solartron 1287 (Figure 3.8) as the working electrode and a
platinum wire was connected to the machine as the counter electrode. The
machine was set to deliver a constant current of approximately 1mA /cm?
using the software Corrware (Galvinostatic Mode) for 30 minutes, after which
the silver wire was coated with chloride. The silver chloride wire was then
stored in 1M KClI for at least 24hrs before first use. After use in a test, the
silver wire was stripped of the silver chloride layer using fine emery paper

and was re-electroplated.
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3.5.3 EIS Set-up and Testing

Platinum
Electrodes
(@1mm)

<—PTFE Holder

K—Well

Figure 3.10: Schematic drawing of EIS electrode set-up in 24 well plate well during
testing

For EIS testing, platinum electrodes were placed into the well and held in
position using a PTFE holder that held the electrodes at a distance of 7mm
apart as shown in Figure 3.10. This was connected to the Solartron 1260
by using crocodile clips. For testing, an amplitude of 300mV was used for
measurements for a frequency range between 0.1Hz to 1IMHz. Experiments

were performed at 0V DC potential difference.

3.5.4 CV Set-up and Testing

For CV testing, platinum electrodes and a silver-silver chloride (Ag/AgCl)
reference (see Section 3.5.2) were placed into the well where the platinum
electrodes were placed 7mm apart and the Ag/AgCl reference was placed
approximately 4mm from the working electrode, as shown in Figure 3.11.
The electrodes were attached to the Solartron 1287 by crocodile clips and CV
was run from -1V to +1V for 5 cycles at speeds of 25, 50 and 100mV/s. In
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Working
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Figure 3.11: Top down view of electrode set-up for CV experiments

this range, it should be possible to detect several substances such as urea,
uric acid, adenosine, etc. that can be found in drain fluid (Patzer et al. 1989,

Nguyen & Venton 2015, Ernst & Knoll 2001).

3.5.5 Volume Experiments

It was expected that minimal amounts of fluid would be gained from patients
(<1mL). In order to check that the technique was suitable for low amounts of
fluid that were placed in a 24-well plate, a quick test was devised where small
volumes of fluid were tested with both EIS and CV techniques. Volumes of
0.5, 1 and 2mL of Solution A (Section 3.2.1) were added to a 24 well plate.
0.5mL was chosen as the lowest volume to be used as it was found that this
was the minimum volume required to adequately cover the bottom surface
of the well. With the addition of 0.5mL resulted in the electrodes having a
contact depth of 2.62mm. Addition of 1 and 2mL resulted in contact depths

of 5.24mm and 10.48mm respectively. Each of the differing volumes were
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tested as described in Section 3.5.3 for EIS and 3.5.4 for CV.

3.5.6 Preliminary Modelling of Peritoneal Fluid

While solution A was a good starting fluid to test methods, its main disadvan-
tage in this case is that it does not have a similar composition to the fluid that
would be received from patient samples. Therefore, an attempt was made to
artificial peritoneal exudate (APE) that tried to provide similar concentration
of ions that would be found in patient samples to be collected was developed
as described in Section 3.2.2. By creating this exudate, it would allow for bet-
ter understanding of the signals that would be produced from EIS and CV

testing.

In addition to testing this artificial fluid, tests were performed where the fluid
was also spiked in various ways. Two components that get released during
surgery are bacteria and blood. In addition, bacterial levels have been men-
tioned in literature to change as a result of anastomotic leakage. Therefore,
it was thought that the addition of bacteria and blood and how it affects the
EIS and CV results would be useful to understand, particularly with bac-
teria where previous studies in the group have been able to detect bacteria
using EIS quicker than traditional methods. Therefore, some of the artificial
peritoneal fluid was spiked with strains of E.coli and P.aeruginosa, which are
bacteria present in the colon, and blood, as described in Section 3.2.7, with the
aim of determining any changes at particular frequencies/voltage that could

be related to the addition to these elements.

In addition, artificial peritoneal fluid made was spiked with blood by mixing
5mL of artificial fluid with 5mL of defibrinated horse blood to create a 50-50

mixture of the two fluids. Lastly, some of the artificial fluid was spiked with
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bacteria and blood. This was done by spiking both artificial peritoneal fluid
and blood with either E.Coli and P.aeruginosa as described in section 3.2.7 and

then mixing 5mL of the spiked blood with 5mL of the spiked artificial fluid.

In total, there were 6 fluids that were tested; Artificial peritoneal fluid, ar-
tificial peritoneal fluid spiked with E.Coli, artificial peritoneal fluid spiked
with P. aeruginosa, Artificial peritoneal fluid spiked with horse blood, artificial
peritoneal fluid spiked with E.coli and horse blood, artificial peritoneal fluid
spiked with P. aeruginosa and horse blood. Each of these fluids was added
to a 24 well plate in 0.5mL volumes and were tested in a similar manner to
the volume experiment. All fluids were tested using the EIS and CV testing

protocols described in section 3.5.3 and 3.5.4.

3.5.7 Clinical Testing

Patient samples were collected and transported from the hospital as described
in section 3.2.8. Fluids to be tested were pipetted into a 24 well plate well in
0.5mL volumes and initially tested with a pH probe prior to testing with EIS
and then by CV.

Once the pH measurement was done as detailed in section 3.4, EIS measure-
ments were done on the same sample that was tested by the pH probe pre-
viously using the EIS testing protocol as described in section 3.5.3. Once
complete, the same sample then underwent a CV experiment, as described
in section 3.5.4. The reason the same sample was used for pH, EIS and CV
was that due to the expected low volume of fluid, there may have not been
enough fluid to perform these all these tests with fresh, untested fluid (it was

expected some of the samples to be less than 2mL).
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Figure 3.12: Order of testing clinical sample by pH, EIS and CV

Timed Experiment

With the last 3 samples received (Patient 19, 20 and 21), a further experiment
was performed where some of the excess fluid was tested in a similar man-
ner to the previous clinical samples but the platinum electrodes were left in
the fluid, still at a fixed 7mm distance but had additional EIS measurements
taken 6 and 24 hours after the initial EIS measurement. The reason for this
experiment was to see if there were any biological processes occurring that

may cause changes over time to the EIS signal.
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3.6 Analysis

3.6.1 Outliers

In order to determine outliers in the data received from the assay data, upper

and lower limits needed to be defined:
Upper Limit = Q3 4 (1.5 x IQR) (3.1)
Lower Limit = Q1 — (1.5 x IQR) (3.2)

Q3 is the third quartile and Q1 is the first quartile of data. The interquartile
range (IQR) is the difference between Q3 and Q1. If a data point was below
the lower limit or above the upper limit, that value was considered an outlier.
This outlier test was performed on for each patient day for both standardised

and non-standardised data for glucose, lactate and pH data.

3.6.2 Normalisation

Previous studies have found that normalisation of data useful in identifying
various components, such as bacteria, in biological substances (see Section
1.5.5) as well as making patient data more comparable. For lactate, glucose

and pH results, this was done by the following equation:

Raw Data;—,

Raw Datay—q (33)

Normalised Data;—, =

Where t=n was the time point to be normalised and t=1 is the first measured

data point (i.e. the result on day 1). This data normalised data was then fitted
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using the various fitting functions (e.g. linear, power, etc.) on Origin where

possible. The best fit was determined using regression analysis.

For EIS data, normalisation was performed as described in a patent by Con-

nolly & Shedden (2012):

Raw Datat:n,f:m

Normalised Data_y r— = (3.4)

Raw Data;—q,f—y

Where m is the frequency of the data point.

3.6.3 Modelling

Impedance results were used to develop equivalent electrical circuit mod-
els. The theory behind this can be found in Section 2.4.1. Model fitting was
performed in MATLAB. A function file was written that provided the mathe-

matical model of an electrical circuit.

A file was then written to run a non-linear least squares model (function on
MATLAB:Isqnonlin) using the mathematical function file. The least squares it-
eration was given lower bounds of 0 as resistance and capacitance cannot be a
negative number. Prior to running the least squares, initial values were given
to represent the various parameters to be determined through the algorithm.
For a Randles circuit using a constant phase element (CPE), four parameters
are changed; solution resistance, faradaic resistance and the capacitance and
phi terms of the CPE. In this case, solution and faradaic resistance were ini-
tialised to 1(), capacitance was initialised to 1E-7 and phi was initialised to 1.
Due to the reasons explained in Section 2.4.1, phi is a value between 0 and
1 and constraints were added to ensure this. During iterations, calculated

results were modulus weighted as described by equation 2.53.
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3.6.4 Cyclic Voltammetry

In order to analyse peaks/troughs that appear in a cyclic voltammetry results,
removal the non-faradaic baseline current was required. This was done in
Origin using the cyclic voltammetry add-on. An example using the add-on is
shown in Figure 3.13. A section is chosen to analysed (highlighted in coloured
rectangles) and the program uses asymmetric least squares to find a baseline
of the region of interest (Figure 3.13, middle graphs). Once accomplished, the
calculated baseline is subtracted to give the only the faradaic component of
the cyclic voltammetry measurement in the selected area. Peaks/troughs can

be determined by finding the highest/lowest value in the region of interest.
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Figure 3.13: Example removal of baseline non-faradaic current using Origin

3.6.5 Bacterial Colony Counting

Colony counting of microbial species was done by the drop plate method as
detailed by Herigstad et al. (2001). A series of 10-fold dilutions were per-

formed with LB media and ten 10pL drops of each diluted inoculant concen-
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tration was added onto LB-agar plates. Plates were then incubated overnight
at 37°C. Colonies were counted at concentrations where approximately 3-30

colonies had formed (Figure 3.14).

10uL drop

Diluted
10*

Diluted
10°

Diluted
108

Figure 3.14: Example of colony counting of E.coli (DSM30083). In this case, colony
counting can be done at a 10° dilution

Based on counting the number of single colonies and the volume placed, the

colony-forming unit per mL (CFU/mL) can be calculated from:

No.of Colonies (CFU) x Dilution Factor

Bacterial Concentration(CFU/mL) = Volume(mL)

(3.5)

3.6.6 Statistical Analysis

Line fittings were performed using Origin to determine any trends in data
(Glucose, lactate and pH). In order to determine how well the lines fitted the

data, R? regression analysis was performed. The value provided is between
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0 and 1 and indicates how well the line explains the variations in data. A
value of 1 indicates that the line explains all variation in data and a value of

0 indicates that the line does not explain the variation in data.

To determine the accuracy of the assays, the developed glucose and lactate
assays were used to measure a known industrial standard. To determine
whether there was a difference between the measured concentration and the
stated concentration, a one-sample t-test was performed to determine signifi-

cant differences (« = 0.05).

To find differences between EIS solutions as described in Section 3.5.6, data
was subjected to a two-way ANOVA test which looked for differences in data
between the two independent variables that affect the dependent variable (fre-
quency and fluid composition are the independent variables in this case). If
significant differences were found (« = 0.05), a Tukey post-hoc test was per-
formed to find specifically where the differences occurred. For clinical EIS
data, a repeated-measures ANOVA was used which looked differences in
data. The repeated-measures model was used to take into account that data

was related to different patients.

3.7 Summary

In this section, the methods and materials used to investigate potential ways
to detect anastomotic leakage using glucose, lactate and pH biomarkers as
well as using diagnostic electrochemical methods (EIS and CV) have been
described. In the following sections, the results based on these described

methodologies are shown.
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4.1. Introduction

41 Introduction

As seen in Chapter 1, anastomotic leakage can be a harmful complication of
colorectal resections. There are no universal methods currently of detecting
anastomotic leakage and therefore this thesis aims to determine a way to con-
sistently determine this complication so that clinicians can be warned at an
early stage and therefore plan and provide the necessary medical manage-

ment.

It was hypothesized that the best approach was to monitor drain fluid from
the patient during the post-operative period due to the close proximity of the
drain to the anastomosis. The proximity of the drain would capture fluid that
was hypothesized to change over time as a result of healing process during
the post-op period. As anastomotic leakage has been associated with incorrect
healing, this should provide invaluable information in determining a method

of diagnosing leakage at an early stage (Thompson et al. 2006, Bosmans et al.

2015).

Ischaemia is cited as one of the reasons for why anastomotic leakage occurs
(Vignali et al. 2000, Hallbook et al. 1996) (See Section 1.5.1). As a result, some
groups have looked at several biomarkers related to this, more specifically;
glucose, lactate and pH. While there is some evidence that these markers
could have identify anastomotic leakage, there are issues with measurement
techniques that have been used which have been seen to under-estimate an-
alytes, are not practical for clinical use or not enough information has been
provided to determine its usefulness. Therefore, measurement with regards
to lactate and glucose were to be done directly on the drain samples which

should give a more accurate representation of changes of these markers,
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which had not been done previously. While pH measurements have been
done previously directly on drain samples, very little information was pro-
vided (only mean values provided for patients with anastomotic leakage). As
a result, pH measurements with drain fluids in this thesis were to try provide

more information that has not previously been published.

In addition, electrochemical impedance spectroscopy and cyclic voltammetry
techniques were also to be utilised to monitor changes in drain fluid. These
techniques has not been used previously to monitor drain fluid or anasto-
motic leakage. However, these techniques previously have been used to de-
tect changes in fluids such as bacteria and urea, as well as distinguish between
cancerous and non-cancerous tissues, etc (Ward et al. 2014, Halter et al. 2007,
Patzer et al. 1989). It was hypothesized that changes in drain fluid over time
could be detected by these techniques and changes between patients with and

without leakage could be observed.

However, prior to looking at clinical samples, it was best to develop method-
ologies to do so and test them using simulated fluids and therefore pre-
liminary experiments were performed with the aim of testing the proposed
methodologies to minimise potential experimental problems and gain better

understanding of possible results that could be acquired with patient samples.

The first section of this chapter looks at characterising the glucose and lactate
assays that had been modified for clinical samples to be received from the
hospital (see Section 2.5 for further background). The second section of this
chapter looks at the electrochemical techniques to be used and looking at
effects of testing low volumes as well as better understanding what type of
signal that maybe expected from the patient samples and determining the

best ways of analysing these results. From these results, test methodologies
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were finalised and used on clinical samples for which results are presented in

Chapter 5.

4.2 Lactate Assay Characterisation

Ischaemia of tissues at the anastomotic site has been commonly cited as one
of the main causes of anastomotic leakage (see section 1.4.2). In ischaemic
tissues, the lack of oxygen causes anaerobic respiration to occur. Along with
other processes such as cell proliferation and leucocytes combatting infec-
tions, lactate is produced as a result and accumulates. As the wound heals,
angiogenesis occurs, increasing oxygen supply to tissues, causing a switch
from anaerobic respiration to aerobic respiration resulting in reduced lactate
production (Matthiessen et al. 2007). Monitoring this biomarker during the
post-operative period was thought to be important as it has been cited that
incorrect/interrupted healing causes anastomotic leakage (Thompson et al.
2006, Daams et al. 2013). This would affect lactate production occurring,
which has been seen in previous work (Daams et al. 2014, Matthiessen et al.
2007, Pedersen et al. 2014) so it was hypothesized that changes in lactate levels
could be related to anastomotic leakage. Unlike previous work, lactate levels
were to be measured directly on drain samples using colorimetric methods.
This should provide a more accurate representation of lactate levels unlike
previous literature which used microdialysis tubes that have been underesti-
mate analytes concentrations in the sampling environment (Chefer et al. 2009,

Shippenberg & Thompson 1997, Turkina et al. 2017).

In order to test clinical samples for levels of lactate present, an initial method-

ology was proposed (see Section 3.3) and tested over a range of concentrations
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up to 30mM to test the limitations of the kit. The expected range of the kit was
up to 20-25mM and by going up to a concentration higher than this would al-
low observation of non-linearity to occur and determination of an upper limit
of the modified kit (see Section 2.5.1) for further explanation). Five repeats

were performed for which the results can be seen in Figure 4.1.

From the results shown in Figure 4.1, a linear relationship between concen-
tration and absorbance was observed between 0 to 20mM with a relatively
tight range of absorbance values indicating a high level of precision in this
range. There was a noticeably larger range of absorbance values at 25 and
30mM with larger standard deviations being found (absorbance SD at 25mM
was 0.2906 and at 30mM was 0.1518) versus concentrations lower than 25mM
such as the absorbance standard deviation at 20mM being 0.0810. Due to
these large variations in absorbance values at 25 and 30mM indicating a re-
duced precision of the assay in these ranges, it was decided that the upper
limit of the lactate assay would be 20mM. Based on previous literature, it
was expected that measured lactate concentration gained from clinical results
would fall within this 0-20mM range. However, as there was a chance that
results could be higher than this range for clinical testing, samples were di-
luted prior to testing and then multiplied to reflect the dilution (see Section
3.3.3). It was found later that some of the clinical samples had measured

lactate concentrations of over 40mM (see Section 5.3).

Based on the upper limit of linearity that was determined from Figure 4.1, a
calibration curve was fitted with all values up to 20mM (as shown in Figure
4.1 by the red line). A linear relationship was determined with the equation
of the fitted line being y = 0.1213x + 0.0092 with the R? value calculated to

be 0.9977. The average standard deviation of the blanks was calculated to be
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Figure 4.1: Measurements of different lactate concentrations by the photometer (n=5).
Results were fitted between 0-20mM as shown by the red line
0.0001 (absorbance value). Using this value, the limit of detection (LOD) was

determined to be 3.24uM (using the equation detailed in Section 2.5.1).

To check the accuracy of the assay, the results were used to measure a known
industrially produced reference (see Section 2.5.1). The reference standard

was produced by Randox and was stated to be 4.35mM.

It can be seen in Figure 4.2, using the calibration curves produced, the mea-
sured concentration of the reference sample was close to the stated value.
A one sample t-test was performed to check whether the measured samples
were similar or significantly different to the known concentration. It was
found not to be significantly different (p-value=0.645, 95% confidence limits
=4.205 - 4.550) indicating that the modified assay had a similar accuracy to a

known industrially produced reference. Based on the results gained here, it
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Figure 4.2: Measured lactate concentrations (mean+SD), using the developed lactate
assay methodology, of a known industrially manufactured lactate standard (n=4 done
in triplicate)

was found that the modified lactate assay developed could be used accurately
for a range of up to 20mM and was considered suitable for use with clinical
drain samples. To ensure samples fell within this range, it was decided that
drain fluid received would be diluted and the resultant concentration would

be multiplied up to reflect the dilution.

4.3 Glucose Assay Characterisation

Glucose is an important molecule involved in respiration which, in anaerobic
respiration, is converted into lactate. Similarly to lactate therefore, glucose
was monitored to see how its levels change with regards to the healing process
and whether anastomotic leakage and/or other post-operative complications

could be related to this.
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4.3. Glucose Assay Characterisation

An initial methodology of a glucose assay was developed and tested up to
30mM, as described in Section 3.3.2, to allow for testing of glucose in clinical
samples. Like the lactate assay, the upper limit of the assay was expected to be
at approximately 20-25mM. Therefore, testing past the limit at 30mM would

allow observation of non-linearity and the upper limit of the assay.

Five repeats were performed, for which results can be seen in Figure 4.3.
A linear relationship between concentration and absorbance can be seen up
to 25mM. Between 25-30mM, it was observed that the gradient of the graph
changes and there was a more noticeably larger range in results with a stan-
dard deviation of 0.0534 at 30mM versus at 25mM with a standard deviation
of 0.0237, so 25mM was decided to be the upper limit of the kit indicating
a reduction in precision and linearity above 25mM. The standard deviations

from measurements 0 to 25mM were small indicating a high level of precision.

°
[
1.0 - °
© [ J
(&S]
C
©
£ 0.5
o
n
o]
<
0.0 1
1 ' I o I ' 1 s 1 . I ' I
0 5 10 15 20 25 30

Concentration (mM)

Figure 4.3: Measurements of different glucose concentrations by the photometer
(n=5). Results were fitted between 0-25mM as shown by the red line
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4.3. Glucose Assay Characterisation

The few studies that have looked at glucose levels found that the average
glucose levels in peritoneal fluid was at about 10mM, which is within the
range of the kit. However, as there was the possibility glucose levels could
be above the 25mM limit, clinical samples were diluted and then multiplied
up to reflect the dilution (see section 3.3.3). It was later found that some
of the glucose concentrations measured in patient samples were reaching a

maximum of approximately 35mM.

The results were fitted between 0 and 25mM in Origin (as shown on Figure
4.3 by a red line) and a linear relationship was determined, with the equation
of the fitted line being y = 0.0324x — 0.0104 and the R? value calculated to
be 0.9930. The average standard deviation of the blanks was calculated to be
0.0016. Using this value, the limit of detection (LOD) was determined to be

0.67mM.

To check the accuracy of the assay, the calibration results were used to mea-
sure a known industrially produced reference standard. The reference was

stated to be 5.56mM.

It was observed in Figure 4.4 that the concentration measured using the cali-
bration curves were similar to the stated value. A one sample t-test was per-
formed, and results were found not to be significantly different (p-value=0.254,
95% confidence limits=5.459 - 5.822) indicating that the modified assay had a
similar level of accuracy to a known industrial standard. Therefore, it was
decided that the modified glucose assay was suitable for clinical use for up
to 25mM. To ensure clinical samples were within the range of the kit, it was
decided that drain fluid would be diluted and the measured concentration

would be multiplied up to account for the dilution.
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Figure 4.4: Measured glucose concentrations (mean+SD), using the developed glu-
cose assay methodology, of a known industrially manufactured lactate standard (n=4
done in triplicate)

4.4 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy is a technique that has been used to
understand/characterise biological systems. Previous uses have investigated,
for example, identifying bacteria in samples, differentiating between cancer-
ous and non-cancerous tissue, changes in metabolites, etc. (Ward et al. 2014,
Halter et al. 2007, Gersing 1998) (see Section 1.5.5). Therefore, in this thesis,
EIS was employed to try to identify the normal signal produced by patients
with uncomplicated post-op and to also determine any items in the fluid that
may change the signal in response to complicated post-op which has not been

done previously.
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4.4.1 Initial Testing with Varying Volume

Due to the proposed low volume of sample to be tested (potentially <1mL),
experiments were performed to check whether results could be gained us-
ing the minimal obtainable volume and how these results would compare to
higher volume samples. This experiment also gave an opportunity to test the
initially proposed methodology, initially on a simple simulated fluid (Solution
A - Section 3.2.1). EIS was performed on samples according to the method

outlined in Section 3.5.3.

The minimum volume that covered the bottom of a 24 well plate was ap-
proximated to 500uL which produced of a depth of approximately 2.62mm
of electrode contact. Therefore, using Solution A, 500pL was placed into the
well and tested using the impedance technique described in section 3 (see
Figure 3.10). This was then done with ImL and 2mL volumes (contact depth

of approx. 5.24mm and 10.48mm respectively) and compared (5 repeats).

141



4.4. Electrochemical Impedance Spectroscopy (EIS)

-200000 —e— 500uL
1 —e— 1mL
-180000 o— omL

-160000

-140000
-120000
-100000

Z"(Q)

-80000

-60000 - B

-40000 -

-20000

0+

0 20000 40000 60000 80000
Z'(Q)

Figure 4.5: Nyquist plot of EIS measurements of Solution A with differing volumes
(n=5, mean =+ SD)
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Figure 4.6: Modulus plot of EIS experiments of Solution A with differing volumes
(n=5, mean + SD)
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Figure 4.7: Phase plot of EIS experiments of Solution A with differing volumes (n=5,
mean + SD)

It was observed in the resultant Nyquist (Figure 4.5) and bode plots (Figure
4.6 and Figure 4.7) that variations due to change in volume occurred. An
increase in volume was associated with reduced Z’ and Z”, particularly with
increasing frequency. In addition, a reduction in |Z| was noticed with increas-
ing volume that seemed to be relatively linear where, versus the 2mL volume,
the increase in modulus in ImL measurements were about 1.5-2 times higher
and 3.5-4 higher in 0.5mL measurements. An increase in phase angle was also
found with increased volume at lower frequencies (<10Hz) and a decrease at
higher frequencies (>10Hz). These changes can be associated with a chang-
ing contact area with the electrodes (Trasatti & Petrii 1991) and indicated the
need for a fixed contact surface. As a result, volumes used were fixed to
0.5mL when testing clinical samples (see next chapter). During the period

when clinical measurements were performed, it was found that the minimum
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volumes recorded were in the region of 1-2mL.

4.4.2 Artificial Peritoneal Exudate (APE)

In order to understand better what electrical behaviour may be exhibited us-
ing EIS in drain samples, a more complex artificial peritoneal exudate (APE),
containing elements found in peritoneal fluid, was created as described in
Section 3.2.2. As bacteria and low levels of blood contamination of clinical
samples were expected to be the main cause of variation in clinical samples,
samples of APE were also spiked with horse blood (HB) and 2 types of bac-
teria (E. coli strain DSM30083 and P. aeruginosa strain PA14), which have been
found in previous studies, to help understand how the signal detected would
be affected. Further details of the methodology can be found in Section 3.5.3.
The average bacteria concentration added was 5.18x10° CFU/mL for PA14
and 6.88x10° CFU/ml for DSM30083 which was >10° CFU/mL that Fouda

et al. (2011) found in patients with anastomotic leakage.
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Figure 4.8: Nyquist plot of spiked artifical peritoneal exudate (APE) with horse blood
(HB), P. aeruginosa (PA14) and E. coli (DSM30083). Mean + SD, n=4

Figure 4.8 shows the Nyquist plot of the averaged results of spiked solutions
of APE (n=4). The addition of the various components caused observable
variation in resistance and reactance as shown in Figure 4.8. ANOVA analyses
were performed with Tukey post-hoc test which found significance between

the differently spiked solutions in both resistance and reactance over different

regions of frequency and this can be seen in Figure 4.9.
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Figure 4.9: Graph showing significant differences between fluid spiked with horse
blood(HB) and bacteria, P. aeruginosa and E. coli(DSM30083), over a frequency range
of 0.1 and 1MHz

P. aeruginosa can be seen to cause a reduction in resistance and in reactance in
Figure 4.8. When comparing the unspiked fluid to the fluid spiked only with
PA14, there is a significant drop in resistance between ~ 300Hz-10°Hz as well
as a significant drop in reactance between ~ 2-10°Hz (Figure 4.9, Graph 2).
For example, at 10kHz, the average resistance and reactance values of APE
were 616.94 and -77.74() and for APE with PA14 was 417.96 and -15.199Q).

This could be explained by the fact that PA14 produces substances that are

known to improve electron tranfer, thus lowering both the resistance and re-
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actance (Ali et al. 2017, Bosire et al. 2016).

Unlike P. aeruginosa, the presence of E. coli in the artificial fluid caused ob-
servable increases in resistance and reactance. For resistance, when com-
paring APE to APE spiked with DSM30083, an increase emerged in mid to
low frequencies, significantly so at approximately 1000-4000Hz and 0.1-1.5Hz
(Figure 4.9, Graph 1). For instance, at ~2500Hz the average resistance of
APE was 685.43() and the resistance of APE with DSM30083 was 544.96(). A
matching trend was also seen in reactance values, though this was significant
at relatively higher frequencies (~12-100kHz and ~0.3-15Hz). For example, at
100kHz, APE had an average reactance value of -22.63() whereas APE spiked
with DSM had a value of -2.790).

The addition of blood to the fluid caused significant increases over a large
range of frequencies in resistance (~1.6-2500Hz) and reactance (~10-80,000Hz)
versus a solution of just APE (Figure 4.9, Graph 3) as witnessed in Figure 4.8.
This increase is much larger with decreasing frequency and can be explained

by the fact that blood tends to adsorb onto surfaces (Gingell & Fornes 1976).

The addition of bacteria to the solution containing blood was found to de-
crease the reactance, which were particularly large with the addition of PA14
with decreasing frequency, with a drop of approximately 119,334() being
recorded at 0.1 Hz when comparing APE containing blood versus APE with
blood and PA14 (Figure 4.9, Graph 12). Additionally, decreases in resistance
were found with addition of DSM (Figure 4.9, Graph 11).

These results indicate that monitoring of specific frequencies may be useful in

identifying differing elements in the clinical fluid.

It was noticed that the solution of APE and PA14 with the addition of blood
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caused the electrochemical signature to be more aligned to the signature of
just APE as observed in Figure 4.8 and reduced regions of significance in-
dicated in Figure 4.9. As mentioned earlier, PA14 produces substances that
improves electron transfer (Ali et al. 2017). However, blood tends to adsorb
to the surface of material (Gingell & Fornes 1976, Khubutiya et al. 2010) (the
electrodes in this case) and maybe reducing the utility of the substances pro-

duced by PA14 causing the increase in resistance and reactance.

The addition of blood to APE with DSM caused the electrochemical signature
to be similar to APE, as seen in Figure 4.8 with significant increases only found
in small regions at high frequencies (Figure 4.9, Graph 4). Changes with
the addition of E. coli and blood can be associated with a known interaction

between the two components (Fejes et al. 2018).

Phase and modulus plots were also produced of the spiked APE and are
shown in Figure 4.10 and Figure 4.11. Similarly, to the Z" and Z” plots,
ANOVA tests were done using MATLAB to find if any significance occurred
at each frequency. Where significant difference occurred can be seen in Fig-
ure 4.12. It can be seen in this figure that multiple areas of significance occurs
between the variously spiked fluid, for example, the addition of E.coli to APE
gave three regions of significant difference in phase results versus the non-

spiked fluid.
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Figure 4.10: Averaged (+SD) modulus plot of spiked artificial peritoneal exudate
(APE) with horse blood (HB), Paeruginosa (PA14) and E.coli (DSM30083). Mean+SD
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Figure 4.11: Averaged (+SD) phase plot of spiked artificial peritoneal exudate (APE)
with horse blood (HB), Paeruginosa (PA14) and E.coli (DSM30083). Mean+SD
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Figure 4.12: Graph showing significant differences in modulus and phase between
fluid spiked with horse blood(HB) and bacteria, P. aeruginosa and E. coli (DSM30083),
over a frequency range of 0.1 and 1IMHz

In order for EIS to be useful technique to use for post-surgical monitoring,
it must be able to distinguish between different components of the fluid it is
monitoring. Examining the simulated fluid with components of blood and
bacteria added in was an important step as it allowed understanding of how
the signal was affected by these factors and that is it possible to distinguish
between changes in the fluid composition. From the results given in this sec-
tion, it can be seen that potentially looking at specific frequencies can help
determine differing components like bacteria and blood. This may hold the

key to allow for diagnosis of anastomotic leakage as well as potentially de-
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tection and characterisation of complications. One way of better understand-
ing and finding differences between the differing types of components is the
use of normalisation techniques which is already being applied by the Medi-
cal Devices group at Strathclyde for identification of bacteria in wounds and
lung sputum and is the subject of a University patent (Ward et al. 2014, 2018,
Connolly & Shedden 2012).

Normalised Results

One method of observing changes that has been used successfully in previous
studies (see section 1.5.5), is to normalise results versus a reference. For the
results gained in this experiment, results were normalised versus the artificial
peritoneal exudate that was not spiked (see section 3.6.2). Normalised modu-
lus and phase plots are shown in 4.13 and 4.14. It can be seen in these figures
that several points of interest could be attributed to the addition of various
items. For example, the addition of horse blood caused a peak in the modulus
at approximately 100Hz as well a peak at 10kHz in the normalised phase plot,
which is unique versus the fluid spiked with other substances. Other trends
that were noticed was that the addition of E.coli by itself would cause a nor-
malised modulus peak at approximately 1Hz and a normalised phase peak at
approximately 500Hz but the addition of blood negated the peaks of both the

blood and E.coli may indicating a potential interaction between 2 elements.

Lastly, the addition of P. aeruginosa caused drops in the normalised modulus
value at lower frequencies. Similar to the previous analysis with the raw
data, the results given by normalisation for this experiment can allow EIS
to determine the differing components of fluids (e.g. blood and bacteria) by

looking for changes at particular frequencies that can be related to a particular
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component. The use of normalisation also has the added advantage of making
it easier/faster to pinpoint at which frequency that the largest changes occur
due to a particular component such as blood at approximately 100Hz when

looking at modulus.
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Figure 4.13: Normalised modulus results of variously spiked artificial peritoneal exu-
date (APE) vs unspiked APE. HB - Horse Blood, DSM -E.coli Strain, PA - P.aeruginosa
strain PA14
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Figure 4.14: Normalised phase results of variously spiked artificial peritoneal exu-
date (APE) vs unspiked APE. HB - Horse Blood, DSM -E.coli Strain, PA - P.aeruginosa
strain PA14

Modelling

Another way to analysis EIS results is to model the data as an electrical circuit.
Attempts were therefore made to model the results obtained from the solution
of artificial peritoneal fluid. Initially, a Randles model was used but was found
not to fit correctly. However, by changing the capacitor in a Randles circuit
into a constant phase element (CPE) (as explained in Section 2.4.1), a good fit
was found when coded and approximated using MATLAB (Section 3.6.3). An

example of the fitting is given in Figure 4.15.

The mathematical model of the circuit can be found in Section 2.4.1. Solution
resistance, faradaic resistance, capacitance and phi of the CPE were approxi-

mated by MATLAB and are shown in Figures 4.16-4.19.
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Figure 4.15: (Top) Circuit diagram of selected model of simulated fluid. R; is solution
resistance, Ry is faradaic resistance and CPE is the constant phase element. (Bottom)
Example fitting of model to data gained from EIS measurement of APE + E.coli.
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Figure 4.16: Solution resistance of spiked artificial peritoneal exudate(APE) with
horse blood (HB), Paeruginosa (PA14) and E.coli (DSM30083). Mean + SD, n=4.
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It can be observed in Figure 4.16 that the addition of blood caused increased
solution resistance. ANOVA tests were performed to find differences be-
tween the groups and found some significant changes. Tukey post-hoc tests
found that APE+HB+DSM30083 was significantly different to APE and APE+
DSM30083 (« <0.05) which potentially shows that the addition of blood and
E. coli together may have substantial interaction with each other causing a

large increase in solution resistance.
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Figure 4.17: Faradaic resistance of spiked artificial peritoneal exudate(APE) with
horse blood (HB), P.aeruginosa (PA14) and E.coli (DSM30083). Mean + SD, n=4.

Figure 4.17 shows the faradaic resistance of the various solutions tested. Large
variations occurred as indicated by the large SD shown in the chart. Visually,
PA14 seems to cause reductions in the faradaic resistance and the addition of
blood causes the opposite. ANOVA analysis found significance and Tukey
post-hoc tests found differences between APE+HB vs APE+HB+PA14 and

APE+PA14 (x<0.05). This indicates that there is an effect on the electrode
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by P. aeruginosa and is maybe able act to improve electron transfer from the
solution to the electrode and thus reducing the faradaic resistance whereas

the addition of blood has the opposite effect.

Figures 4.18 and 4.19 show the CPE capacitance and phi values of the various
solutions. Though PA14 seemed to cause an increase, ANOVA tests found
no significance in CPE capacitance between groups. However, significance
was found in phi values and Tukey showed a difference between APE+HB
versus APE+HB+PA14 and APE+PA14 (x<0.05). Phi is a value that indicates
how capacitive the capacitor is, where 1 indicates the component is purely
capacitive, whereas 0 indicates a purely resistive component. This indicates
that the addition of blood (reducing the phi value) causes the electrode to
behave more like a resistor whereas the addition of PA causes the electrode to

act more capacitively.
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Figure 4.18: Capacitance term of CPE of spiked artificial peritoneal exudate(APE)
with horse blood (HB), Paeruginosa (PA14) and E.coli (DSM30083). Mean + SD, n=4.
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Figure 4.19: Phi (¢) term of CPE of spiked artificial peritoneal exudate(APE) with
horse blood (HB), Paeruginosa (PA14) and E.coli (DSM30083). Mean + SD, n=4.

In summary, EIS has been used previously to identify and understand bi-
ological systems. In this section, preliminary tests were performed to see
how useful EIS could be in understanding the clinical fluid that was to be
received from the fluid. Results show the need to maintain a fix volume of
fluid to make results comparable as well as show that EIS can be used to de-

termine/distinguish between differing elements of the fluid and an indication

of how to run the analysis to reveal this information.

4.5 Cyclic Voltammetry

Cyclic voltammetry is a technique used to identify and investigate redox re-
actions as well as electron transfer reactions in a substance (see Section 2.4.1)

and was used to see whether it was possible to identify any reactions that
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4.5. Cyclic Voltammetry

could be associated with post-operative complications.

4.5.1 Initial Testing

As mentioned in the previous electrochemical impedance section, the volume
of patient samples to be collected was expected to be minimal (<2mL). In-
creases in volume cause increases in the contact area of the electrode which
in turn causes the current to increase as a result. In order to understand the
limits of the measurable current that would occur in a scan, cyclic voltamme-
try was performed on volumes of 0.5mL, ImL and 2mL with scan rates of 25,
50 and 100mV/s. Further details on the methodology can be seen in Section

3.5.5. Results were analysed as described in Section 3.6.4.
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Figure 4.20: Cyclic Voltammetry of Solution A with different volumes in a 24 well
plate. Scan rate of 25mV /s (n=3)

A couple of peaks can be seen in the results (Figure 4.20. The most notable

is at -0.25V where a reduction peak can be seen which can be attributed in
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4.5. Cyclic Voltammetry

adsorption onto platinum. There was also a reversible peak on one of the
2mL repeats at approximately OV which can be associated with oxidation and
reduction of CO;. A large negative current occurred at potentials lower than
approximately -0.8V. This change can be associated with the disassociation of
water. Changes due to differing scan rates were not seen but the increase in
volume did cause increases in current as expected, particularly in identifying
peaks such as the reversible peak at approximately 0V. However, due to the
expected lack of volume from samples from patients, it was decided that
0.5mL would be the volume to be used for clinical testing. It was found later

that minimum amount received from patients were in the range of 1-2mL.

4.5.2 Artificial Peritoneal Fluid

Cyclic voltammetry was performed with the simulated fluid to see if any
reactions could be captured by the technique and determine any regions of
interest for clinical samples. Samples were cycled from -1V to 1V at 25, 50 and
100mV scan rates (section 3.5.6 for more details). Other than the disassociation
of water at potentials lower than approximately -0.8V, no distinct peaks or
substantial changes could be determined with the attempted removal of the
baseline non-faradaic current (Figure 4.21), as described in Section 3.6.4, or
with changes due to differing scan rates. This is not entirely surprising and is
most likely caused by the complex environment of the fluid with interactions
between ions, bacteria and blood that could be masking any signals from
appearing. However, it was suggested early in the study that electrochemical
scanning or single point potential sensors maybe unlikely to be useful for

clinical monitoring due to this complex environment.
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Figure 4.21: Cyclic Voltammetry (25mV/s scan rate) of variously spiked samples
of artificial peritoneal exudate(APE) with horse blood(HB), Paeruginosa (PA14) and
E.coli (DSM30083)

4.6 Summary

In this chapter, preliminary tests were performed to develop methodology to
measure glucose and lactate as well as looking at the usefulness of EIS and
cyclic voltammetry for use in clinical samples. Both the glucose and lactate
assays were characterised successfully for use in clinical patient samples. EIS
testing showed promising results with some ability to distinguish between
differing components of the fluid, such as blood and bacteria, which would
be useful in the use of post-operative monitoring of patients to determine
any complications such as anastomotic leakage. On the other hand, cyclic
voltammetry showed to be less promising with a low ability to distinguish
between differing components in the more complex model fluid. In the next

chapter, clinical results are presented.
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Chapter 5

Clinical Results



5.1. Introduction

5.1 Introduction

The aim of this thesis was to determine a method of monitoring patients for
anastomotic leakage after colorectal surgery and therefore prevent potentially
serious consequences of this problem. In the previous chapter, preliminary
experiments were performed to test proposed methodologies to be used for
clinical samples. Based on these results, methods were finalised for use with
clinical drain samples to be received from the hospital. In this chapter, the
results from collecting and testing patients’” drain samples during the post-
op period where glucose, lactate, pH and electrochemical monitoring were

performed.

5.2 Ethics and Patient Demographics

A biorepository ethics application was submitted to the West Node of the
NHS Scotland Biorepository Service and was approved prior to collection
of patient samples (Ref: 300, see appendix). All patients involved in the
study were being treated at the Royal Alexandra Hospital and were consented
by Good Clinical Practice (GCP) trained clinicians under the terms of the
biorepository ethics application. Twenty-one patients were considered for the
study for which drain fluids were collected and transported to the university,
as described in Section 3.2.8. Three patients did not give enough sample
volumes for experiments to be performed (Patients 9, 10 and 11). Therefore,
a total of eighteen patients were included, with an age range of 48-78, of
which the majority of patients underwent an anterior resection. Most drains
were left in for 3-4 days (range: 1-6 days) with an average length of 3.33

days. The majority of patients underwent resection for cancer except for one
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5.2. Ethics and Patient Demographics

who underwent surgery for recurrent diverticulitis. Further details of patient

demographics and procedures performed are given in Table 5.1.

Patients were checked for up to 30 days post-op for anastomotic leakage of
which one patient (Patient 5) developed on post-op day 6, resulting in an
incidence rate of 5.56%. However, due to an unfortunate accident, the drain
was prematurely taken out by the patient after the first post-op drain sample
was taken. Other post-operative conditions occurred in other patients and are

noted in Table 5.2.

163



5.2. Ethics and Patient Demographics

Table 5.1: Demographics and procedures undergone by patients included in the
study

Variable n
Sex
Female 10
Male 8
Age
46-55 3
56-65 3
66-75 11
76-85 1

Pre-operative Conditions
Anal Stenosis
Chronic Kidney Disease - Stage 3
Chronic Obstructive Pulmonary Disease (COPD)
Coeliac Disease
Depression
Diabetic
Diverticular Disease
Gastro-Oesophageal Reflux Disease (GORD)
Hypertension
Hypothyroidism
Prolonged QTc
Reason for Surgery
Colon Cancer
Recurrent Diverticulitis
Rectal Cancer
Recto-sigmoid Cancer
Sigmoid Cancer
Type of Surgery
Abdominoperineal Resection
Anterior Resection 13
Extended Right Hemi-colectomy
Hartmann’s Procedure
Proctocolectomy
Sigmoid Colectomy
Other Procedures
Defunctioning Ileostomy
Loop Ileostomy
Partial Omentectomy
Stoma Formation
Laparoscopic converted to Open Surgery
Duration of Drain Collection (Days)
<2 4
3-4 12
>5 2
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5.3. Lactate

Table 5.2: Post-operative complications in patients in study groups

Patient Post-operative complications

1 Low haemoglobin levels

5 Anastomotic Leak

12 Lower respiratory tract infection (LRTI)
Ileus

18 Ileus
Portal vein thrombosis

19 Lower respiratory tract infection (LRTI)
Ileus

21 Urinary tract infection

5.3 Lactate

Ischaemia, which is thought to occur prior to the onset of anastomotic leak-
age, occurs as a result of limited blood supply, and therefore oxygen, being
transported to the tissue. When a reduction of oxygen occurs, tissues respire
anaerobically for which the main product is lactate. The anaerobic respiration
process is also thought to act as a trigger for healing processes. In addition
to this, other processes such as aerobic glycolysis due to cell proliferation,
inflammation and combatting of infections also produce lactate. Therefore,
lactate was measured in patient drain samples to monitor its trend and to see
if any deviations from these trends could be related to post-operative compli-
cations as described in Section 3.3.3 using enzymatic assays. Figure 5.1 shows

the results of lactate levels for all patients.

A large range of values were measured from patients, with results generally
below 30mM. A general decrease in lactate concentration was found over
time with an average day one concentration of 17.06mM which dropped to

10.28mM on day 4. This trend was expected as a peak lactate concentration
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5.3. Lactate

should occur due to the aforementioned reasons (anaerobic respiration, cell
proliferation and leucocytes combatting bacterial infections/inflammation).
The reduction in lactate concentration over time occurs due to the reduction
of these process as well as more tissues respire aerobically with angiogenesis
providing oxygen that was previously limited, resulting in reduced lactate

production.
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N
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Figure 5.1: Measured lactate concentrations of patients from drain fluid. Points in
red diamonds are outliers. Average line is mean+SD.

Patient 12 and patient 6 (on day two) were found to be outlying data, based on
the equation stated in section 3.6.1, with concentrations greater than 40mM
being recorded. Patient 12 was noted to have post-operative conditions of
lower respiratory tract infection (LRTI) and an ileus which coincide with this
high glucose level. Patient 6, on the other hand, was noted not to have any
post-operative conditions so the increase in their lactate level is surprising.
Whether this is anomalous or an asymptomatic event that resolved by itself is

difficult to establish.
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Figure 5.2: Polynomial fitting of normalised lactate results. Red line is the polynomial
fitting (order=2) of the results (R>=0.145) Outliers (patients 6 and 12) not included in
the analysis
Patient data was normalised, as described in Section 3.6.2, to allow for com-

parison between patients and a trend line was fitted (represented in Figure

5.2 by red line) in the form of:

y = A+ Bx +Cx?

A quadratic fitting equation was used as it was expected that lactate levels
would accumulate soon after surgery as a consequence of damaged tissues
producing lactate through anaerobic respiration. As healing of the wound
continues, angiogenesis occurs resulting in tissues respiring aerobically mean-

ing reduced lactate production (Trabold et al. 2003).

The fitting results gave A=0.3945, B=0.8057 and C=-0.1912. The R? value of the

titting was found to be 0.145, indicating a weak trend and suggests that lactate
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may not be a suitable method of detecting post-operative complications due

to its high variability between patients.

To ensure that no large items (>0.22uym e.g. red blood cells) interfered with
the assay, samples that were filtered (from patient 13 onwards) were also
measured for lactate concentration but no significant differences could be
found between filtered and unfiltered samples (p>0.39) indicating these large

molecules did not affect the assay.

Lactate Summary

Lactate in drain fluid was found to drop in concentration over time after an
initial peak at the beginning of the post-op period, for which this trend that
can be related to the reduction of healing process over time. However, this
was found to be a relatively weak trend due to the large variability between
patient lactate levels. No differences were found between the unfiltered and
filtered samples meaning that none of the large molecules removed (red blood

cells, bacteria, etc.) interfered with the assay.

5.4 Glucose

As mentioned previously, ischaemia is one of the most cited reasons for anas-
tomotic leakage (see section 1.4.2). Glucose is main molecule involved in the
respiration process and documenting its changes with regards to the healing
process was thought to be worth monitoring to see if there were any devia-

tions that could be related to post-operative complications.
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5.4. Glucose

5.4.1 Unfiltered Samples

Glucose concentrations of patient drain samples, once received from the hos-
pital, as described in Section 3.2.8, were measured using an enzymatic assay
that was characterised in Section 4.3. Further details of the methodology used

can be found in Section 3.3.3.

Figure 5.3 shows the data gained from glucose measurements of patient drain
samples over time. It was found that glucose concentrations generally drop
over time post-surgery with an average concentration of approx. 9.75mM on
day 1 falling to 2.17mM on day 4, a reduction of approximately 78%. An in-
crease from day 4 to 5 in mean concentration was observed before a drop on
day 6 but with few samples in this region (n=2 on day 5 and n=1 on day 6),
it cannot be reasonably assumed that this is representative of glucose concen-
trations for these days. This peak of glucose during the early post-operative
stage could be due a stress-response due to the trauma of surgery causing
effects on normal metabolic/hormonal processes increasing the levels of glu-
cose availability which is also required for tissues to heal. The reduction of
glucose levels over time could be associated to the healing process as tissues
are repaired and start functioning as normal, the response due to trauma is
reduced leading to lower glucose levels being found. This could be repre-
sented using either linear or power curve where a peak occurs immediately

after surgery and a rapid drop occurs over time.

Several outliers were found using the equation detailed in section 3.6.1, with
patients 8 and 12 having outlying results on days 2 and 3 with concentra-
tions of 17.21mM (patient 8, day 2), 34.76mM (patient 12, day 2) and 35.15mM

(patient 12, day 3), which is much higher than other results which recorded
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Figure 5.3: Glucose change over time for patient drain samples. Points shown as
a red diamond are considered outliers. Mean+SD is of patients who did not have
post-op complications.
concentrations of approximately 10mM or lower on these days. While patient
8 was noted not to have any post-operative complications/asymptomatic, pa-

tient 12 was found to have lower respiratory tract infection (LRTI) and an

ileus.

Another observation was that several of the patients had an increase or plateau
on at least 1 day before a reduction in glucose resumed, for example, patient
13 had a rise in concentration from 5.36mM on day 1 to 8.37mM on day 2
before glucose levels drop to close to 0OmM on day 4. This could be related to
the patients changing to a solid food diet . However, patient fifteen’s glucose
levels, while following this trend, had a substantial increase from 0.21mM on
day 3 to 7.07mM on day 4, an approximately 34-fold increase, and 8.11mM on
day 5, before a decrease to 0OmM on day 6. Patient 15 was noted not to have

any post-operative complications, though it cannot be ruled out that a minor
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5.4. Glucose

asymptomatic event occurred that resolved itself.

Results were normalised to the patient’s day one value to allow of compari-
son between patients, as described in Section 3.6.2, for which the results are
shown in Figure 5.4. The general downward trend was fitted excluding out-

liers (represented by a red line in Figure 5.4) using a linear fit of equation;

y=mx-+c

Day 5 and 6 values were excluded from the fitting due to the lack of numbers
on these days. Using origin, the gradient, m, was found to be -0.2881 and the
intercept, ¢, was found to be 1.2544. The R? value of the line was found to
be 0.5787 indicating a moderately strong linear relationship indicating there

is some relationship between time and a drop in glucose levels.

Change

Time (Day)

Figure 5.4: Fitting of glucose results from patient samples. Red line shows fitting of
equation y = mx + c. Outliers (patients 8 and 12) not included in line fitting
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5.4. Glucose

5.4.2 Filtered Samples

After the first several patients had been tested (patient 1-12), a recurring ob-
servation was made that day 1 samples seemed to have visually higher levels
of blood than that was originally expected, and when compared to other days.
As red blood cells are known to interfere with the measurement of glucose
levels when present in high concentrations, it was decided that testing of fil-
tered samples should also be performed to see if there were changes in mea-
sured glucose levels. Samples were filtered by a 0.22pM syringe filter which
would remove red blood cells (=7uM in size) as well as bacteria and proteins

(see section 3.3.3).
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Figure 5.5: Glucose concentrations found in filtered patient samples. Red diamonds
indicate points that were considered outliers.

Figure 5.5 shows the reported glucose concentrations from patient samples
that were filtered prior to testing (n=9). A general reduction in glucose con-

centrations over time was observed, with an average concentration of 6.94mM
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on day 1 decreasing down to 2.29mM on day 4. Differences could be observed
between measurements of filtered and unfiltered samples on day 1 and were
found to be significantly different (p=0.045) with a mean reduction of 4.06mM
with the filtering of samples when one-way repeated measures ANOVA tests
were performed. This supports the hypothesis that the higher levels of blood
in samples on day one could be affecting measurements. Other days were

found not to be significantly different.

Filtered samples were also normalised to their patient’s day 1 value (as de-
scribed in the methodology) and is shown in Figure 5.6. With the removal of

outliers, it was found that a power curve could be fitted in the form of;

y=x
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Figure 5.6: Glucose concentrations found in filtered patient samples. Outliers not
included in line fitting

A power curve seemed appropriate for fitting. This was because the trauma
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of surgery causes an immediate stress response that results in an increase of
glucose. The glucose levels drop greatly soon after surgery due to no more
surgical trauma occurring and the stress response being reduced (Duggan

et al. 2017, Finnerty et al. 2013, Butler et al. 2005).

As seen in Figure 5.6, Origin was used to fit the plotted points and found
A to be -1.30 (represented by a red line). The fitting was found to give a R
value of 0.81659 which is indicative of a strong trend. This drop in glucose
levels (which was also found in unfiltered samples, figure 5.4) could be re-
lated to the healing process/surgery. As mentioned previously, the trauma
of surgery causes a stress-induced response that affects metabolic and hor-
monal process that can cause glucose to accumulate causing the initial peak
soon after surgery. As tissues heal, they start respiring aerobically and the
stress-induced response is reduced resulting in a reduced glucose concentra-
tion. This strong trend in glucose reduction could potentially be useful later
as it may help determine complications that may occur during the post-op
period at an early stage, for example, patient 12 who had glucose levels that
were considered outliers had post-operative complications. A similar trend
could be established with patients with anastomotic leakage, with some pre-
vious studies that used micro dialysis tubes also noting a change in glucose
between patients with and without leakage (Matthiessen et al. 2007, Peder-
sen et al. 2014), but as little data from patients with anastomotic leakage was

gained, this could not be established here.

Glucose Summary

Glucose was monitored in drain fluid and a trend was found with the re-

duction of glucose over time that could be attributed to the healing pro-

174



55. pH

cess/trauma due to surgery. In addition, it was found that measuring fluid
that was filtered prior to assay testing had a significant difference in mea-
surement of glucose concentration on samples collected on the first post-op
day (most likely due to the observed high levels of red blood cells causing

interference).

55 pH

When anaerobic respiration occurs, the resultant products cause pH levels to
drop. The monitoring of this change in pH over time could potentially help
understand what happens during the post-op period and how it changes with
complications. Typically, the pH of peritoneal fluid is approximately 7.5-8
(DiZerega & Rodgers 1992). Measurements of pH were performed as de-
scribed in section 3.4 in unfiltered (all patients) and on filtered samples (from
patient 13 onwards). Results are shown in Figure 5.7 (unfiltered) and Figure
5.9 (filtered) and were normalised with respect to day 1 using the method-
ology described in Section 3.6.2 to allow for comparison between patients

(Figure 5.8).

No obvious trends could be determined in either the unfiltered or filtered
samples with most of the patients staying at approximately the same pH over
the post-op period. This was slightly surprising as it would be expected, in
uncomplicated post-op, that there would a slight drop in pH representing the
anaerobic respiration of cell followed by an increase and plateau once cells

have healed and aerobic respiration occurs as indicated in previous studies.

Several samples did drop in pH on day 3, with patients 1 and 17 dropping

below a pH of 7 before a rise occurring on day 4, with patient 1 having a post-
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Figure 5.7: Unfiltered clinical pH results

operative complication (low haemoglobin levels) but patient 17 not having
any known post-operative conditions. A larger variation of results seemed to
occur on day 3, with standard deviations of 0.69 and 0.74 for unfiltered and
filtered respectively. Prior and post this day, standard deviation values are
<0.5. Previous papers have mentioned that significant differences occurred
on day 3 between anastomotic leakage and non-leakage patients with pH
levels being lower than 7 in anastomotic leakage in one paper (Yang et al.
2013). However, in this case a healthy patient and a patient with another
complication also dropped below this threshold, questioning the reliability of

this threshold.
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Figure 5.8: pH change versus day 1 values in clinical samples.
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Figure 5.9: Filtered clinical pH results
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It was found that day 1 samples were significantly different between filtered
and unfiltered samples when 1-way repeated-measures ANOVA tests were
performed (p-value=0.03689), with filtering causing a mean increase in pH
of approximately 0.133 suggesting these large molecules, most likely blood
which has a lower pH level (approx. 7.4) compared to peritoneal fluid, which

was observed to be in high concentrations, influence the pH.

pH Summary

To summarise, pH was measured in drain fluid, but no trends could be de-
termined. The only significant difference that was found between unfiltered
and filtered samples on day 1 post-op samples indicating, most likely, that the

heavy presence of blood that was observed was influencing the pH level.

5.6 EIS

EIS is a diagnostic electrochemical technique that has been used to under-
stand /characterise biological systems such as identifying bacteria, metabo-
lites, differing types of cells etc. (such as identifying cancerous cell) in a
sample (see Section 1.5.5). This is done by applying a small potential per-
turbation at various frequencies and measuring the resultant response as
impedance, which then can be represented on Nyquist plots (real vs imagi-
nary impedance) or on Bode plots (magnitude/phase shift of impedance over
the measured frequency) for which changes in results could be related to an
element in the item of interest. Further information can be found in Section
2.4.1. EIS measurements were performed to see how the electrochemical sig-
nal of the drain fluid changed over time during the post-op period and see if

any changes could be related to particular elements in clinical samples. Tests
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5.6. EIS

were performed as described in Section 3.5.7 and the results are presented in

this section.

5.6.1 Patients with Uncomplicated Post-op

This section looks at the drain fluid of patients who had no post-op compli-

cations.

Unfiltered Results
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Figure 5.10: Average (+SD) Z’ vs Z” of clinical samples from uncomplicated post-op
patients on each post-op day.

Figure 5.10 is a Nyquist plot of averaged values of all patients over time. It was
observed that the EIS signature over time stayed relatively similar over time,
which was slightly surprising as it was observed that the fluid composition
seemed to change over time (e.g. visually higher amount of blood in day
1 samples, changes in glucose and lactate level shown in previous sections,

etc.) and therefore it was thought that the results gained over time would also
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change as a result.

Two-way repeated measures ANOVA tests were performed (Days 1-4), but no
significant differences could be found in resistance and reactance indicating
that for patients with no complications after post-op, the EIS signal stays

relatively similar over time.
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Figure 5.11: Average (+SD) modulus of clinical samples from uncomplicated post-op
patients on each post-op day.

To see how the impedance changed as a result of frequency, bode plots were
also created from the results and are shown in Figure 5.11 and Figure 5.12.
Again, results between days appear to be similar, though there looked to be
some separation of modulus results at lower frequencies and for phase at
approximately 100Hz-10kHz. To confirm, 2-way repeated measures ANOVAs
were also performed on the modulus and phase data, but no significance was
found also reinforcing the point that the EIS signal stays similar over time for

non-complicated patients.
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Figure 5.12: Average (+SD) phase of clinical samples from uncomplicated post-op
patients on each post-op day.

Filtered Samples

In order to further understand how the fluid behaved electrochemically, some
of the samples received from patient 13 onwards were filtered and then mea-
sured by EIS. Samples were filtered by a 0.22uM syringe filter, which was
expected to predominantly remove bacteria, proteins and blood cells. The

results of these measurements are shown in Figure 5.13.

Unlike samples that were not filtered, more variation over time seemed to
occur, particularly at lower frequencies on day 2. Both resistance and reac-
tance values were observed to change over time, particularly as the frequency
dropped. Two-way repeated-measures ANOVAs found significant differences
between some of the days at 0.1-0.25119Hz for resistance and 0.1-0.39811Hz

for reactance results. The measurements of these frequencies can be seen in
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Figure 5.13: Average (+SD) Nyquist plot of filtered clinical samples from uncompli-
cated post-op patients on each post-op day.

Figure 5.14 and Figure 5.15 where an increase in resistance and reactance oc-
curs before a continuous drop in values to a low point on day 4. An exception
to this trend occurred in the resistance values at 0.19953Hz where values drop
from day 1 to a low point on day 3 before increasing on day 4. At these low
frequencies, changes are usually attributed to interactions of the cell mem-

brane to its environment (e.g. metabolic changes, etc.).

Modulus and phase plots were produced and are presented in Figure 5.16 and
Figure 5.17. The averaged modulus plot shows that results over time seem
very similar over time though some separation could be observed at lower
frequencies. Additionally, the phase plot shows some separation between
day 1-4 and days 5 and 6 at mid to low frequencies (~10-10,000Hz), as well
as day 4 results having a lower phase change versus the other days at low

frequencies(<1Hz).
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Figure 5.14: Resistance changes in regions that showed significance in filtered sam-

ples (Average+SE).

Once again, ANOVA analyses were performed for patients for both modulus

and phase plots. Significance was found in modulus values at low frequencies

(0.1-0.39811Hz) between some of the days also indicating changes in metabo-

lites/ interactions of the cell membrane to the environment. The values of

these frequencies over time are given in Figure 5.18 where modulus values

increase on day 2 before dropping.
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Figure 5.15: Reactance changes in regions that showed significance in filtered uncom-
plicated post-op patient samples (Average+SE).
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Figure 5.16: Average (+SD) modulus plot of filtered clinical samples from uncompli-
cated post-op patients on each post-op day.
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Figure 5.17: Average (+SD) phase plot of filtered clinical samples from uncomplicated
post-op patients on each post-op day.
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Figure 5.18: Modulus changes in regions that showed significance in filtered uncom-
plicated post-op patient samples (Average+SE).
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Differences between Unfiltered vs Filtered data

The results of the filtered and unfiltered measurements were compared against
each to other (on a day by day basis using 2-way repeated measures ANOVA)
to determine how much of a difference the removal of large elements of the
fluid such as bacteria, blood, proteins, etc. would make to the electrochemical
signature. Analysis in this section is only done with patients 13 onwards as

these were the patients with both unfiltered and filtered results.

As mentioned previously, the effect of filtering was observed to cause values
of resistance and reactance to change, particularly at low frequencies (Figure

5.10 and Figure 5.13) and was confirmed to be significantly different using

ANOVA tests.
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Figure 5.19: Regions where significant difference was found between unfiltered
and filtered results for modulus and phase results of patient samples using 2-way
repeated-measures ANOVA tests.
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Figure 5.20: Changes in phase at 1kHz as a result of filtering over time. Significant
differences occurred on Days 2 and 3. Bars are mean+SE.
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Figure 5.21: Changes in phase at 1Hz as a result of filtering over time. Significant
differences occurred on Day 4 (indicated by star). Bars are mean+SE.

187



5.6. EIS

400k

1Z| @ 0.1Hz

T Filtered | Unfiltered | Filtered |Unfiltered | Filtered | Unfiltered | Filtered | Unfiltered

Day 1 Day 2 Day 3 Day 4

Figure 5.22: Changes in modulus at 0.1Hz as a result of filtering over time. Significant
differences occurred on Days 2,3 and 4. Bars are mean+SE.

Differences were found between the unfiltered and filtered results at different
regions of phase and modulus as shown in Figure 5.19. For phase, it was
noted that a change occurred at mid frequencies (=500-10,000Hz), where an
increase in phase angle occurred, on days 2 and 3, when samples were filtered.
Changes in this range are usually attributed to differing cellular structure
interactions occurring which is not surprising seeing as the removal of cells

would cause interactions to change.

On day 4 however, the inverse occurs in low frequency regions (around 1-
7Hz). Examples of these changes can be seen in Figure 5.20 and Figure 5.21.
Modulus values were found to be significantly different at low frequencies,
with frequencies at 0.15849Hz and lower found to different on days 2, 3 and
4. At these frequencies, it was found that filtered values were higher on days
2 and 3 but the inverse happened on day 4. An example of this is shown in

Figure 5.22 at 0.1Hz. Changes at low frequencies are associated with alpha
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dispersions (i.e. interactions at cell membranes, metabolites, etc.).

5.6.2 Post-operative Conditions

Results of patients who exhibited complications after surgery are investigated

in this section. Complications of patients are listed in Table 5.2.
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Figure 5.23: Nyquist Plots of unfiltered samples from Patients 1, 5 and 12.

It can be seen in Figure 5.23 and Figure 5.24 that several of the patients who

had post-op complication had changes in their EIS signature, particularly pa-
tients 1, 12 and 19.

Patient 1, who was found to have low haemoglobin counts, exhibited notably
lower resistance and reactance values versus uncomplicated patients (Figure
5.23). The resultant bode plots found that this patient’s modulus values were
low at higher frequencies (Figure 5.25) and phase values were found to be

particularly low between 10-10,000Hz (Figure 5.26).
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Figure 5.24: Nyquist Plots of unfiltered samples from Patients 18, 19 and 21.

Patients 12 and 19 (who had similar post-operative conditions) exhibited con-
siderably higher resistance and reactance values, particularly at lower fre-
quencies, versus patients with uncomplicated course of post-op for days 1 to
3. However, differences could be seen in their bode plots. Patient 12 exhibited
higher modulus values at lower frequencies versus patient 19 and uncompli-
cated patients as well as lower phase values at approximately 100-10,000Hz.
Patient 19 on the other hand had an unusual phase plot. While most phase
plots from other patients had a peak at approximately 1-10Hz, patient 19
had something that resembled a double peak on day 4; one at approximately
200Hz and another at approximately 1Hz. It was also seen that when this day
4 sample was filtered, the peak at 1Hz disappeared. Changes in patient 19’s
results were seen more clearly when phase was normalised to day 1 results
(Figure 5.28). From this figure, it can be seen that large changes were seen at
higher frequencies which was also found with patient 12 who had changes of
about 1.4 and 1.2 on days 2 and 3 respectively (at 10° Hz unfiltered). How-

ever, Patient 19 had a substantially large drop at high frequencies on day 4.
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Other changes due to filtering were investigated but changes associated were

insignificant.
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Figure 5.25: Modulus Plots of unfiltered samples from patients 1, 12 and 19.
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Figure 5.26: Phase plots of unfiltered samples from patients 1, 12, 19 and 21
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Figure 5.27: Phase plots of filtered samples from patient 19 versus uncomplicated
cases
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Figure 5.28: Normalised phase plots for patient 19

5.6.3 Modelling

Samples were fitted using MATLAB as described in Section 3.6.3 using a Ran-
dles’ circuit using a constant phase element (CPE) to further understand what
was happening at the electrodes and in solution. An example fitting is given
in Figure 5.29 where the fitted circuit model is shown at the top of the figure.
The parallel section of the CPE and the faradaic resistance (Ry) represents
the resistance and capacitance at the electrode-electrolyte interface, and the
remaining resistor connected represents the solution resistance (R;). Further
details can be found in Section 2.4.1. The results can be seen in Figures 5.30

-5.33.
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Figure 5.29: Example of modelling patient data
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Figure 5.30: Calculated solution resistances from modelling
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Calculated solution resistances of patients were found to stay within a rela-
tively tight band with unfiltered samples having an average (mean+SD, time
not a factor) solution resistance of 426.35+57.85Q0) and 416.61+57.46Q) for fil-
tered samples. Patient 12 (who had post-operative complication) produced
higher solution values, particularly on days 2 and 3 with values of above
10002 and were considered outliers. No other trends/significant differences

could be determined.
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Figure 5.31: Calculated faradaic resistances from modelling

Larger variations were seen in faradaic resistance with range of 1.6 to 6.62MQ
with average values (+SD) of 2.24+1.66MQ for unfiltered samples and 3.19+
1.64MQ for filtered samples. No changes could be seen that were due to time,

post-operative complications or whether the samples were filtered or not.
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Figure 5.32: Calculated capacitance term of constant phase element from modelling
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Figure 5.33: Calculated phi term of constant phase element from modelling
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Capacitance and phi values were found to all be within a tight range of ap-
proximately 2-20pF and 0.64-0.76 respectively. When comparing samples with
filtered and unfiltered measurements, it was found that a significant differ-
ence occurred on day 2 (p=0.026) with a mean drop of 2.64pF when samples
were filtered indicating that a larger molecule/s (e.g. red blood cells, bac-
teria, etc.) may have been present in high enough quantities to affect the
capacitance. Another observation that was noted is that the 2 of the values
of phi were above 0.801, which was the outlier threshold. Both values were
found to be patient one’s day 3 and day 4 values who was found to have low

haemoglobin levels. No other changes were detected.

5.6.4 Timed Experiment

As seen in the previous sections, some of the changes in the electrochemi-
cal impedance signature were thought be potentially due to blood, bacteria
and/or proteins. As a result, and based on previous work in the group look-
ing at bacteria, a timed experiment was performed where samples were mea-
sured by EIS as soon as they were received from the hospital as well as 6 and

24 hours later (Section 3.5.7).

Figure 5.34 shows the 3D Nyquist plot of changes in EIS signature over time.
Patient 21 results showed particularly low resistance values on day 2 and the
initial reading on day 3. This could be seen much more clearly in the 3D bode

plots in Figure 5.35 and Figure 5.36.
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Figure 5.34: 3D Z’ vs Z” of timed experiment

Figure 5.35: 3D modulus of timed experiment
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Figure 5.36: 3D phase of timed experiment

In order to try to better observe the changes that were happening between
days, each patients’ modulus and phase data were normalised, using a method
implemented in previous biological impedance studies to identify various el-
ements in fluid such as bacteria, cells, etc., to their day 1 results (see Section
3.6.2 for further details). Results were normalised by dividing the result at

each time point by the first time point, which in this case is hour zero.

It was evident from the normalised results that large changes occurred in
patient 21, particularly on day 3. Figure 5.37 shows the normalised modulus
results where it can be seen that large changes occurred for patient 21 on
day 3 with increases of ~7-11 times higher versus the initial reading at lower
frequencies. Similar trends were seen in normalised Z’ and Z” results. Similar
increases in patient 21 (day 3) were seen in normalised phase results though

they were not to the same magnitude (Figure 5.38). The large changes in
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patient 21 could be as a result of the patient having a urinary tract infection.

Changes similar to this has been seen in previous work in the Medical Devices

group at Strathclyde that have been related to bacteria.
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Figure 5.37: Normalised modulus of timed experiment
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Figure 5.38: Normalised phase of timed experiment

EIS Summary

EIS was employed to diagnose collected patient samples. Potential interesting

trends were found including differences due to filtering as well as changes

that could be associated with post-operative conditions.

5.7 Cyclic Voltammetry

Finally, cyclic voltammetry tests were performed on both unfiltered and fil-
tered results. Cyclic voltammetry was used to try to see if there were any

redox reactions that were present in the fluid and whether they could be re-

lated to non-complicated and complicated post-op.

3 scan rates were used for the experiment: 25, 50 and 100mV/s. An ex-

201



5.8. Summary

ample cyclic voltammogram is shown in Figure 5.39. Large drops/rises at
approximately -0.8V which is most likely due to the water disassociation. No
peaks or troughs that could represent redox reactions could be determined
from any of the patients. This was expected given the complexity of the fluid
may cause masking of reactions while measurements took place which was

similarly seen during the preliminary experiments (Section 4.5.2).
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Figure 5.39: Example of patient cyclic voltammetry result (patient 17 day 1)

5.8 Summary

In this chapter, clinical samples were tested for glucose, lactate, pH and by EIS
and cyclic voltammetry techniques based on developed methods that were
tested in Chapter 4. Several interesting results were acquired including a
strong downward trend in glucose concentration as well as outlying results
that could be related to post-operative conditions. In the next chapter, results

in both Chapters 4 and 5 are discussed in detail.
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Chapter 6

Discussion and Conclusions



6.1. Introduction

6.1 Introduction

Anastomotic leakage is a devastating post-operative complication and, if not
treated early enough, can be fatal. Reports in the literature have shown that
delays in treatment increases the risk of fatality, but current methods of de-
tection are inadequate and often relies on patients exhibiting symptoms, by
which time it could be potentially too late to treat effectively. In addition to
this, anastomotic leakage has been associated with higher hospital costs, due
to longer stays and inventions required, and reduced cancer survival rates
(see Chapter 1 for more details). Overall, the effect on the patient’s quality of
life can be significant both in the short and long-term. Therefore, the aim of
this thesis was to determine a suitable method to detect anastomotic leakage
at an early stage to allow clinician to manage the complication and minimise

further issues from occurring.

In this study it was decided that monitoring changes in fluid obtained from
drains placed close to the anastomosis could potentially determine a reliable
way of diagnosing anastomotic leakage at an early stage. Several biomark-
ers were chosen to be measured in this fluid. In addition to this, a couple
of electrochemical techniques were also chosen to garner further information
about the fluid. Methodologies were developed in Chapter 3 (for which the
background theory is explained in Chapter 2), tested in Chapter 4 and were
then used to measure the chosen parameters in patient samples in Chapter
5. While there was one patient who did exhibit anastomotic leakage, little
information was gained as the drain was removed after the first post-op day.
Other information was gathered on patients who had uncomplicated post-op

courses as well as a few others who had other postoperative conditions (see
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Table 5.2) which may prove useful in further studies in the area. Therefore in
this chapter, the results obtained and presented in Chapters 4 and 5 are dis-
cussed. The usefulness of biomarkers and techniques used will be evaluated,

conclusions drawn, and from this, future lines of enquiry will be suggested.

6.2 Ischaemic Markers

As mentioned in Chapter 1, ischaemia is a commonly cited as a major rea-
son for anastomotic leakage. It would be expected that (in any case) tissues
damaged at the anastomotic site, due to the trauma of surgery, would exhibit
some level of hypoxia triggering healing processes. As damage tissues heal,
it would be expected that effects due to ischaemia become less pronounced,

with tissues ceasing to be hypoxic (Thompson et al. 2006, Bosmans et al. 2015).

While the whole process of anastomotic leakage is not fully understood, it
is thought that tissues at the site of the anastomosis do not heal correctly,
meaning that the effects of ischaemia (i.e. the release/production of certain
molecules) would have a differing profile compared to a patient who under-
goes an uncomplicated post-op recovery (Hallb6ok et al. 1996, Boyle et al.
2000). Therefore, it was decided that looking at several of these markers (glu-
cose, lactate and pH) may give some insight into the anastomotic healing
process as well as help identify patients with other post-operative complica-

tions.

6.2.1 Lactate

Lactate is a major biochemical marker that is produced in response to is-

chemia and tissue injury, where a reduced blood supply to the tissues (and
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therefore lack of oxygen) causes cells to switch from aerobic to anaerobic res-
piration, from which lactate is produced and accumulates. In addition to this
effect, levels of lactate are further elevated due to rapidly proliferating cells
exhibiting ‘aerobic glycolysis’, as well as being a by-product from leucocytes
that are combatting bacterial species which occurs after colorectal surgery due
to release of bacteria that is present in the colon (Stavrou & Kotzampassi 2017,

Matthiessen et al. 2007).

A rise in lactate levels at healing sites is considered to be an important fac-
tor as it stimulates several important molecules/factors that are required
for wound healing (Heiden et al. 2009, Porporato et al. 2012, Ryoo & Kim
2018). Therefore, it was thought important to monitor its levels over the post-
operative period to understand how it changes in the healing process with
regards to colorectal resection and how it may deviate in post-operative com-

plications such as anastomotic leakage.

Initial Testing

Initially, a methodology was developed to measure the levels of lactate based
on a commercially available kit (Section 3.3). The kit measures lactate levels
using colorimetric methods where reactions with lactate oxidase, and con-
sequently with hydrogen peroxide, produce a colour change for which the
measured absorbance at a particular frequency (540nm in this case) is pro-

portional to the concentration of lactate (more details are found in section

2.5).

As it was expected that low volumes of the drain fluid from patients would be
received (potentially <2mlL), the kit was adapted to accommodate for these

volumes. To test the initial methodology and characterise the assay, calibra-
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tion curves were produced from a range of 0-30mM using the methodology
described in Section 3.3. The upper range of 30mM was chosen as it was ex-
pected that the linearity of the kit would cease at about 20-25mM and measur-
ing up to 30mM would allow for observation of non-linearity and therefore,

the limit of the kit.

From the results seen in Figure 4.1, a good linear region occurred up to 20mM
after which, at 25 and 30mM, the standard deviation of the assay increased
substantially from 0.081 at 20mM to 0.2906 and 0.1515 at 25 and 30mM respec-
tively, meaning that the precision of assay at these ranges was reduced. As a
result, 20mM was chosen to be the upper limit of the assay. The observation
that a good linear region occurred between 0-20mM was supported using re-
gression analysis where an R? value of approximately 0.997, indicating a very
strong trend for which almost all the variations in results could be accounted
by the line of best fit. In addition, a limit of detection was established at

3.24pM.

While it was expected that lactate levels would typically fall below 20mM
based on previous literature that has quoted values up to approx. 15mM
(Trabold et al. 2003, Porporato et al. 2012), there was the possibility that some
of the values may measure higher than this. This has been indicated by a
study by Wright (2019), who found lactate levels in drain fluid could exceed
25mM in some patients. Therefore, it was decided for use in clinical samples,
samples would be diluted and then measured concentration be multiplied up
to take into account the level of dilution. It was found later that some of the

concentrations measured from patient samples were higher than 40mM.

The assay was also checked against an industrially produced standard (Figure

4.2) and was found to have no significant difference between the standard and
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the calibration fit when a one-sample t-test was applied indicating that the
adapted assay was as accurate as a known industrially-made standard (see

Section 2.5.1 for further explanation).

Overall, a lactate assay was developed for use with small volumes of patient

samples and was successfully characterised for use in clinical samples.

Clinical Results

After characterising the assay, the next step was to measure patient samples
with the developed assay. Patient samples were transported from the hospital
to the lab at the university using approved UN3373 packaging as described
in Section 3.2.8. The methodology for measuring lactate in clinical samples is

found in Section 3.3.3 for which the results are presented in Section 5.3.

When no damage to tissues has occurred (i.e. no surgical trauma, etc.), lactate
levels are expected to be low, with the concentration in peritoneal fluid typ-
ically between 0.5-2.5mM (Porporato et al. 2012, Heiden et al. 2009, Trabold
et al. 2003, Verma et al. 2014, Pucino et al. 2017). From results presented in
Section 5.3, it was found that the lactate concentrations in drain fluid were
substantially higher that the norm during the post-op recovery period with
day one levels being at their peak, with an average concentration of 17.06mM

(Figure 5.1).

This initial high level of lactate concentration was expected as (mentioned
previously); firstly, tissue damage, due to the invasiveness of surgery, causes
tissues, which are lacking oxygen, to respire anaerobically which as a con-
sequence produce lactate; secondly, tissues during the healing process have
been found to exhibit “aerobic glycolysis” when rapidly proliferating, which

produces lactate; lastly, lactate is produced when leucocytes are combatting
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bacterial species which would likely have been released from the colon during
surgery (Porporato et al. 2012, Hunt et al. 2007, Britland et al. 2012). All of
these factors would contribute to the accumulation of lactate in the peritoneal

fluid.

While elevated levels of lactate were expected during the initial post-op pe-
riod, some of the values garnered from testing were surprisingly high when
compared to previous studies. Levels of lactate in wounds and peritoneal
fluid when abdominal surgery occurred have been reported to be up to 12-15
mM before a drop (Trabold et al. 2003, Porporato et al. 2012) and while many
patients were around these values, some patients were notably higher with
seven patients being above 20mM at some point during the post-operative
period. Previous papers that looked at anastomotic leakage specifically, such
as published by Pedersen et al. (2009) and Daams et al. (2014), reported much
lower levels of lactate in patients without complications with Pedersen report-
ing a range of 0-6.6mM and Daams finding an average of 3.2mM. Though, a
study by Wright (2019) also found high levels (>25mM) in a few patients
which included patients who did not exhibit any post-operative complica-

tions.

Variations between lactate levels found in this thesis and previously published
papers looking at anastomotic leakage could be due to measurement tech-
niques. In this thesis, unlike previous studies, has been measured directly us-
ing colorimetric techniques. The aforementioned papers mentioned used mi-
crodialysis techniques which involves the use of semi-permeable tubes placed
near the site of interest. Tubes have a fluid which is pumped through at a
known rate and analytes passively diffuse into this fluid through the mem-

brane which can be analysed using various techniques. However, in this the-
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sis, measurements were performed directly on fluid taken from drains placed
near the anastomotic site. While microdialysis tubes can be used to measure
the quantity and distribution of analytes, a major drawback to that they often
give a fraction of the actual concentration of the environment they are mea-
suring. This is due to the fact that the flow rates used for the removal of an
analyte is quicker than the replenishment of the analyte at the microdialy-
sis surface (>0.1pL/min) (Chefer et al. 2009, Shippenberg & Thompson 1997,

Turkina et al. 2017) and could explain the difference in levels found.

Another reason could be attributed to the timing of testing. In this thesis,
samples had to be transported from the hospital to the University for testing.
The time taken for transport is approximately (on average) 30 mins. During
this time, there is the possibility that items in the fluid, such as bacterial
metabolism may be increasing the levels of lactate during the transport period
(Wright 2019, Jurtshuk 1996). In order to check that this is an issue or not,

future testing should look at the effect of testing with respect to time.

Large variations were noticed between patients with standard deviations rang-
ing from 6.85 to 9mM depending on the day. This could be as a result of
patient factors, which have been shown to affect the healing process. For ex-
ample, there was a relatively large age range of patients in the study (48-78).
It is known that older patients (=>60) have been found to have delayed or
altered wound healing. Therefore, it could be that varying lactate levels be-
tween patients over the initial post-op period could be due to the fact they are
healing at differing rates, affecting the lactate levels. Other factors that have
been found to affect the wound healing process include (but are not limited
to) stress, depression, smoking, alcoholism and obesity (Guo & DiPietro 2010,

Gouin & Kiecolt-Glaser 2011, McDaniel & Browning 2014) for which some of
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the patients in this study had. This could be confirmed with a larger study
where non-parametric tests such as Principal Component Analysis (PCA) can

be used.

Another trend that was noted and expected was that lactate levels from pa-
tients were found to drop over time (see Figure 5.1). The reduction (after the
initial increase) in lactate over time can similarly be attributed to the healing
process, where angiogenesis provides blood supply to the surgical site result-
ing in restoration of normal oxygen levels in the tissue, allowing for aerobic
respiration to occur. In addition, a reduction of proliferating cells would also
start occurring, resulting in reduced aerobic glycolysis and therefore lower
amounts of lactate being produced. Lactate present in the peritoneum is ei-
ther drained away or converted to other molecules (e.g. oxaloacetate) causing

a consequential decrease in its concentration (Ryoo & Kim 2018).

When an outlier test was implemented (as stated in Section 3.6.1), it was
found that two of the patients tested had values that were highly dissimilar
to the others; patients 6 and 12. Patient 6 had an increase on day 2 that was
considered an outlier. Though this patient did not have any known post-
operative conditions, they did however have chronic obstructive pulmonary
disease (COPD), which has been associated with higher lactate levels versus a
healthy subject (Engelen et al. 1995, Durmus et al. 2018) and could explain this
anomaly. Another patient also had COPD (Patient 3) but only one sample was
taken on post-op day 1 so it was not possible if the same increase occurred in

this patient.

Patient 12 had lactate levels that were considered outliers for all the days mea-
sured. This could be because the patient had post-operative complications

(lower respiratory tract infection and ileus). How this patient got an infection
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could be due bacteria, if released due to surgery and was not taken up by the
lymphatic system, ending up in the vicinity of the diaphragm due to convec-
tive forces in the peritoneum (DiZerega & Rodgers 1992). Bacteria causing
the infection could be producing lactate, as well the lactate produced by leu-
cocytes as a result of combatting infections, in addition to healing processes
that produce lactate (Porporato et al. 2012, Hunt et al. 2007, Sun et al. 2017).
However, it should be noted that patient 19 also experienced the same post-
op complications as patient 12 but, after an initial high (but not considered
outlier) lactate concentration on day one, their levels dropped substantially,
whereas patient 12 was consistently high. This could be due to numerous
reasons such as the vector of infection (differing bacteria species, etc.), the
type of lower respiratory infection, etc. or either patient could be anomalous.
More patients with these morbidities would be required to understand this

more, as well as microbiology studies of patient samples.

Patient 12 indicates a potential issue with measuring lactate for use in detec-
tion of anastomotic leakage. Here, patient 12 had elevated lactate levels due
to an infection and/or an ileus. If future work finds that anastomotic leakage
also increases lactate levels, it should be checked that the increases can be
differentiated from increases due to other conditions. Whether this is done
by looking at solely at lactate levels, or in conjunction with other results (e.g.

glucose results) would need to be determined.

It was initially observed with the first few patients that higher levels of blood
contamination were found in samples than expected. To check that this was
not affecting the overall lactate measurement, samples were also filtered from
patient 13 using a 0.22uM syringe filter and compared to unfiltered results.

The use of this size of filter results in removal of red blood cells (which are
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usually 7-8uM) as well as bacteria and other large elements but does not in-
hibit the movement of lactate or glucose through the filter (Bruil et al. 1995,
Chen et al. 2016). No significant differences were found between the filtered
and unfiltered results indicating that red blood cells (or any other large com-

ponents) were not affecting lactate absorbance values.

One way to make it easier to compare patients and determine trends is to
normalise the data versus a reference. For lactate assay results, the data was
normalised to the patient’s day 1 result as described in Section 3.6.2, for which
the results are shown in Figure 5.2. When a curve was fitted to normalised
data, it yielded a polynomial fitting (order of 2) which had a particularly
low R? value (0.145). This low R? value indicates a weak/no trend, likely
due to the fact that the high levels of variation between patients” lactate level.
Due to this lack of fitting/inability to determine a trend, the use of lactate
to determine post-operative conditions such as anastomotic leakage may be
severely diminished as it would be substantially more difficult to determine

differences between non-complicated and complicated post-op patients.

Summary

A methodology was developed, tested and used to test lactate levels in peri-
toneal drain fluid. A weak trend was found where lactate levels dropped over
time during the post-op period. Though there were a couple patients with
outlying results that could be related to their pre/post — operative conditions,
larger studies are required to confirm these trends. As no data was gained
with regards to anastomotic leakage was gained, it is difficult to say whether
monitoring this marker would be useful, but due to lack of trends and large

variations between patients over time, it seems unlikely to be a useful marker.
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6.2.2 Glucose

In aerobic respiration, glucose is converted into pyruvate and produces large
amounts of ATP which provides energy for normal physiological processes.
However, when cells are lacking oxygen and or damaged, anaerobic res-
piration occurs instead, where glucose is converted into lactate with lower
amounts of ATP being produced (Matthiessen et al. 2007, Muller et al. 2012).
Therefore, monitoring of this molecule was thought to be important as a way
of understanding how it behaves during the healing period and if it alters

with respect to anastomotic leakage (see Section 1.5.1).

Initial Testing

Akin to the lactate assay, a methodology was developed for testing glucose
concentrations using a commercially available kit that used colorimetric means
to measure glucose, which reacts with enzyme glucose oxidase, for which one
of the products is hydrogen peroxide that then undergoes another reaction to
produce a colour change which can be measured and related to concentration

to glucose (see Section 2.5 for more details).

Similarly, to the lactate assay, the kit had to be adapted for use for small vol-
umes that could be received from patients. To characterise the glucose assay
with the proposed smaller volumes to be used, the assay methodology was
tested between 0-30mM concentrations of glucose, using the methodology de-
scribed in Section 3.3, to determine a linear region for which the assay could
be used. The upper range of 30mM was used as it was expected the assay
would lose linearity at approximately 20-25mM, for which going past this
range would allow observation of the loss of linearity. The results of this are

presented in Section 4.3.
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From Figure 4.3, it was observed that between 25-30mM, the gradient of the
graph changes versus the gradient seen between 0-25mM. In addition, at
30mM, the precision of the assay is seen to reduce as indicated by the standard
deviation of 0.0534, which is approximately double the standard deviation at
25mM (0.0237). Due to these reasons, it was decided that the upper limit of
the assay was 25mM. When line fitting was performed between 0-25mM (as
shown by the red line in Figure 4.3), an R? value of 0.993 was found which
indicates a strong fit where almost all the data points could be accounted for
by the line of fit. The glucose results to be gained from clinical samples were
expected to within this range based on previous literature such as by Daams
et al. (2014) who found glucose levels at approximately 8mM. However, there
was the possibility that values could result higher than this 25mM limit so,
as a precaution, it was decided that samples would be diluted and the values
multiplied up to reflect the dilution. It was found later that some of the glu-
cose values garnered from patients were higher than 25mM with the highest

measurement found at approximately 35mM.

As a way to determine accuracy, the assay was also used to determine the
concentration of an industrially produced reference to measure its accuracy
versus a known standard. The standard was labelled at being at a concentra-
tion of 5.56mM. Looking at Figure 4.4, the assay found the concentration of
reference to be of a similar value. To ensure this, a one sample t-test was per-
formed and found no significant difference between the measurements and

the reference value indicating the assay could be considered accurate.

Overall, based on evaluating the parameters of linearity, range, accuracy, pre-
cision, etc. it was thought that use of this glucose assay (between 0-25mM)

would be suitable for use in clinical samples to be received from the hospital.
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Clinical Results

The protocol developed and characterised in Section 4.3 was then used on
clinical samples that was transported to the university using approved bio-
logical packaging and tested as described in Sections 3.2.8 and 3.3.3 for which

the results are presented in Section 5.4.

Initial results found that glucose levels were at a peak at shortly after post-op
with a high on day one of approximately 9.75mM as shown in Figure 5.3. The
initial peak found could be related to the stress-response due to the trauma
of surgery. Due to the shock of surgery, the nervous system triggers a host of
mechanisms that leads to the production of several types of hormones being
released. This includes cortisol and growth hormone, which cause increased
levels of glucose to be produced, as well as catecholamines to be produced
which, in addition to increasing glucose level, also inhibits insulin secretion
(Duggan et al. 2017, Finnerty et al. 2013, Butler et al. 2005). After this initial
peak on day 1, it can be seen that levels in glucose dropped over time with
an average glucose concentration of 2.17mM on day 4 which can be attributed
to the reduction of the nervous system response to the trauma of surgery

resulting in less glucose being produced.

Pedersen et al. (2009) found glucose levels to be 8mM (on average) when ini-
tial measurements were made. This value is similar to the average value in
this study of 9.75mM on day 1 though several patients were substantially
higher than this with 5 patients being approximately 15-20mM on day 1.
However, the profile of glucose over time is somewhat different between what
was found in Pedersen et al. paper and this thesis. Pedersen et al. found that

glucose levels dropped slightly over time to 7mM (on average) and dropped
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further in patients with anastomotic leakage, whereas in this thesis, levels
drop more considerably, with an average glucose concentration of 2.17mM on
day 4 being found. It should be noted only 2 patients had anastomotic leakage
in this study. Matthiessen et al. (2007) also found similar results to Pedersen
et al. with a similar glucose concentration throughout the time period (6 days)
of 7mM but in leakage patients, the level dropped on day 5 and 6 to 4mM.
However, Daams et al. (2014), found glucose levels stayed at a constant level
regardless. Differences could be associated to the measuring technique used
in these papers versus what was used in this experiment. In this experiment,
measurements were done directly on drain samples whereas in all the papers
mentioned here, microdialysis tubes were used. As mentioned as a poten-
tial problem in lactate measurements as well, microdialysis techniques often
measure lower concentrations versus the environment they are in due to fact
that the flow rate is set such that not enough of the analyte is taken up by the
dialysate fluid (Chefer et al. 2009, Shippenberg & Thompson 1997, Turkina
et al. 2017). Another problem that should be noted in this experiment that
might cause a difference compared to previous studies is that measurements
were taken after a period of time due to transport of material from the hos-
pital to the university and, therefore it is plausible that levels of glucose may
have changes due to cellular/bacterial/etc. processes. A future experiment
should be conducted to see if this occurs and if so, how much of a difference

it makes to the overall result.

Results were normalised to allow for comparison between patients and to
determine any trend. This was done by dividing the patient’s results by their
day one value (see Section 3.6.2 for further details) for which the results are

presented in Figure 5.4. It could be seen there was a linear downward trend in
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glucose concentration and when a linear trendline was fitted (as represented
by a red line in the figure), the R? value was found to be 0.5787, indicating a

moderately strong trend between glucose concentration and time.

However, it was observed that the levels of blood, particularly on day 1,
seemed to be high. Red blood cells have been known to affect the measured
glucose concentrations with many studies investigating blood glucose mea-
surement finding differences between measuring glucose in whole blood and
in plasma which is attributed to the differing water content levels between
red blood cells and plasma (Kim 2016, Sidebottom et al. 1982, Carstensen

et al. 2008).

To check whether this was affecting results, samples from patient 13 onwards
were also measured after being put through a 0.22um filter, as described in
Section 3.5.7, which would remove intact red blood cells, as well as bacteria
and proteins (Bruil et al. 1995, Chen et al. 2016). Using a paired t-test, it was
found that a significant difference occurred between the 2 sets of samples
on day 1 (p=0.045) with a mean reduction of 4.06mM in measured glucose
concentration when samples were filtered. This is thought to be due to the
red blood cells observed at higher levels on day one. In order to confirm this
suspicion, future tests should also record the levels of red blood cells in the
samples and compare results between unfiltered and filtered with respect to
this additional parameter. If this it is the case that red blood cells do cause
the disparity between filtered and unfiltered measurements, it may be the case
that a relationship can be determined between unfiltered and filtered results,
such as in blood glucose measurements where there is a normally an 11%
difference between whole blood and serum measurements (Kim 2016). Other

days were found to be not significantly different which can be explained by
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previous studies which have found blood in the peritoneal cavity is removed
quickly, either by being taken up by the lymphatic system (mostly red blood
cell through this route) or through blood capillaries (DiZerega & Rodgers
1992, Mengert et al. 1951).

While there was a slight difference between filtered and unfiltered results,
the overall trend over time remained the same (i.e. a drop in glucose over
time). When the same normalisation was applied to filtered results in a similar
manner to results gained with unfiltered samples, it was observed that the
change over time followed a power law relationship. When a power law
line was fitted, it was found that the R? value was approximately 0.82, a
high value indicating a strong trend which was also higher than the value
found the linear trend found in unfiltered samples. The use of a power law
relationship seemed appropriate as it was expected glucose levels would be
at their highest immediately after surgery due to the aforementioned trauma
causing an immediate increase in glucose. As the surgical trauma is stopped,
the glucose levels would drop quickly over the post-op period to a plateau

value (Duggan et al. 2017, Finnerty et al. 2013, Butler et al. 2005).

The strong trend found here could be useful as it could help determine post-
operative complication if a patient’s glucose level do not follow this trend. In

this study, several patients had outlying results: patients 8, 12 and 15.

Patient 12 had high levels of glucose of which days 2 and 3 were considered
outliers based on the equation shown in section 3.6.1 (patient also had high
levels of lactate on the same days). This patient was found to have a lower res-
piratory tract infection and an ileus. This increase in glucose is could be due
to the fact the presence of infection triggers an inflammatory response/stress

response. Infection causes the release of growth hormone, cortisol and inflam-
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matory cytokines which as a result, has been found to inhibit insulin and/or
increase glucose levels (Jeon et al. 2008, Rayfield et al. 1982). It should be
noted however, that patient 19 was found to have similar postoperative con-
ditions and did not exhibit the high levels of glucose found with patient 12,
meaning either patient could be anomalous and more patients with similar
conditions would need to be tested to determine if there is any utility to this.
Further larger studies with these conditions would need to be performed to

determine any trends.

Patient 8 was found to have a high level of glucose on day 2 that was con-
sidered anomalous. Though this patient did not have any post-operative con-
ditions, they did have Stage 3 chronic kidney disease for which, there is ev-
idence that glucose metabolism is commonly compromised due to insulin
resistance (de Boer 2008, Siew & Ikizler 2008). While not necessarily diagnos-
ing any post-operative conditions, it could be seen that monitoring glucose
can be a useful tool, particularly when there is evidence to show high levels
of glucose can cause issues with healing by interfering with growth factors,
cytokines, etc. In addition, high levels of glucose can provide a medium for
bacteria to proliferate (Cuomo et al. 2019, Patel 2008). Control of glucose
levels is therefore important during the post-op period to allow healing to oc-
cur and prevent conditions such as anastomotic leakage from occurring and

therefore real-time monitoring of this parameter is important.

Patient 15 exhibited an unusual rise in glucose levels on day 4 and 5, where
on Figure 5.3, an increase of 7-8mM occurs. This is a very unusual increase
and was considered anomalous. There could be several reasons for this. The
first could be that this could coincide with when the patient switched to solid

foods. Many of the patients are seen to have a slight increase/plateau in glu-
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cose measurements which could be associated with this switch. Patient 15 po-
tentially could have a much more notable peak versus other patients. Another
reason could be that a minor event occurred, such as a minor asymptomatic
anastomotic leak, which resolved itself and no adverse problems were noted
by the patient or clinicians. Proving this in future work maybe challenging
however as it may require the use of a CT scan when a similar event occurs,
which could be hard to justify, particularly when the risks of CT scan are

considered.

Summary

An assay was developed, tested and used to measure glucose peritoneal drain
concentrations. Glucose levels peaked on day 1 after post-op which then
dropped over time for which, a strong trend was found. It was found that
there was a difference in glucose levels when samples were filtered prior to
testing on day 1 samples, most likely due to higher levels of blood contam-
ination. Larger studies are required to confirm the trends found as well as
to see if any post-operative conditions could be linked to outlying glucose
measurements as shown by patients 8, 12 and 15. No information was gained
with glucose trends with regards to anastomotic leakage so it was difficult to
tell whether this marker can be used for diagnosis but maybe worth further
exploring to see whether differences can be found between patients with and

without leakage in a similar vain to outlying patients found in this study.

6.2.3 pH

Another outcome of ischaemia is a reduction in pH due to the consequences

of anaerobic respiration, such as lactate production. This drop in extracellular
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pH has been found to be an important factor in healing of tissues, particu-
larly in literature with regards to skin wound healing, for which healing of
colorectal tissue is thought to be analogous to (see Section 1.4.2). Lower pH
values (neutral/acidic) have been found to be associated with reduced risk of
chronic wound due to enhancing the inflammatory response. In addition, the
reduction of pH is also associated with reduced infections as bacteria cannot
effectively colonise the wound. However, prolonged reduction of pH may
cause more harm than good with evidence to show that molecules such as
neutrophils exhibiting an amplified and sustained response which can neg-
atively affect growth factors and can cause degradation of the extracellular
matrix leading to chronic wounds (Schneider et al. 2007, Jones et al. 2015,

Millan et al. 2006, Nagoba et al. 2015).

The pH within the large intestine varies depending on location with the lowest
pH normally found at the caecum, with a pH of about 6.4, that rises gradually
across the large intestine to about 7.5 at the rectum (Nugent et al. 2001, Evans
et al. 1988). The pH of peritoneal fluid is approximately 7.5-8 (DiZerega &
Rodgers 1992) so it could be plausible that leakage from the colon could also

contribute the lowering of pH levels in drain fluid that could be detected.

It was therefore decided, it may be worth looking at pH due to the aforemen-
tioned reasons to see if any trends could be associated to post-operative leak-
age. pH was measured using a standard glass pH probe using the method-
ology described in Section 3.4.2 (theory of pH measurement can be found in
section 2.4.3). Looking at the results presented in Section 5.5, no discernible
trend could be established from either unfiltered or filtered results which was
not expected due to the reasons mentioned above (reduced pH to aid in heal-

ing before recovering to normal levels in uncomplicated cases) and based from
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the limited literature and data that had looked into pH due to anastomotic
leakage. In addition, a large range of values were found which has not been

indicated by previous studies (see Section 5.5).

Little literature exists on measuring the pH as a diagnostic tool for anasto-
motic leakage. Yang et al. (2013) found, when measuring drain fluid in patient
after rectal surgery, that a significant drop on pH on day 3 was associated with
anastomotic leakage and proposed a threshold of 6.978 on day 3 to determine
whether a patient was going to have an anastomotic leakage which was de-
termined to have a high sensitivity (98.7%) and specificity (94.7%). However,
in the paper, Yang et al. (2013) provided very little information with regards
to pH and anastomotic leakage with only mean values being provided (errors
bars are provided but it is unclear whether this is standard deviation, stan-
dard error or something else). In this study, more information was gained
such as the range of measurements, which were seen to been large during
the post-op period. The large range of values found may dispute whether
the high levels sensitivity and specificity found by Yang et al. (2013). Simi-
lar results were found by Millan et al. (2006), using balloon tonometry, who
claimed that there was an increased risk if the pH within the colon near the

surgical site was below 7.28.

In this study, a couple of patients were found to be below both thresholds that
were determined by Millan et al. (2006) and Yang et al. (2013). Patient 17 who
had the lowest pH value on day 3 of 6.7 was found to have no complications
after surgery. The other patient who also was below this threshold was pa-
tient 1 who had post-op complications of having low haemoglobin levels. This
does make some sense as with reduced haemoglobin levels, less carbon diox-

ide (being produced due to respiration) is being removed. Increased carbon
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dioxide results in reduced pH (Arthurs & Sudhakar 2005). This highlights
the fact that while anastomotic leakage may cause a drop in pH, other com-
plications could also cause this drop and care must be taken when analysing

results.

In this thesis, no changes/trends in pH could be determined. pH of the
peritoneal fluid may have dropped versus the patients normal pH. The way
to test this would be to acquire peritoneal fluid from the patient prior to

surgery but there are ethical issues with this approach.

An observation that was made with the first several samples was the high
levels of blood contamination that was present in day 1 samples. As a check,
some of the later fluid collected from patient 13 onwards were filtered and
also measured using the glass pH probe. It was found when stats tests were
performed that there was a significant difference between filtered and unfil-
tered day 1 samples with a mean decrease of 0.133 in pH when samples are
filtered. There are a couple of reasons for this occurring: first, blood has a pH
of approximately of 7.4 (Aoi & Marunaka 2014) which is lower than that of
peritoneal fluid. Due to the high levels of blood contamination observed in
these day 1 samples, it could be possible that enough blood is present to bring
the overall pH down. A second possibility is potentially there is a higher pres-
ence of blood, bacteria, etc. in these day 1 samples undergoing processes (e.g.
anaerobic respiration, etc.) that causes the pH to drop during the transport
of samples from the hospital to the university. In order to understand better
what is occurring to cause the drop in pH, a more detailed look at the micro-
biology is most likely required and potentially an experiment looking at the

effect of time on the sample is needed.

Based on these results, it would seem that pH would have a low utility for
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determining anastomotic leakage or other post-op conditions, though a larger
study would be needed to confirm this. Though pH measurements in this
experiment did not yield any trends in terms of diagnosing anastomotic leak-
age or other post-operative condition, a potential alternative that could yield
more success is measuring the pH both intraluminal and extraluminal (or
drain fluid) of the anastomotic site. Anastomotic leakage could be confirmed

if the pH of both measurements are similar to each other.

6.3 Electrochemical Testing

6.3.1 EIS

Electrochemical Impedance Spectroscopy (EIS) is a well-known technique used
to diagnose systems. This is done by inputting a potential perturbation to
the system and measuring its impedance response over a range of frequen-
cies. Several biological phenomena have been found previously with alpha,
beta and gamma dispersions being characterised and related to characteristics
such as permanent dipoles, etc. Several studies have investigated looking at
identifying and characterising various components of biological fluids such as
identifying differing types of bacteria, looking at metabolites, distinguishing
between cancerous and non-cancerous tissue, etc. Therefore, EIS was used in
this thesis to understand and to investigate peritoneal fluid and to see if any
trends could be identified that could be related to components of the fluid
and if that could be related to post-operative complications after colorectal

resection.
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Preliminary Experiments

Initial Testing with Solution A

Initial tests of the proposed methodology were performed with Solution A, a
simulated wound fluid exudate, to test the initial methodology would work
with low volumes (0.5, 1 and 2mL) that maybe received from the hospital (see

Section 3.5.5).

It was clear to see from Figures 4.5, 4.6 and 4.7 that changes in volume re-
sulted in changes in resistance, reactance, magnitude and phase values. More
specifically, reduction in volume resulted in higher resistance, reactance and
modulus values. In addition, phase values were higher with lower volumes
low (<10Hz) and lower at higher frequencies (>10Hz). The results from this
were expected due to the fact that the change in volume would result in
changing contact areas which would affect the current and highlighted the
need for a fixed contact area. As it was thought that samples from patients
would be low, it was decided that using a volume of 500pL would be adequate

for the technique.

Testing of a More Representative Drain Model Fluid

While Solution A was a good starting point to test methodologies, its main
disadvantage in this case is that it does not represent the complexity of the
fluid to be collected from patients and therefore the results gained in the
previous experiment may not be representative. To try to understand the
electrochemical behaviour that maybe determined from patient samples an
artificial peritoneal exudate (APE) was created which had several of the ions at
appropriate concentrations. This was based on a paper by Kelton et al. (1978)

which provided the concentration of various items found in human peritoneal
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fluid samples (See Section 3.2.2). It was expected that blood contamination
and/or bacteria may be the main elements that change the results in patient
fluid. As a result, this artificial fluid was then spiked with horse blood and/or
bacteria to further simulate what could happen due to surgical trauma and/or
leakage of colon contents to see if it was possible to attribute changes in results

to these components. This was performed as described in Section 3.5.6.

From Figures 4.8, 4.10 and 4.11, it was observed that the addition of vari-
ous components to the simulated fluid caused changes to the results gained
through EIS testing in resistance, reactance, modulus and phase values. This
was further reinforced when ANOVA analysis found differences in various
frequencies between the variously spiked fluids in all the plots as shown in
Figures 4.9 and 4.12. For example, changes between APE and APE with PA
could be found by observing the resistance at frequencies higher than 20Hz
whereas changes between APE and APE with E.coli could be observed by

looking at resistances below 20Hz.

For EIS to be a useful method of post-operative monitoring, it should be able
to distinguish between various components of the fluid. Here it could be seen
that distinctions could be made between variously spiked samples at multiple
frequencies. This indicates that potentially for clinical samples that monitor-
ing changes at frequencies could be related to an item in sample that in turn
could aid in diagnosing anastomotic leakage or other post-operative condi-
tions. However, due to the multiple regions where changes can be observed,
it may be best to try to find a single or narrowband of frequencies that is
related to a component of the fluid or reduce the amount and time required

to perform the analysis. One way of doing this is to normalise the results.
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Normalisation of Artificial Peritoneal Exudate

One of method that has been used to distinguish between elements in a test
sample is the use of normalisation, where results are standardised against a
reference. In this case, using a patented technique, data gained from patients
were normalised against their day one result at each frequency tested for the

EIS measurements (see Section 3.6.2 for further details).

It could be seen in the resultant modulus and phase plots (Figure 4.13 and
4.14) that it was easier to spot changes that were occurring that could be at-
tributed to how the fluid was spiked. For example, the addition of E.coli to
the artificial exudate caused a peak change in modulus change at low frequen-
cies (<1Hz) and a peak change in phase at approximately 400Hz. Whereas,
the addition of blood caused a peak modulus change at approximately 100Hz.
These results gave an indication that it may be possible to monitor specific fre-
quencies to distinguish between components but would also allow a method
to reduce the amount of data/work required for future analysis in a potential

device.

Modelling of Artificial Peritoneal Exudate

Results from EIS measurements can be used to fit equivalent circuits. This
circuit can be used to model various aspects of the fluid and set-up, e.g. elec-
trodes (see section 2.4.1). In this experiment, it was found that the resultant
EIS signatures could be modelled like a modified Randles circuit with a Con-
stant Phase Element (CPE) instead of a capacitor as shown on the top of Figure

4.15.

The need to replace capacitor with a CPE was not surprising as it has been

found in previous literature that solid electrodes, like the platinum wires used
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in this experiment, have been shown to cause frequency-dependant disper-

sions (Lasia 2014).

From the model that was approximated, the following parameters are given
and displayed in Table 6.1: Solution resistance, faradaic resistance and the
capacitive and phi term of the CPE (see section 2.4.1 for further information

about the mathematical model of the Randles circuit with CPE).

Table 6.1: Calculated parameter values of spiked solutions (mean+SD)

Mean Solution Mean Faradaic Capacitance

Resistance/()  Resistance/M() /nF Phi
APE 533.32 + 98.43 10.69 + 20.24 6.01 +1.23 0.72 + 0.04
APE+HB 675.44 + 110.67  40.26 + 10.23 449 +0.89 0.66 = 0.01
APE+E.Coli 526.67 = 113.09  10.53 = 10.47 428 £2.63 0.76 + 0.05
APE+P.Aeruginosa 548.46 + 93.08 3.63 £2.94 715+£291 0.77 + 0.04
APE+HB+E.Coli 74692 +91.67  10.59 + 10.21 449 +£194 0.75 £ 0.06

APE+HB+P.Aeruginosa 720.51 + 66.61 7.79 £ 6.40 6.51 +£239 0.78 +0.04

Solution resistance could be seen to particularly change with respect to the
addition of blood at first glance (Figure 4.16) where increases could be seen. It
was found that significant differences were found in between APE+HB+E.coli
versus unspiked APE and APE+E.coli. A similar trend was seen with PA but
was not considered significant. Why the addition E.Coli and blood caused a
significant increase in solution resistance could be as a result of interactions
that occur between blood (particularly platelets) and E.coli (Fejes et al. 2018,
Matus et al. 2017).

Faradaic resistance was found to drop substantially with the addition of
P.aeruginosa (PA) and increase with the addition of blood. Significant dif-
ferences were found between APE+HB vs APE+PA and APE+HB+PA. The

capacitance term of the CPE was found to be similar between all the sam-
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ples but the phi value of the CPE was found to decrease with the addition
of blood and increase with PA. Significant differences were found, similar to
what was found in faradaic resistance, between APE+HB versus APE+PA and
APE+PA+HB. The phi term represents how much of a deviation the compo-
nent is from a purely capacitive component where 1 equals a purely capacitive

component and 0 equals a purely resistive component.

The drop in faradaic resistance and increase in the phi term of the CPE with
the addition of PA could be explained by the fact PA is able to affect electron
transfer through metabolites it produces such as phenazine-1-carboxylic acid
and pyocyanin which can act as electron mediators (Ali et al. 2017, Bosire
et al. 2016). By being able to improve electron transfer at the interface be-
tween solution and electrode, PA is able to reduce the faradaic resistance and
increase phi. This also indicates in turn that blood must inhibit electron flow
and thus increases the faradaic resistance and causes the CPE to act more as
a resistor which may be due to the fact that cells in blood tend to adsorb onto
the surface of materials (Gingell & Fornes 1976, Khubutiya et al. 2010, Vogler
2012).

Previous studies that have investigated other bodily fluids have found some
values to be of similar magnitudes to results found here. For example, Rib-
aut et al. (2009) found values of 526-746() and 1.53-7.79M(Q) for solution and
faradaic resistance. Silue et al. (2017) found vitreous humor to have a simi-
lar solution resistance to what was found here (659.83()) as well as a similar
CPE capacitance of 1.18uF. However, differences have been found as well with
Ribaut et al. finding the capacitance of the double layer to be a magnitude of
10 lower at 0.65uF and the associated phi value was found to be at approx-

imately 0.95 (higher than found here of approx. 0.7) and both the faradaic
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resistance and the phi values were found to be much lower in vitreous hu-
mor when compared to peritoneal fluid (24.49kQ) and 0.54) (Silue et al. 2017).
Additionally, Mufioz-Berbel et al. (2007) found solution resistances of E.coli
suspensions to be approximately 230Q) with CPE capacitance and phi values
to be approximately 0.13uF and 0.90. Differences can be attributed to the dif-
fering make up of fluids tested. In addition, the lower phi values found in
this thesis could be attributed to the electrodes. Mufioz-Berbel et al. (2007)
used a disk electrode and Ribaut et al. (2009) used microelectrodes whereas

here, platinum rods were used.

When the above parameters were later compared to patient samples, it was
found that values obtain were of similar magnitude (Table 6.2). For exam-
ple, the average faradaic resistance from patients with uncomplicated post-op
courses was 2.24+1.66M() and the range of values obtained from the vari-
ously spiked values ranged from 1.53-7.79M(). This indicates that the created
simulated fluid could be used as a good starting point for preliminary testing

for other experiments looking at peritoneal fluid.

The results found in this section indicate that changes to each of the param-
eters could be related to a component in the fluid such as bacteria or blood.
Previous studies have been done to relate changes in models to the addition of
disease or other substances (explained further in clinical modelling section).
Therefore, monitoring of these parameters maybe useful in clinical samples

as it could be linked to post-operative conditions.

Clinical Results

After preliminary testing, samples were collected and transported to the hos-

pital as described in Section 3.2.8.
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Uncomplicated Post-op Patients

Patient drain samples were tested in a similar way to the artificial peritoneal
exudate. It was found that the patients” who had an uncomplicated post-
op had EIS signatures that were similar to each other and tests found no
significant changes over time (Figures 5.10, 5.11 and 5.12). This is surprising
considering that it would be expected that, due to the changing composition
of the fluid over time, the EIS results would also change. For example, one
obvious change was the observed reduction of blood contamination in the
patient samples over time that affected the glucose results. Previous studies
have also indicated differences in ion and protein concentrations as well as
indications that the rheology of the peritoneal fluid changing over time during

the post-op period after abdominal surgery (Bhusal et al. 2018).

The fact that the EIS signals received over time remained similar could in-
dicate that though changes are most likely taking place in the fluid between
each time point in (at least) patients with uncomplicated post-op, the amount
of change occurring is relatively minimal that it is causes little to no influence
on the signal and/or is being dominated by other substances such that it does

not register on the signal.

To try and further understand how the fluid behaved, the fluid was filtered
using 0.22pm filter. The use of a 0.22um filter removes larger items in the fluid
such as red blood cells (=7pm) and bacteria (>0.22pm) (Bruil et al. 1995, Chen
et al. 2016). When samples were filtered by a 0.22pm filter, more separation
of signals were noticed over the post-op period as seen in the Nyquist and
bode plots shown in Figures 5.13, 5.16 and 5.17, particularly on day 2. The
filter allows ions and small molecules such as glucose and lactate through.

This therefore indicates the changes in received signals in filtered samples
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are due to ionic components/metabolites which maybe being hidden behind
items that have a greater influence on the signal. This is further indicated by
the fact that when statistical tests were performed, significant changes were
found at lower frequencies as shown in the resistance, reactance and modu-
lus value as shown in Figures 5.14, 5.15 and 5.18, where an increase occurs
from day 1 to 2 before dropping on days 3 and 4. As stated previously in
Section 2.4.1, at these low frequencies, changes are usually associated with
cell membranes and the surrounding environment and are known as alpha
dispersions. Changes associated to this can be due to a number of possibil-
ities including metabolic exchange and ions present in the item of interest
(Dean et al. 2008, Kuang & Nelson 1998, Schwan 1957). It is most likely that
this change was as a result of due to the trauma of surgery. Initial thoughts
looked at comparing the trends of glucose and lactate to results found here,
however, lactate and (more so) glucose were found to drop immediately after
day 1 post-op making them unlikely targets. Other molecules that could be
candidates for this change include inflammatory markers (such as cytokines),
potassium, growth factors, etc. which have been shown to increase due to

surgical trauma (Bhusal et al. 2018, Brokelman et al. 2011, Haney 2000).

In order to narrow down the candidates that could be responsible for this
change, future studies should monitor various metabolites/ions and see if
they follow the same trend or continue to measure patients in a similar man-
ner with EIS and see if this changes with regards to a particular post-operative

condition and/or pre-operative condition.

Data gained from unfiltered and filtered samples were also investigated to
try and identify trends in how they varied. Several significant changes were

found, particularly in the phase measurement as shown in Figure 5.19. One
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significant difference found that, around the 1kHz region, the average mean
phase value on days 2 and 3 increased when samples were filtered, as shown
in Figure 520, with a larger change on day 2 which decreased on day 3.
Changes in this region can be associated with 3-dispersions which are changes
that are associated to cellular structures and how they interact. It could be
plausible that this change could be associated to a larger molecule that maybe
present in high enough quantities to affect the unfiltered signal. However,
one more likely possibility is that this could be due to the presence of bacteria
which can present in the fluid due to its release from the colon during the
surgery (Komen et al. 2014). Previous studies have found bacteria caused
changes in phase measurements with time, for example in Ward et al. (2018)
found that S. aureus caused a large change in phase angle at around 1kHz in

the phase plot (approx. peak change of 9%).

It is possible that the bacteria released from the colon starts replicating dur-
ing the first post-op day to cause a significant change on day 2, before being
combated by the immune response, causing a reduced change on day 3 prior
to no significant changes occurring on day 4 due to the reduction of bacteria.
Patients in this study who went through an uncomplicated course were not
given antibiotics. Both Komen et al. (2014) and Junger et al. (1996) found
increases to bacteria between days 2 to 4. This in turn could also explain why
there was a significant difference in low frequency values of impedance mod-
ulus on days 2, 3 and 4 as the bacteria may have produced/secreted various
items, for example, P. aeruginosa produces pyocyanin which has been shown
to have an effect on impedance measurements. Some of these by-products can
pass through the filter which could explain the significant differences (Ward

et al. 2014, Singh et al. 2010). In order to confirm this suspicion, microbiology
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studies of samples would need to be done.

Complicated Post-op Patients
When looking at the EIS results from patients with complications, several
patients’ signals stood out as being substantially different to patients who did

not experience a post-op complication: Patient 1, 12 and 19.

When Patient 1’s sample was tested, it was noticed that the both the resistance
and reactance values found for all the days were substantially lower than
the average uncomplicated patient sample. For example, the average Z’ and
Z” for patients with uncomplicated post-op on day 1 at 1Hz was 215,511Q
and -38,568() whereas, patient 1’s day 1 value at the same frequency was
59470 and -10,4920), a 36-fold difference in resistance and 4-fold difference
in reactance (seen in Figure 5.23). This patient was also found to have low
haemoglobin levels during the post-op period. This drop in measured resis-
tance and reactance was similar to what was found in Section 4.4.2 where
artificial peritoneal exudate exhibited higher impedance values when it was
spiked with horse blood. Previous studies have also found that an increase in

haemoglobin also causes an increase in resistance (Tran et al. 2018).

Both patient 12 and particularly patient 19 were recorded to have higher re-
sistance and reactance, particularly at lower frequencies (for example at 0.1Hz
Day 1 uncomplicated patient average Z’=119,509Q, Z2”=170,425Q). Patient
12 day 1 Z2'=126,907Q), 72”=-197,923Q). Patient 19 day 1 Z'=311,565Q), Z"=-
439,065Q)) as shown in Figures 5.23 and 5.24. Both patients experienced the

same post-operative conditions (lower respiratory tract infection and ileus).

Both patient 12 and 19 had changes in the high frequency range of the phase

plot (seen in patient 19 normalised graph — Figure 5.28). Changes in this
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range are due to cellular structure interactions which could indicate bacteria
associated with the infection or another marker that is associated with ileus,

potentially inflammatory markers/IL-1 signalling pathway (Vilz et al. 2015).

Patient 19 had something that represented a double peak on day four with
a second peak at approximately 1kHz which showed up as a peak of ap-
proximately 1.3 when normalised in Figure 5.28. This peak coincides with a
bacterial peak that has been seen previously in other studies such as Ward
et al. (2018) who found a normalised peak change of approximately 0.09 in
phase at 1kHz with the addition of S. aureus. This is further indicated by the
fact that this peak is reduced from approx. 1.3 to 1.09 when the sample was

filtered (which would have removed bacteria) and measured.

The results here show that it may be possible to determine post-operative con-
ditions via the application of EIS and mathematical normalisation of impedance
parameters. However, to confirm this belief, more, larger studies are required
as well as microbiology studies of samples, particularly in regards to post-

operative conditions that may be as a result of bacterial infections.

Modelling of Patient Samples

Results from FEIS experiments can be used to create representative electro-
chemical models for which several parameters can be determined (see Sec-
tion 2.4.1). In Section 4.4.2, it was found that the use of a modified Randles
circuit (where the capacitor was replaced with a constant phase element) fit-
ted the artificial peritoneal exudate. The same circuit was therefore used to
fit results gained from the EIS measurements on clinical samples for which 4
parameters where calculated; Solution resistance, faradaic resistance, capaci-

tance and phi. The average values for patients with non-complicated post-op
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courses are found in Table 6.2.

Table 6.2: Average modelling parameter values obtained from clinical samples.
Mean+SD

Solution Resistance Faradaic Resistance Capacitance

Phi
0 MQ IuF
Average from unfiltered 426.34 + 57.85 2.24 + 1.66 791272 070 = 0.04
uncomplicated patient samples
Average from filtered
416.61 + 57.47 2.80 + 1.64 744 +3.07 0.68 + 0.03

uncomplicated patient samples

Solution resistance for most patients were found to be within a relatively
tight band with mean value of 426.35(+57.85)() for unfiltered samples and
416.61(+57.46)Q) for filtered samples. Patient 12’s solution resistance values
were found to be high versus other patients, particularly on days 2 and 3
(>1kQ)), as seen in Figure 5.30. Patient 12 was found to have an ileus and
a lower respiratory tract infection. This increase could potentially due to
the higher levels of glucose and lactate that was found earlier for patient 12
which follow the same trend. Glucose has been found to increase solution
resistance to a point in previous papers in simpler fluid such as in Olarte
et al. (2014) who found a sharp rise up to approx. 70mg/dL glucose. In order
to confirm this, a future experiment where patient samples were spiked with
either glucose or lactate for which an EIS measurement occurred before and

after this step could be done.

Unlike results for solution resistance, large variations were found in faradaic
resistance with values ranging from 1.6 to 6.62MQ (Figure 5.31). The large
range in values could be due to the large number and variation of items that
could be present in the clinical samples that interact with the electrode and
affect its resistance. Capacitance and its associated phi value for the constant

phase element were found to stay within a narrow band of values during the
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time period (2-20puF, 0.64-0.76)(Figures 5.32 and 5.33).

However, it was found that there was a significant difference in capacitance
between unfiltered and filtered samples on day 2 with a mean drop of 2.64uF
when filtered indicating that an element that was filtered out was contribut-
ing to capacitance value such as bacteria which has shown to affect the ca-
pacitance in previous studies (Kim, Kang, Lee & Yoon 2011, Ward et al. 2018).
Another difference that was found was that the phi values for patient 1 were
relatively high on days 3 and 4 (>0.8). Patient 1 was found to have low
haemoglobin levels during the post-op period and follows a similar trend
found during the initial testing where the removal of horse blood caused in-
creases in phi values (Section 4.4.2). While this was not significant between
APE and APE spiked with blood, it could be worth monitoring in future test-
ing with patients also exhibiting the same post-operative condition. In order
to confirm this and the changes in capacitance, microbial studies of the sam-

ples would be needed for future studies.

Previous studies have looked at different fluids and how they are affected by
differing conditions such as the study by Ribaut et al. (2009) used modelling
to investigate red blood cells and how values given from models were affected
by malaria. On top of the solution resistance, faradaic resistance and double
layer capacitance, other components were added to represent the red blood
cell (additional resistance and capacitance). It was found that the solution re-
sistance and faradaic resistance of blood to be 470() and 2M() with the use of
gold electrodes, which is similar magnitude to values found here (526-746(,
1.53-7.79MQ)). The capacitance of the double layer was however found to be a
magnitude of 10 lower at 0.65pF and the associated phi value was found to be

at approximately 0.95 (higher than found here of approx. 0.7). It was found
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that the faradaic resistance as well as other components that were also in-
cluded to represent the red blood cell varied were found to drop as a result of
the malaria. Vitreous humor has also been modelled with an additional CPE
element for characterisation studies for future studies in associated issues re-
lated with the eye (e.g. retinal detachment). This has also been found to have
a similar solution resistance to what was found here (659.83()) as well as a
similar CPE capacitance of 1.18pF. However, both the faradaic resistance and
the phi values were found to be much lower when compared to peritoneal
fluid (24.49k() and 0.54) (Silue et al. 2017). Though only one outlying event
maybe related to a patient in these results, it maybe continuing to monitor the
parameters in larger scale studies to see if any of the parameters can be used

to determine any post-op complications.

While models were found to fit well a limitation of the model is that it is
quite simple. It describes the interface between the electrode and solution as
a CPE and resistor in parallel, and the solution itself is described as resistance.
More complex modelling could potentially improve the fitting by including
the electrochemical behaviour of components in the solutions such as cells
by modelling the cell membrane and its contents as a capacitor and resistor
like what was done in Ribaut et al. (2009). While the EIS modelling in this
thesis is relatively basic, its strength is in its simplicity and allows for quick
evaluation of several parameters. More work should be performed to see
how the parameters change with post-op complications, but the model used
here provides a good foundation to further develop more complex models if

required.

Timed Experiment

Previous studies have looked at bacteria and its effect on the EIS signal over
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time (Ward et al. 2014, 2018). This has been done by monitoring the same
fluid over a period of time and looking at the changes that have been exhib-
ited. A timed experiment was therefore performed where fluid was measured
initially when received, as well as 6 and 24 hours later for which the results

are presented in Section 5.6.4.

An interesting result that was yielded from this experiment involves patient
21. It could be seen that large changes could be seen in this patient’s resis-
tance, reactance, modulus and phase values over time as seen in Figures 5.34,

5.35 and 5.36.

Results were then normalised, as described in Section 3.6.2, as previous stud-
ies have found that this can be used to help identify various components of
samples. When results were normalised, the changes in patient 21’s signal
that were noted earlier became much more exaggerated, particularly in day 3
modulus and phase values where changes of 7-11 times were seen at low fre-
quencies with a peak change at 0.126Hz in the modulus results and at 12.58Hz

in the phase results (Figures 5.37 and 5.38).

This change in patient 21’s signal could be attributed to the fact that they had
a urinary tract infection and the bacteria causing this infection could be the
cause of the signal changes. It is difficult to say how the drain fluid contained
the bacteria causing the UTI, but this maybe as a result of a hospital acquired
infection, which tends to happen at a higher frequency compared to other
operations (Sheka et al. 2016), where the bacteria was introduced to urinary

tract and the peritoneum in a similar time period.

From the initial experiments in Chapter 4 (Figure 4.14), it was seen that the

addition of E.coli to the artificial peritoneal exudate (APE) caused a similar
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peak in modulus of approximately 1.6 times higher than a unspiked APE at
a similar frequency (~0.5Hz) to the result gained by patient 21 on day 3. It
should also be noted that in the same figure that the addition of blood with
E.coli also caused this peak to be masked, so it could be plausible that if
samples from patient 21 on days 1 and 2 had only blood removed and were
then tested, a similar result could have been produced on these days. Similar
changes in phase have been found in papers by Ward et al. (2014, 2018) where
changes were found in phase and resistance at low frequencies due to the
addition of bacteria (P. aeruginosa and S. aureus). In order to confirm that
bacteria are causing these changes, future testing should include streaking
samples on agar plates when received from the hospital on top of using the
testing performed here. This will allow identification of bacterial species in

the samples as well as the concentration of bacteria in the sample.

Summary

EIS methods were developed, tested and used in clinical peritoneal samples to
identify components that could be related to post-operative conditions. Some
results indicate that changes in the EIS could be related to post-operative
conditions such as bacterial infection. However, more larger scale studies are

required with further understanding of the microbiology of the samples.

6.3.2 Cyclic Voltammetry

Initial Testing

Initial experiments looked at the limits of measurable current with regards
to changing volumes. A couple of peaks were found in one or two of the

peaks. One at approximately -0.25V which can be associated with adsorption
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onto platinum. A large drop in current can also be seen at potentials below
-0.8V which can be associated with the dissociation of water (Patzer et al.
1989). Current limits were found to be in the micro-ampere range and the

experiment highlighted the need to keep a clean electrode surface.

After this experiment was performed on an artificial peritoneal exudate to see
if it was possible to see if any reactions/regions of interest that maybe worth
looking at for use in clinical sample collection. Like in the volume graphs,
the drop in current below -0.8V could be associated with water dissociation.
Other than this, it was found that no reactions could be determined from the
results. This indicated that utility of cyclic voltammetry maybe limited as
redox reactions may not be able to overcome the noise in the signal and be

seen in the voltammogram.

Clinical Testing

When the same technique was applied to the clinical drain samples, it was
found in both the unfiltered and filtered results with no discernible peaks
appearing (Section 5.7). The lack of changes (peaks) in the current-voltage
graphs was not particularly surprising based on the initial testing in section
4.4.2 for the similar reason that there is a multitude of substances in the fluid
causing a large enough noise for which any redox reactions which may have
occurred not appearing during testing. In order to overcome this, the use of
differing electrodes which are specific for certain molecules may be required.
For example, a metal electrode could be coated with a glucose oxidase enzyme

to measure for glucose.
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6.4 Conclusions and Future Work

Anastomotic leakage is a potentially life-threatening complication for which
there is no universally accepted method of diagnosing. The aim of this the-
sis was to work towards determining a biomarker/method of determining
anastomotic leakage so clinicians can intervene at an early stage with the ap-
propriate action. Several biomarkers and methods were investigated in peri-
toneal drain fluid: Glucose, Lactate, pH, EIS and cyclic voltammetry. It was
thought that there would be a high potential to generate a method to detect

anastomotic leakage with a view of a developing a point-of-care device.

Initially, methodologies for testing patient samples had to be developed. For
glucose and lactate, a commercially available assay kit was modified for use
and characterised successfully for use with patient samples. EIS and CV
methodologies were also tested and gave an indication of how to perform

analysis of patient samples.

After testing developed methodologies were used to test patient samples who
had undergone colorectal resection. One patient did experience anastomotic
leakage but due to unfortunate circumstances, little data was procured from
this patient. However, information about how patients who underwent an
uncomplicated post-operative as well a few patients who experienced other

post-operative complications was acquired.

Based on the analysis, it is thought that the methods that have a high potential
of determining anastomotic leakage (and other post-op conditions for that
matter), would be looking at glucose concentrations or EIS results over the
post-op period. Glucose produced a strong trend during the post-operative

period. Therefore, it would be worth into further with a larger scale study to
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see if it deviates from this trend when post-operative conditions occur. While
one patient who had a post-op condition in this study did exhibit anomalous

data, more data to see if that is a reoccurring trend.

Table 6.3: Changes found possibly due to post-op complications

Patient Post-op condition Deviations

1 - Low-Hb count - Reduced resistance and reactance values in EIS results
12 - LRTI - High (outlying) Glucose on days 2 and 3 High (outlying)
- Ileus - Lactate on days 2 and 3 High resistance and reactance EIS values
19 - LRTI - High resistance and reactance EIS values
- Ileus - Large changes in normalised EIS modulus and phase values
1 - Urinary Tract - Large changes in normalised modulus and phase values in timed
Infection EIS measurements (day 2 and particularly day 3)

Analysed EIS data produced some interesting trends which could help under-
stand how peritoneal fluid changes during the post-operative period. Some
changes were found in a few of the patients with post-operative conditions
that included lower respiratory tract infections, urinary infections and low
haemoglobin counts, indicating its potential but more work with larger scale
studies being required as well as further understanding of how the fluid be-
haves in uncomplicated patients and then in patients with postoperative pa-
tients. Further understanding could be achieved by looking in more detail
into the microbiology for example, bacterial studies of the drain fluid, and
relating changes to the drain fluid. In addition, further work could look into
the use of artificial intelligence to analyse the data and spot trends that may

be otherwise be missed.

Lactate, pH and cyclic voltammetry were also looked into but based on the
results, providing weak to no trends, future work in these areas should be
discouraged with regards to post-operative monitoring of post-operative con-

ditions.
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A Potential Device for Continuous Post-surgical Monitoring

_Trans arent section
(Allow ttheck for priming of fluid)

Place for electronics

Electrode

' 8

Figure 6.1: Potential device for post-op monitoring

Assuming that a robust method /biomarker of determining anastomotic leak-
age can be achieved and demonstrated in a larger scale study, the next step
would be to develop a device that would allow for monitoring of the peri-
toneal drain exudate in situ. One way of achieving this is to develop device

that can attach onto existing drain tubes such as conceptualised in Figure 6.1.
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Drain tubes can be attached to either end to allow flow from the patient to the
drain bags while sensors can monitor changes in the fluid as it flows through.
This device could be linked to a computer system which can alert clinicians
when deviations to the expected signal occurs and would therefore allow for

early intervention of issues.

Development of a device towards an early warning system to diagnose anas-
tomotic leakage and/or other post-op complication could potentially help
avoid/reduce mortalities of patients. This thesis provided some interesting

insight which could help towards this goal but further work is required.
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