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ABSTRACT

Fluorescence is a technology where a fluorophore is excited by light at a specific wavelength
and light is emitted at a longer wavelength and can be detected. This has been applied for
imaging in surgery because in the near infra-red spectrum, light can penetrate through
overlying tissue and provide information to the surgeon about underlying structures. Two
important applications of fluorescence include identification of critical anatomical structures
to prevent injury and guide dissection, and identification of tumours to aid diagnostics.
During colorectal surgery, it is essential for surgeons to be aware of the location of the
structures in the urinary tract. The ureter is an essential landmark of the correct dissection
plane as well as its injury being a devastating complication. To date, fluorescence
identification of the ureter has only been described in technical papers. This thesis explores
ureteric fluorescence further with a large cohort of patients using methylene blue and a first
in man study assessing IRDye 800BK (Chapter 3). Urethral identification with NIR light is
also explored from proof of principle to in-vivo assessment using methylene blue, ICG and
a NIR light emitting device (Chapter 4). During oesophagectomy, the thoracic duct can be
injured complicating the post-operative course with chylothorax. Fluorescence of the duct
for prevention and identification of intraoperative injuries is, for the first time, described
(Chapter 5). Finally, WFA as a target for sugars in the mucus is explored to highlight cancer
and dysplasia during colonoscopy and TEMS. Autofluorescence in the colon provides
difficulties in fluorescent imaging and is explored as well as the struggles with utilising
mucus as a target with WFA. However, an additional potential marker, GPA33, could

provide a future for in-vivo colonic imaging.
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CHAPTER 1: INTRODUCTION



1.1. Image guided surgery, augmented reality and virtual reality

Over the last 50 years there has been a movement from open surgery towards minimally
invasive techniques. Development of such technology has brought with it a loss of tactile
feedback, learning curves, and the dangers of new techniques. There have also been
advances in introducing technology to improve visualisation in the operating theatre.
Initially, image guided surgery allowed surgeons to use radiological images acquired pre-

operatively in the operating theatre which is now standard practice.

More recently, augmented reality has received much attention in surgery. Augmented reality
integrates a computer-generated image with a user’s view of the real world in real-time and
has become the next step to enhance the surgeon’s visual information during procedures.
Fluorescence and NIR imaging sit under the definition of augmented reality with computer
interpretation of the ‘invisible light’ displayed alongside the operative image. This is the
main subject of this thesis. Conversely, virtual reality generates a completely artificial,

computer-simulated image and environment with real-time interaction .

1.2. Principles of fluorescence

Fluorescence is a type of luminescence (emission of photons or light energy) that involves
the detection of light produced by a molecule with fluorescent properties (fluorophore). Any
object, when illuminated with white light, will absorb light at some of those wavelengths
and reflect the remaining light at wavelengths which gives an object its colour. Fluorescence
is very similar to this in that when a fluorophore is exposed to an external light source at a
particular wavelength, it absorbs the light and becomes excited from a ground state (So) to
an excited state (S;”) (Figure 1.1) 2. Fluorophores stay at their maximal excitation state for
a very short amount of time during which the fluorescent molecule undergoes changes where

the energy is partially dissipated creating a ‘relaxed-excited’ state (Si). Emission of



fluorescent light originates from this stage when the molecules return to the ground state
(So) 3. Some of the molecules return to the ground state by other mechanisms including
quenching. During emission, as the energies of the photons being emitted are lower, the light
is of a longer wavelength than the excitation light. This difference in wavelength is known
as the Stokes shift and represented by hvex - hvem. The Stokes shift allows selection for only

imaging the emitted light wavelengths by blocking or filtering the excitation light *.

hVEM

Figure 1.1 - Modified Jablonski diagram outlining the physical process of fluorescence.
So represents the ground state, Si’ the excitation state and S; the ‘relaxed-excited’ state. As
excitation light (hvex) hits the fluorophore (1), the molecule becomes excited. Once the
molecule relaxes back to the ground state (3), energy is emitted in the form of light which

is at a longer wavelength than the excitation light.

The brightness of a fluorophore is the product of the molar extinction coefficient (¢), which
quantifies how readily a molecule absorbs light at a particular wavelength, and the quantum
yield (®) which is the ratio of the number of photons emitted to the number of photons
absorbed % 3. Other factors can affect the brightness of a fluorophore, including quenching
of which there are 2 types: static quenching which occurs when individual fluorophores bind
together forming dimers or oligomers rendering them unable to emit light > ¢ 7 and; self-
quenching (Forster Resonance Energy Transfer, FRET) where at high concentrations of a

fluorophore, energy from one excited fluorophore simply transfers to another adjacent



fluorophore rather than emitting light ®°. Similarly, at lower concentrations of fluorophores,

the emitted light from one fluorophore can be absorbed by other adjacent fluorophores 2.

The process of fluorescence is cyclical, i.e. an individual fluorophore can be repeatedly
excited and will continue to emit light. When fluorophores are exposed to excitation light,
degradation of the fluorophores can occur known as photobleaching '°. Once excited, a
fluorophore may react with oxygen or other molecules and irreversibly generate products
that are non-fluorescent. This is an undesirable property of fluorescence guided surgery as

the loss of the fluorescent signal is irreversible.

Aside from fluorophores, in 1911, the first form of fluorescence observed under the
microscope was autofluorescence from single cells and animal tissues '!. Autofluorescence
occurs from excitation of endogenous fluorophores usually at shorter wavelengths (300-
550nm) 2. In cells, the mitochondria and lysosomes are the responsible organelles with
autofluorescent properties whereas in tissues it is the extracellular matrix that contributes
over the cellular component due to collagen '? and elastin '* being endogenous fluorophores
with a high quantum yield. Autofluorescence can be utilised to identify pathology as changes
in the collagen and elastin content in pathological tissues have been found in numerous
disease states and thus detection of the autofluorescence emitted from these proteins can

have significance for in-vivo imaging '#1°.

Between 600 and 1000nm, light absorption by biomolecules is at a minimum and thus
autofluorescence almost non-existent '7. Similarly, as the wavelength of light gets longer
into the NIR spectrum, the penetration of such light through tissues is up to 5 times greater
with the depth being up to 2cm 8. There are absorbers of NIR light in living tissue which

can have a detrimental effect on fluorescence and these include water, lipids,



oxyhaemoglobin and deoxyhaemoglobin >. NIR imaging is inherently safe as it does not use
ionising radiation. Often, a laser light is used as an excitation light source and provided that
this is not at a high energy level where tissue can burn, or fluorophores are irreversibly

photobleached, then it remains a safe technology.

For use of real-time fluorescence guided surgery, there are a number of key principles of
operation required in the technology (Figure 1.2). Firstly, a fluorescence excitation light
source is required of the wavelength that will excite the fluorophore being used. Available
sources include filtered light, light emitting diodes (LEDs), and laser diodes '°. Filtered
light sources are often inefficient as they discard the majority of photons produced by the
light source to filter the light at the required narrow band and only a small fraction of optical
power actually reached the optical field '°. LEDs are less used in surgical fluorescence
devices as they pose significant physical challenges. By far the most commonly used
excitation light source are laser diodes which are confined spectrally to the excitation
wavelength and at lower power are safe for both the patient and the operator '°. Secondly, a
white light source is required to image the operative field to provide simultaneous colour
and NIR imaging. Most standard surgical imaging devices will emit light above 650nm that
can interfere with fluorescence imaging, thus, the white light in NIR devices is often filtered
between 400 to 650nm 2°, An alternative to this is that the fluorescence imaging modality is
separate to the white light mode, thus the white light is inactive during fluorescence
visualisation. In addition to the light source, complex collection optics are required which

relay NIR and white light emission to the detectors of which there are numerous types.

Finally, as NIR light is invisible to the human eye, an image display monitor and software
is required for both the operative white light image and the fluorescence image to be

displayed. This software can allow interpretation of the emitted fluorescence light to be



emitted in any colour and allow overlay imaging of the fluorescence onto a white light

image, a technology that is currently under patent by Novadaq Technologies Inc 2!,

NIR Surgeon’s display
camera Colour-NIR merge

A O

i Colour video
i camera \/
! / (optional)

NIR light source
(LED, laser)

Visible light
(optional)
Light
collection
optics

NIR fluorescent
contrast agent Working
(administered intravenously distance
in this diagram)

Figure 1.2 - Schematic representation of key features to provide fluorescence imaging
during surgery. A fluorophore is administered to the patient and imaged using a
fluorescence enabled camera as well as a camera to image the colour image of the operative
field. The excitation light source and visible light source are both required, and the cameras
often combined into a single hand-held device. NIR, Near-infrared, LED, light-emitting

diode. Reproduced with permission from Vahrmeijer et al 2013 2.



1.3. Fluorophores

The majority of fluorophores used in fluorescence guided surgery are organic exogenous
contrast agents. There are currently 3 fluorescent dyes approved by the USA Food and Drug
Administration (FDA) and European Medicines Agency (EMA): indocyanine green (ICG)
23 methylene blue and 5-aminolevulinic acid (5-ALA). The excitation and emission spectra
of these dyes are demonstrated in Figure 1.3 and their chemical structure and fluorescent

properties outlined in Table 1.1.
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Figure 1.3 - Excitation and emission spectra of fluorescein, ICG and methylene blue.
Beneath the graph the light spectrum is demonstrated with the UV light spectra between
100-380nm, the visible light spectra at 380-740nm and at 740-1000nm, the NIR spectrum.
UV, ultraviolet, NIR, near-infrared.



1.3.1. Indocyanine Green

The first clinically approved fluorophore was ICG which is a hydrophobic heptamethine
cyanine dye with a molecular weight of 776Da and a diameter of 1.2nm 4. It has long been
in use for assessment of hepatic function, ophthalmic angiography and cardiac output
assessment. ICG absorbs NIR light at 800-810nm with peak absorption at 806nm (Figure
1.3). When administered to humans it binds to plasma proteins confining it to the
intravascular space and is eventually excreted via the hepatobiliary system 2. These
properties make it especially useful for fluorescence angiography, lymphography and biliary
tree mapping. ICG is also being used during hepatobiliary surgery to intraoperatively
identify liver metastases and hepatocellular carcinomas as the hepatically excreted ICG can
extravasate into tumour tissue where the vasculature is leaky. The plasma half-life is 3-5
minutes and it is excreted within 10-15 minutes of administration. Whilst ICG is licensed
for use in humans, it is not possible to conjugate it to other antibodies as it loses its
fluorescence which therefore limits its use to only non-specific fluorescence. ICG is known
to be extremely safe 2° with reports of anaphylaxis being extremely rare only being reported

as case reports 27,

1.3.2. Methylene Blue

Methylthioninium chloride or methylene blue has been used for centuries in medical
diagnostics and disease therapy 8. It is currently licensed in the UK for the treatment of
methaemoglobinaemia. Its molecular weight and diameter are 320Da and 1.43nm
respectively. Most commonly, it is used as a visible blue dye in sentinel lymph node
detection especially in breast and melanoma surgery 2°-3!. It is also known that methylene
blue at low concentrations has NIR fluorescent properties with an excitation peak of 670nm
and emission peak of 690nm (Figure 1.3) *2. When administered intravenously, methylene

blue is distributed to tissues and is eventually excreted in the urine. Approximately one third



of methylene blue in the urine is converted to leucomethylene blue which is colourless and
does not have the fluorescent properties the non-leucoform has and this varies between

patients 3334,

The use of methylene blue as a fluorophore has been described for identification of the
parathyroid glands during parathyroidectomy and thyroidectomy 3 as well as for sentinel

lymph node mapping 3¢ 37,

Methylene blue is licensed by the EMA 3% and FDA to treat drug induced and genetic
methaemoglobinaemia 3° as in low doses, it acts as a cofactor accelerating erythrocytic

conversion of methaemoglobin to haemoglobin 4°

. Recognised side effects include
significant haemolysis in individuals with glucose-6-phosphate dehydrogenase deficiency
(G6PD) 4% 41| nausea, vomiting, abdominal pain, headache, hypertension, sweating and

dizziness **4!. Of relevance to surgical uses, intravenous use can give a false pulse oximetry

reading in the range of 80%-90% !

1.3.3. S-aminolevulinic acid

S5-aminolevulinic acid (5-ALA) is an amino acid where its metabolite, protoporphyrin IX
(PPIX) exhibits fluorescence with a peak absorption at 405nm and, after a significant Stokes
shift, it emits light at a peak of 635nm. The metabolism of 5-ALA to PPIX occurs via the
haeme-synthesis pathway in cells with high metabolic activity, therefore its use in cancer
guided surgery has received significant attention, particularly for the detection of gliomas
with a decrease in R1 resection from 65% to 35% in a randomised phase III trial 4>43. 5-
ALA has also been assessed in lymph node mapping for colorectal cancer in a feasibility
study of 44 patients **. Andrew and colleagues assessed oral use of 5-ALA for high risk

operable cancer patients and performed a dosing and timing assessment. For lymph node



positive colorectal cancer, 5-ALA was not proven to be sensitive enough to be taken forward

for a phase III clinical trial.

1.3.4. Fluorescein

Fluorescein is a xanthine fluorophore and is a clinically used fluorescent agent namely in
ophthalmic angiography, corneal staining and for detection of cerebrospinal fluid leaks. It
is a well-established medicine in the European Union having been used for over ten years
with recognised efficacy and an acceptable safety profile 43. The maximum excitation and
emission are 490nm and 525nm respectively (Figure 1.3). Fluorescein is a bright
fluorophore yielding a robust signal even at low concentrations 2. The major downside of

fluorescein is that the excitation and emission spectra lie within the visible light spectrum.

1.3.5. Carbon nanotubes

Single walled carbon nanotubes are molecules are carbon allotropes that are formed into a
cylindrical nanostructure. They have numerous physical properties, one of which is their
ability to act as fluorophores and, depending on their diameter, have excitation bands from
600-800nm and emission bands from 950-1300nm #¢. Carbon nanotubes have gained interest
due to their favourable properties of photostability, low toxicity, and excellent water
solubility 7. However, at present, there are no NIR carbon nanotubes that are ready for

human use.
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Name Chemical Structure Fluorescence

properties
ICG hvex: 810nm
hvem: 822nm
®: 9.3% (in PBS)
€:121,000cm™/M
5-ALA 7 hvex: 405nm
(converted to hvem: 635nm
PPIX) A ®: 6%
€:171,000cm™/M
07 oH Ho O
Methylene N hvex: 670nm
blue /@[ i@\ hvew: 688nm
HC o s D: 4.4% _
| ) | €: 32,444cm’'/M
CHs Cl CHs
Fluorescein HO O O hvex: 490nm
O _ ‘ hvem: 525nm
@: 79% (in ethanol)
O COOH €:92,300cm’'/M

Table 1.1 - Chemical structure and fluorescent properties of clinically approved
fluorescent dyes. hvex, peak excitation wavelength, hvem peak emission wavelength, @,

quantum yield, €, molar extinction coefficient.
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1.3.6. New fluorophores

The aforementioned fluorophores have been investigated in non-targeted approaches to
fluorescence guided surgery. Their use in cancer specific surgery is limited as knowledge of
why in some situations they may highlight tumours is not well understood. There is a lack
of tumour targeting potential and ICG, the only potential fluorophore to allow conjugation
by using ICG derivatives (e.g. ICG-sOSu), is a complicated process and may not always be
successful > 48, Recently, newer NIR fluorophores have been developed that allow easy

conjugation, increased stability, and improved tissue depth penetration.

1.3.6.1.  Cyanine fluorophores

ICG is a type of cyanine fluorophore and more recently, newer cyanine fluorophores have
been manufactured that allow easy conjugation. Their manufacture contains 2 aromatic
heterocyclic ring systems which are linked by an extendable polymethine bridge increasing
the wavelength of excitation and emission +#°. Such cyanines are available (Cy3, Cy5, Cy7,
Cy7.5) with increasing emission excitation into the far-red and NIR ranges but these have
poor photostability and low quantum yield in aqueous solution *°. At present, IRDye 800CW
(Li-COR®, Nebraska, USA) has undergone significant safety testing and, because of its ease
of conjugation and photostability, an increasing number of studies utilising this fluorophore
conjugated to antibodies for molecular targeted images are in progress. Numerous other
fluorophores are also in development but are less well characterised and further behind

cyanine dyes in their process to clinical use.

1.4. In-vivo fluorescence enabled devices

Numerous devices are available allowing real-time in-vivo fluorescence guided surgery.
Technology for in-vivo fluorescent enabled devices licensed for use intraoperatively can

vary slightly. The two main sources of excitation light include laser light or filtered white
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light (usually xenon light). NIR fluorescence imaging faces significant challenges requiring
optimisation of light sources that can sufficiently excite fluorophores at low concentrations
using low-attenuation optics '> 22, Table 1.2 outlines the various commercially available
fluorescence enabled laparoscopic systems available. There are also numerous other

academic systems that are currently undergoing evaluation.

Brand Excitation hvex (nm) hvgm (nm) Fluorescence
Method colour

Stryker (1588) Laser 808 Above 835 Green

Storz (Image 1 Filtered Light 805 Above 835 Blue

SPIES)

Novadaq (Pinpoint) | Laser 805 Above 835 Green

Olympus (VISERA | Filtered Light  700-780 Above 800 Green or cyan

Elite II)

Firefly Laser 803 NA Green

Photodynamic Eye | LED 760 Above 820 White

(PDE)

Fluoptics Laser 750 Above 800 White

ATG Laser 805 Above 830 White

Table 1.2 - Commercially available laparoscopic systems with their excitation method
and excitation and emission wavelengths. hvex, excitation wavelength, hvegm, emission
wavelength (wavelength of filter). The advanced technology group (ATG) device has been

included for reference but this is not commercially available.

1.5. Current applications of NIR guided gastrointestinal surgery

In fluorescence guided gastrointestinal surgery, there are several applications that have been
explored. The following are examples of fluorescence guidance where benefit has been seen

and these techniques are starting to become standard practice.
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1.5.1. Anastomosis perfusion during gastrointestinal resections

For patients who undergo colorectal resection, a feared postoperative complication is
anastomotic leak where healing of the anastomosis fails, causing leakage of colonic content,
sepsis and potential multi-organ failure. In the literature, the risk of anastomotic leak is
reported as being between 2.7% and 13.3% 3° with higher rates in rectal resection. Over the
last 20 years, despite improvements in surgical technology, there has been no change in the
leak rate 3'. There are numerous risk factors associated with an increased risk of anastomotic
leak including age, male gender, malnutrition, smoking, preoperative chemotherapy and
radiotherapy, advanced tumour stage, immunosuppression, blood loss and sepsis . It is
essential to have an adequate blood supply to allow the anastomosis to heal 3. There has
been an increasing use of fluorescence angiography to detect colonic ischaemia near the
anastomosis intraoperatively by using intravenous ICG. Traditionally, assessment of bowel
perfusion during colorectal surgery includes inspection of the serosal colour, palpation of

pulsating vessels in the mesentery and pulsatile bleeding at the divided artery 4.

The PILLAR II trial *> enrolled 139 participants who underwent left-sided colonic resection
and observed a leak rate of 1.4% with no leaks being observed in those where ICG
angiography altered the surgical plan (n=11). A recent meta-analysis by Blanco-Colino et a/
36 of studies examined the anastomotic leak rate in at least 30 days of follow up in 1302
patients where 555 underwent ICG angiography and 747 underwent standard care. In the
ICG group, a change to the planned anastomotic level was made in 7.4% of cases due to
hypoperfusion identified on fluorescence imaging. On performing a subgroup analysis of
the 956 cancer patients (382 ICG, 574 control), there was a significant decrease in leak rate
in the ICG group (OR 0.34; CI 0.16-0.74; p=0.006). Similar results were demonstrated in
those undergoing rectal resection. In a larger study by Ris et al not included in this meta-

analysis, a leak rate of 2.6% for colorectal anastomoses and 3% following low anterior
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resection with 29 patients have an altered surgical plan following fluorescence angiography
was observed *’. Following these promising data, the first multi-centre randomised trial for
ICG fluorescence angiography in patients undergoing anterior resection is being conducted

with results expected in late 2019 38,

This technique must use observation of fluorescence in either adjacent small bowel or
proximal colon as a visual positive control. The current technology for anastomosis
perfusion lacks quantification and the understanding of what is important in the
interpretation of the fluorescent signal (e.g. time to signal, time to wash out, maximum signal
etc) °7. Such technology for quantification is already under evaluation where the aim is to

give a ‘cut-off” level where an anastomosis is less likely to heal >°.

1.5.2. Identifying critical anatomy

During any operative procedure, patient safety and procedural efficiency are key to a
successful outcome. This is especially true of laparoscopic surgery which gives major
advantages of reduced post-operative pain, decreased length of stay and wound infection.
Minimally invasive surgery can sometimes provide a limited field of view, decreased tactile
feedback and the loss of three-dimensional imaging occasionally making identification and
differentiation of critical anatomical structures difficult. Vessel, bile duct, nerve and ureteric
injury are all complications that can occur from anatomical misinterpretation and earlier,
clearer identification of these structures may reduce risk of injury . A brief overview of
fluorescence identification for critical anatomy is discussed here whilst ureteric imaging will

be discussed in Chapter 3.
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1.5.2.1.  Biliary tree fluorescence

Laparoscopic cholecystectomy is one of the most commonly performed surgical procedures
internationally. Bile duct injury during this procedure is one of the most serious
complications having a devastating impact on the patient’s quality of life and survival ©'.
The most frequent biliary injury involves complete transection of the common bile duct
when it is mistaken for the cystic duct 2. During cholecystectomy, it is essential to visualise
the critical view of safety where Calot’s triangle is clearly visualised. Intraoperative
cholangiography (IOC) has been used to assist surgeons in outlining the biliary anatomy,
but this requires training, additional equipment and IOC itself can cause ductal injury ®. As
previously mentioned, ICG binds to plasma proteins and is eventually excreted via the liver.
This property has been utilised to visualise the bile ducts using fluorescence even before
dissection of Calot’s triangle. First reports of fluorescence to identify the bile ducts used
rolitetracycline and fluorescein as a proof of principle study, replaced over 10 years later,
with ICG . Numerous studies have reported on the use of ICG fluorescence during
cholecystectomy with a recent meta-analysis identifying 19 studies reporting on
visualisation of the common bile duct (CBD) and common hepatic duct (CHD) before and
after Calot’s dissection as well as 4 studies comparing ICG to I0C . The CBD was
visualised under fluorescence prior to Calot’s dissection in 78.7% of cases where ICG was
given. There was however, no documented comparison to white light visualisation in these
studies. In 4 studies, ICG was compared with IOC visualisation of ductal structures with
moderate to low quality evidence that visualisation of the cystic duct (RR 1.16; 95% CI
1.00-1.35), CBD (RR 1.00; 95% CI 0.97-1.03) but not the CHD (RR 0.76 95% CI 0.58-
1.01) is better with ICG compared to white light visualisation. A large proportion of these
studies (14) included patients with uncomplicated gallbladder disease and it is likely that
patients who have gallbladder disease complicated by cholecystitis will have a lower

66

fluorescence intensity °°. A larger multi-centre randomised trial comparing ICG
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cholangiography with white light visualisation has completed and due to report by 2020

(NCT02702843) 6.

1.5.2.2.  Critical vessel identification

In addition to fluorescence of organ perfusion where intravenous ICG eventually reaches
the micro-vasculature, this technique can be employed to visualise critical vessels during
surgery. This use of fluorescence has only been reported in two studies. Schols et al 8 first
described this technique for using ICG as a repeated injection to identify the biliary
vasculature, namely the cystic artery which was successful in 87% of patients, although it
was also seen clearly under white light. Finally, during oesophagectomy, a report from
Sarkaria and colleagues % demonstrated visualisation of the short gastric arteries,
gastroepiploic arcade and unrecognised small communicating arteries aiding the gastric
mobilisation. Although this was an incidental finding in a study primarily assessing conduit

perfusion, vessel identification could help in numerous procedures.

1.5.2.3.  Lymphatic mapping

For curative resection of solid tumours, the two principles of removing the tumour in its
entirety providing an RO resection along with the draining lymph nodes is essential in
providing the maximum recurrence free survival to the patient. In addition, the draining
lymph nodes provide essential pathological staging to guide further treatment. In some solid
tumours, the concept of the sentinel lymph node (SLN) allows surgeons to stage and stratify
patients into those requiring lymphadenectomy. In particular, for melanoma 7° and breast
cancer surgery !, lymph node mapping and SLN biopsy has become the standard of care.
The technique for SLN biopsy often involves injection of a visible blue dye (e.g. patent blue-

V, isosulfan blue or methylene blue), a radioactive tracer with gamma probe detection, or
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both, around the tumour, retroareolarly or periareolarly in breast cancer. During dissection
for the SLN, the visible dye or radioactive tracer can then be identified positively in the first
lymph node(s) in the lymphatic basin. Utilising these 2 techniques, the SLN detection is
high being around 96-99.1% in large trials 7> 7*> where it can be 10% lower with the use of a
single technique 7. The use of radioisotopes can provide difficulties for institutions with
their handling, disposal, training and legislative requirements being costly as well as the
injection needing to be performed by a nuclear medicine department. Similarly, with blue
dyes, there is a risk of anaphylaxis and tattooing of the skin with their use. Thus, fluorescent
SLN lymphatic mapping has been explored. When comparing ICG to blue dye alone, ICG
is significantly better for SLN identification than blue dye (OR 18.37; 95% CI 8.63-39.10)
as indicated by Ahmed ef al in a meta-analysis of 15 studies . When compared with a

radiocolloid, there is no consensus on which is superior 7> 7°,

In colorectal cancer, the concept of SLN biopsy is less widely adopted because there is
variability in the sensitivity of the SLN technique ’’. Therefore, all patients undergoing
resection have en-bloc mesenteric resection even for T1 and T2 disease that may be node
negative which may provide no additional oncological benefit 8. However, there is a fear
of ‘skip-metastases’ where lymph nodes of aberrant drainage contain metastatic disease and
thus the SLN biopsy would not identify these. The current evidence for fluorescence guided
SLN detection in colorectal cancer is limited by its heterogeneity in terms of technique,
dose, equipment and timing as well as small patient numbers. Most importantly however,
the studies reporting this technique only report their sensitivity and specificity based on
positivity by histopathology which does not report its value in identifying a negative SLN.
ICG is a non-specific dye and thus reporting the sensitivity according to SLN positivity is

perhaps a reasonable explanation for the varying results. Three, well conducted meta
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analyses, although stating the technique as promising, fail to reach the same detection rates

and quality of evidence seen in fluorescence guided SLN biopsy for breast surgery 78!,

Aside from SLN biopsy, lymphatic mapping with ICG can be used in colorectal surgery to
identify the pattern of the lymph node basin and to recognise aberrant lymph node drainage
allowing a tailored colorectal resection #2. This is perhaps a more important question with
important outcomes being visualisation of the lymphatic drainage, identification of aberrant
lymph nodes and change to mesenteric resection. In particular, resection of some colorectal
cancers including the splenic flexure, are still not standardised due to difficulty in deciding
on the appropriate mesenteric resection due to variation in the draining lymphatics from
middle colic to left colic arteries . Watanabe and colleagues have demonstrated huge
variety in the lymphatic drainage of splenic flexural tumours with 38.7% of their 31 patients
having lymphatic drainage to the left accessory aberrant colic artery (LAACA) and of the
61.3% without the LAACA 19.4% drained to the left branch of the middle colic, 25.8% to
the left colic and 16.1% to the route of the IMV 84, The appearance of fluorescence clearly
demonstrating the lymphatic drainage is striking (Figure 1.4). More work is required to
optimise the dosing, timing and patient selection for fluorescence lymphatic mapping during

colorectal cancer surgery.
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Figure 1.4 - Fluorescence clearly identifying drainage from the splenic flexure to the

left branch of the middle colic artery. Reproduced with permission from Watanabe et a/
84

1.5.3. Fluorescence mapping of disease using targeted fluorophores

Perhaps a more exciting area of fluorescence guided surgery involves the use of targeted
fluorophores towards tumours to identify either tumour margins, positive lymph nodes or
metastatic disease. Using fluorophores conjugated to cancer specific agents can increase the
sensitivity and specificity for disease detection ®. This is still a new area of research where
there are currently no approved conjugated fluorophores for clinical use but numerous under
investigation. Targeted fluorophores can include small molecules, peptides, activatable
fluorophores and antibodies, all of which are of varying size and thus differing
pharmacokinetic, biodistribution and fluorescent properties 4. Broadly speaking, targeted
fluorophores can be categorised into either: affinity-based which bind to target specific
tissue markers (e.g. receptors, ion channels or cell surface antigens) ® a good example of
which is the folate receptor for fluorescence guided ovarian cancer surgery 37 or; activity-

based which emit fluorescent signal upon enzymatic localisation and amplification 8% 87,
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Some fluorophores can be designed to only emit fluorescence following successful binding
to target tissue which substantially decreases the background emitted by non-specific
binding *. LUMO15 has been tested in clinical trials which utilises a mechanism of protease
activation via a quencher that is linked by a pan-cathepsin protease cleavable peptide to a
CyS5 fluorophore. Cathepsins are overexpressed in tumour cells and cleave the linker which

releases the quencher, activating the fluorophore .

There is only 1 published phase I/II clinical trial for targeted molecular fluorescence in
colorectal cancer which utilises an anti-CEA monoclonal antibody conjugated to a NIR
fluorophore (BM104) manufactured by the authors with an excitation and emission of 685
and 700nm respectively °!. This pilot study included patients with elevated serum CEA
levels undergoing resection of a colorectal cancer. In their dose expansion phase, a
sensitivity of 98% and specificity of 62% was observed with 19 of 43 lesions detected using
fluorescent imaging whilst not being clinically suspected before NIR detection changing the
treatment strategy in 35% of patients °!. Only 3 possibly related adverse events were
observed making this a real potential for future investigation although it is only limited to
cancers which are CEA positive. There are numerous other targeted fluorescence guided
clinical trials, which are all phase I/Il, underway with a few completed and awaiting

publication of results (Table 1.3).
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Study name NCT Phase Drug Type Fluorophore  Administration Detection Detection Sponsor Status
of by

Early Detection of Polyps NCT00285701 /11 (5-ALA) Fluorescent PPIX Oral & topical Polyps Colonoscopy Photocure  Completed
and Colon peptide and CRC 2010
Cancer by Fluorescence Imaging
- a Dose-finding Study
Study of QRH-882260 NCTO03148119 /1 QRH-882260 Conjugated CyS5 Topical Tumour Colonoscopy Michigan  Terminated
Heptapeptide Application in the peptide University - used for a
Colon new study
Phase I of SGM-101 in Patients | NCT02973672 U/l SGM-101 Conjugated BM104 Intravenous Tumour Laparoscopy Surgimab  Published
with Cancer of the Colon, (Anti-CEA)  antibody
Rectum or Pancreas °!
Multi-modality Imaging in NCT03699332 /11 Labetuzumab  Antibody IRDye800CW Intravenous Tumour Laparoscopy Radboud  Not yet
Peritoneal Carcinomatosis University recruiting
of Colorectal Origin
EMI-137 in Laparoscopic NCTO03360461 11 EMI-137 c-Met Cyanine Intravenous Tumour Laparoscopy Leeds Recruiting
Colonic Resections receptor based dye not and LN University

peptide specified metastases
FluoFAP NCT02113202 1 Bevacizumab Conjugated IRDye800CW Intravenous Polyps Colonoscopy Groningen Published

peptide University
An Open Dose-finding Study of | NCT01344902 I/l (5-ALA) Fluorescent PPIX Oral Polyps Colonoscopy Photocure  Terminated
Oral Applied HAL Imaging in peptide and CRC - poor
Patients with Suspicion or High efficacy

Risk of Neoplasia in the Colon




Study name NCT Phase Drug Type Fluorophore  Administration Detection Detection Sponsor Status
of by

Targeted Silica Nanoparticles NCT02106598 1 cRGDY- Conjugated Cy5.5 Peritumoral Nodal Laparoscopy Memorial  Recruiting
for Real-Time Image-Guided PEG-Cy5.5-  peptide metastases Sloan
Intraoperative Mapping of C Kettering
Nodal Metastases Cancer

Center
Rapido-tract NCTO01972373 1 Bevacizumab Conjugated IRDye800CW Intravenous Tumour Colonoscopy Groningen Completed

antibody University

Feasibility of the LUM Imaging | NCT02584244 /I LUMO15 Cleaved Cy5 Intravenous Tumour LUM 2.6 Lumicell,  Recruiting
System for Detection of (cathepsin) quencher Imaging Inc
Gastrointestinal Cancers Device

€c

Table 1.3 - Current registered trials of targeted fluorescence for colorectal cancer surgery. NCT, clinicaltrials.gov identifier, 5-ALA, 5-

Aminolevulinic acid, PPIX, Protoporphyrin IX, CRC, colorectal cancer, CEA, carcinoembryonic antigen, LN, lymph node, CRC, colorectal

cancer.
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2.1. Methodology

Methodology for work described in this thesis is outlined in each chapter. Generic methods

used throughout the work are described here.

2.2. Capture and quantification of fluorescence

All fluorescent and NIR images were captured using either the ATG, Pinpoint, Stryker or
Storz fluorescence enabled laparoscopic systems. For ex-vivo work where comparison is
being performed, distance from the detector and the subject were kept consistent. Images

were taken in the dark to minimise background signal from ceiling lights.

To quantify fluorescent signal, after obtaining images, fluorescence signal to background
ratios were calculated using Image J °2. After image upload, the polygon selection tool was
used to delineate the area of interest. The size of the area measured in the region of interest
matched the size of the area in the control region. A measurement of brightness was then
obtained using the software which converts RGB pixels to brightness values using the
formula V=(R+G+B)/3 . Following this, the same area polygon was transferred to a

random control area and a further measurement made (Figure 2.1).

Figure 2.1 - Method of measuring signal to background ratio of NIR fluorescent image.

A = image before measurement made, B = measurement of signal, C = measurement of

background.
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2.3. Trial set up

All clinical trials described in this thesis were developed and set up as described hereto. A
protocol was written to outline the trial objectives and outcomes, methodology, recruitment,
analysis and study closure. These were written to comply with good clinical practice (GCP)
guidance **. Trial designs were largely to assess proof of principle and were modelled on
the IDEAL collaboration stages 1, 2A and 2B ?°. All studies were open-label, unblinded,
non-randomised studies. Inclusion and exclusion criteria were listed and specific to each
trial which is outlined in the methods of subsequent chapters. Withdrawal of participants

occurred only due to safety concerns or if their data could not be used for analysis.

Following completion of the protocol, patient information leaflets (PILs) were written to
inform participants of what their involvement would mean. Informed consent forms were
designed on a template provided by the University of Oxford. Once the ‘document package’
was complete, sponsorship was applied from either the University of Oxford or Oxford
University Hospitals NHS Foundation Trust (OUH). After document review and
amendment from the sponsor team, the research and development (R&D) department of
OUH would review and sign off the document package. Study contracts were completed in
co-ordination with legal teams at Oxford University and OUH for site-level agreements and
for agreements with third parties relating to drug or equipment supply. Study information
was simultaneously uploaded onto the Integrated Research Application System (IRAS)
(www.myresearchproject.org.uk), to apply for approvals. Once the sponsor and R&D
department signed the study off, approval was sought from an ethical committee and the
Health Research Authority (HRA) which involved attendance at their meeting to discuss
any ethical issues impacting patients or the wider community. Following ethical review, any
adjustments were made (if required) prior to obtaining full ethical and HRA approval. At

this point, an electronic trial master file (¢€TMF) was created in accordance with GCP. A
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delegation log for each study was created to ensure all staff were GCP trained. All studies
only had the author (TGB) and 1 other person working on the study except for IRDye 800BK
ureter where a research nurse was provided by the National Institute for Health and Research
(NIHR). Training for each trial was developed and performed by TGB and recorded in the
training log for each study team member. Standard operating procedures (SOPs) were
developed for each trial to cover essential trial management procedures and were stored in

the eTMF.

Trial recruitment logs were developed to record all patients approached, their eligibility and
whether they declined or accepted to participate. For data collection, a study data matrix was
developed to ensure all data points were recorded. From this, an electronic study database
was created for data input and recording. Case report forms (CRFs) were largely paper based
and designed to match each data point on the database. Once the eTMF was complete with
all the aforementioned material, a sponsor review was conducted, corrections made (if

required) and green light approval granted.

2.3.1. Patient recruitment

Screening to identify potentially eligible participants was performed using MDT lists,
planned operating lists and outpatient appointment lists. This involved assessment of their
operation type, previous surgery, BMI, drug allergies, American Society of
Anaesthesiologist’s Grade (ASA) and blood results obtained pre-operatively as part of their

routine care.

For all studies, patients were initially approached either at their outpatient consultation, via
telephone, at their pre-operative assessment (POA) appointment, or via a letter and PIL sent

by post. The trial was explained to them and any questions answered. All patients were given
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at least 24 hours to consider the information provided. The participant personally signed and
dated the latest approved version of the consent form before any trial specific procedures
were performed. It was clearly stated that the participant is free to withdraw from the trial
at any time for any reason without prejudice to future care, without affecting their legal
rights and with no obligation to give the reason for withdrawal. Participants were allowed
as much time as wished to consider the information, and the opportunity to question the
investigator, their GP or other independent parties to decide whether they will participate in
the trial. Informed consent was then obtained by means of participant dated signature and
signature of the person obtaining consent. A copy of the signed consent form was given to
the participant, the original signed form retained within the TMF and a copy held in the

participants medical records.

Following consent, baseline assessments were performed, recorded in the CRF and
eligibility checked for the final time. Once the patient was positioned for their procedure on
the operating table under general anaesthetic, the intervention for the trial (described in each

chapter) was conducted.

2.4. Statistics

For clinical trials, as all studies were proof of principle or early phase studies, sample size
calculation was not required. The sample size was calculated based on previous published
studies of a similar design, feasibility to recruit within the time-constraints of TGB,

operating list capacity and predicted recruitment rate.

After assessing for normality, categorical data were analysed using either the chi-squared
or, for smaller population sizes, Fisher’s exact test. Continuous non-parametric data were
compared using the Mann-Whitney U test for 2 groups or the Kruskal-Wallis ANOVA test

for multiple groups. Parametric data were assessed with the t-test or one-way ANOVA.
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Where multiple comparisons were performed, p-values were corrected using either the
Bonferroni or Dunn’s method. For analysing change in results over time, linear regression
models including generalised linear mixed models and random coefficient models (to assess
impact of other factors) were used. Results were deemed significant when the p-value was
less than 0.05. Software used for statistical analysis included SPSS (IBM, IBM Corp.
Released 2016. IBM SPSS Statistics for Mac, Version 24.0. Armonk, NY: IBM Corp), Prism
(version 7.0c for Mac, GraphPad Software, La Jolla California USA, www.graphpad.com)

and Microsoft Excel (version 16.18 for Mac, Microsoft).

29



Chapter 3: Identification of the ureter during colorectal surgery using fluorescence

CHAPTER 3: IDENTIFICATION OF THE

URETER DURING COLORECTAL

SURGERY USING FLUORESCENCE

Data from this chapter has been published in:
Barnes TG, Hompes R, Birks J, et al. Methylene blue fluorescence of the ureter during

colorectal surgery. Surgical Endoscopy. 2018;32:4036-4043.
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3.1. Introduction
3.1.1. Anatomy of the ureter

The ureter is a 25-30cm long retroperitoneal structure that runs from the ureteropelvic
junction (PUJ) to the bladder. Its abdominal segment extends from the renal pelvis to the
pelvic brim where on the right this is just caudal to the descending part of the duodenum.
The ureters are crossed by the gonadal vessels just below their origin and run on top of the
psoas muscle anterior to the genitofemoral nerve. On the left, the sigmoidal vessels run in
the mesentery anteriorly to the ureter. Proximally, the inferior mesenteric artery (IMA) and
its branch, the superior rectal artery, follow the ureter closely medial to the gonadal vessels.
In the pelvis, the approximately 15c¢cm long ureter crosses the common iliac vessels and runs
caudally still covered by peritoneum. It then skirts around the lateral pelvic side-wall
crossing the obturator artery, vein and nerve before entering into the trigone of the bladder
% _In the female, the ureter crosses dorsal to the ovary underneath the broad ligament, close

to the uterine vessels where it is most at risk during gynaecological surgery *7.

3.1.2. latrogenic ureteric injury

Damage to the ureters during surgery is a feared but uncommon complication amongst
surgeons. The nature of injury includes Ilaceration, crush injury, ligation and
devascularisation resulting in either ischaemic necrosis or ischaemic strictures 8. Less than
30% of ureteric injuries are identified intraoperatively 1% and the clinical sequelae of late
identification include sepsis, renal failure, ureteral fistulas, urinoma and death '°'. Most
ureteric injuries occur in patients without significant risk factors, but the incidence increases
in patients with prior pelvic surgery, inflammatory processes including diverticular disease
and inflammatory bowel disease, sepsis, large tumours, obesity, pelvic radiation and
aberrant ureteric anatomy such as duplication and bifid ureters °’. Re-operative surgery also

comes with increased risk of ureteric injury. Gynaecological procedures account for the
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majority of ureteric injuries with colorectal surgery being the second most common cause.
In colorectal surgery, the rate of injury has remained at ~0.07% to 1.70% despite the
introduction of laparoscopic surgery °7- 192195 Injury of the ureter occurs even in experienced
hands and the risk is highest during low anterior resection or abdomino-perineal excision of
the rectum (APER) 8. Injury most commonly occurs during ligation of mesenteric vessels

and dissection at the sacral promontory 8.

In addition to the devastating effects to the patient, ureteric injury contributes significant
costs from both additional treatment, increased length of stay and medicolegal costs. A
freedom of information request to the NHS Litigation Authority (NHSLA) in 2016
(unpublished data, Barnes TG) demonstrated that there is a general increase to the number
of claims made to the NHSLA following ureteric injury since 2006. The cost of a claim to
the NHS averages at £104,091.70 per successful claim and from 2006 to 2016, the cost of

successful medicolegal claims has reached over £27,000,000.

Early identification of the ureter, keeping in the correct surgical plane and visualising the
hallmark ‘vermiculation’ of the ureter to confirm its location is essential in reducing risk of
ureteric injury %8. During colorectal surgery, it is not always possible to clearly see the ureter
and it may take significant time to identify during difficult cases. As well as identifying the
ureter to protect it, it is a key landmark of left sided resections indicating to the surgeon the
correct dissection plane between Gerota’s and Toldt’s fascia '°. Therefore, early

identification may help the surgeon maintain the correct plane of dissection.

3.1.3. Ureteric stents to protect the ureter

Prophylactic ureteral stents are occasionally employed in cases to assist the surgeon in

identifying the ureter. In addition to identification of ureteric location, stents potentially
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allow intraoperative identification of iatrogenic injury °, although there is a huge paucity of

107 Ureteric stents have an obvious

evidence surrounding ureteric stents for these purposes
benefit in open surgery where they can be easily palpated, and the rigid plastic would be
easily distinguishable from any other structure. Despite this, ureteric injury is not completely
mitigated with the use of a stent and numerous retrospective studies reporting on their use
compared with unstented patients still report unrecognised ureteric injuries *% % 198109 From
the limited evidence available, one can conclude that stents are placed entirely under surgeon
choice and only for cases where difficulty in identifying the ureter in complex cases,
particularly diverticular disease, is predicted °® 1% Stent placement itself is not without
problems. There is an increased operating time and cost associated with placement. Extra
staff are required including a urologist, radiographer as well as additional equipment.

Additional time for stent insertion reported in the literature varies from 5 to 55 minutes %

110,111 "Cost of prophylactic stent placement is estimated by Bothwell et al to exceed $2000

112

In addition to costs and time, ureteral stents are not routinely employed as they are not
without their own complications. Complications from stent insertion range from pain,
urinary tract infection, urinary retention, haematuria, anuria/oliguria which is often
secondary to oedema of the vesicoureteric junction and may require stent re-insertion, and
even ureteric perforation. Ureteric perforation is a rare complication and often follows a

traumatic and failed catheterisation ''2.

Over the last 10 years, the number of colorectal resections performed laparoscopically has
increased with most patients now undergoing a minimally invasive approach. Standard
ureteric stents are less useful in this situation as the ability to rely on tactile feedback is

reduced and the visual appearance of the ureter may not be enhanced. As a result, lighted
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ureteral catheters have been introduced. The first case series of 49 patients to describe their
use was by Senagore et al who reported visualisation of the emitted light in 83% of cases
10 The only other series reported in the literature by Boyan et al describes their 5 year
experience of using lighted stents in 402 patients, however, they have only reported on zero
ureteric injuries and not commented on whether the stents improved ureteric visualisation

or not '13,

3.1.4. Ureteric Fluorescence

The drawbacks outlined above have led to development of a solution providing improved
ureteric visualisation that is fast, easy and reliable by using fluorescence. Over the last 10
years, a small number of institutions have investigated ureteric fluorescence with different
fluorophores and techniques. Initially, ICG was explored as the potential fluorophore for
this modality given that it has well known safety profile and its approval status by the FDA
and EMA. However, as it is hepatically excreted, it has to be administered via retrograde
injection via the VUJ. These case series are reported for both urological ''*'1¢  and

gynaecological surgery '’

. These techniques, although providing good signal to background
ratios, still require bladder instrumentation and whilst this is simpler than stent insertion,
would still come with potential risks of UTI and ureteric injury. In addition, none of these

studies report on the duration of ICG fluorescence nor signal to background ratios over time.

In animals, a number of other fluorophores have been explored including intravenous
fluorescein in rats '8 and IRSOOCW-CA in rats and pigs !'* 12°, In the latter study by Tanaka
et al ', it was demonstrated that with intraureteral injection of IRS00OCW-CA that
intraoperative ureteric injury could be identified by leakage of fluorescent contrast in the

NIR visualisation mode. IRBOOCW-CA is a costly manufactured carboxylated form of

34



Chapter 3: Identification of the ureter during colorectal surgery using fluorescence

IR800CW and has since been abandoned for further development by its manufacturer

LI-COR®.

Methylene blue was first explored for its fluorescent properties and ureteric use by Matsui
et al in 2010 3* in pigs following intravenous injection. This was taken by the same group to
a first in man study where low doses of methylene blue were assessed in patients undergoing
open abdominal surgery in which exposing the ureters was a planned part of the procedure
121 The fluorescence device was an in-house manufactured mini-FLARE™ system that is
not for commercial use. A similar study using an in-house device demonstrated that the
ureters could be fluoresced in laparoscopic surgery in 6 patients '?2. Both technical papers

demonstrate a potential feasibility for methylene blue ureteric fluorescence.

3.1.5. Aims

The aims of the work in this chapter was to further clarify the use of methylene blue ureteric
fluorescence and to:
1. Compare methylene blue ureteric fluorescence identification of the ureter with white
light
2. Optimise the dosing of methylene blue
3. Assess the safety of methylene blue in a larger cohort of patients

4. Assess use with a commercially manufactured device
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3.2. Methods
3.2.1. Methylene blue clinical trial
3.2.1.1.  Objectives

A clinical trial was designed to assess methylene blue fluorescence of the ureter during
colorectal surgery at Oxford University Hospitals. The study was a phase 1/2a IDEAL *°
design being an open label, non-randomised, prospective cohort study designed to establish
the proof of concept, timing, dosing, safety and efficacy. The primary objective was to
compare ureteric identification during colorectal resections with white light versus
methylene blue fluorescence (where patients acted as their own controls) with outcome
measures being the number of ureters identified during surgery under each modality at
different time points. Secondary objectives were to ascertain the optimal dose of methylene
blue and timing of administration. Quantification of fluorescence over time were the
outcome measures chosen to answer these objectives. The tertiary objective of safety was
included to record adverse events related to methylene blue. The study was sponsored by
Oxford University, fluorescence enabled equipment was provided by NOVADAQ, ethically
approved by East Midlands — Derby REC (14/EM/1107) and registered on clinicaltrials.gov
(NCT03177070). Advice was sought from the MHRA as to whether this trial would fall
under the clinical trial regulations and it was confirmed that the study would not be a clinical

trial of an investigational medicinal product (CTIMP).

3.2.1.2. Patients

Participants undergoing open or laparoscopic surgery were eligible to enter the study and
were approached sequentially (according to TGB availability) in either their surgical clinic
or pre-operative assessment clinic to discuss participation. A PIL was given to the
participant to read at least 24 hours prior to their surgical procedure. On the day of admission

for their colorectal procedure, patients were approached to consent into the study and then
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assessed whether they were eligible according to the inclusion and exclusion criteria (Table

3.1). Exclusion criteria applied were purely due to safety reasons.

Inclusion Criteria Exclusion Criteria

1. Participant is willing and able to give | 1. Patient who is unable or unwilling to

informed consent to participate in the give informed consent

study 2. Female participant who is pregnant,
2. Male or female aged 18 years or above lactating, or planning pregnancy during
3. Patients undergoing laparoscopic or the trial

open colorectal surgery 3. Significant renal or hepatic impairment

4. In the investigator’s opinion, is able and | 4. Known allergy to methylene blue
willing to comply with all study | 5. Patient is at risk of serotonin syndrome
requirements including those taking serotonin

re-uptake inhibitors and with known

gluose-6-phosphate dehydrogenase

(G6PD) deficiency

Table 3.1 Inclusion and exclusion criteria for methylene blue ureter study.

3.2.1.3.  Intraoperative methods

Four dosing cohorts were assessed in the study: 0.25mg/kg, 0.5mg/kg, 0.75mg/kg and
Img/kg. Following general anaesthetic and patient positioning, methylene blue (Proveblue,
Provepharm Life Solutions, Marseille, France) was administered intravenously over 5
minutes, 5-10 minutes prior to the operating surgeon entering ‘ureteric territory’.
Fluorescence was assessed using the PINPOINT DR system (outlined in section 1.4) under
white light followed by fluorescence mode at 5-10-minute time intervals for up to 100
minutes following methylene blue injection. Visualisation under each modality was deemed
either ‘visible’ or ‘not visible’ according to the surgeon and an additional observer. Visibility

was defined as the surgeon or observer being 100% certain that the ureter was visualised,
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not another structure. No additional dissection to explore the ureter(s) was performed outside
of the standard operative procedure to identify fluorescence. Discretion was given to the
operating surgeon as to whether techniques were employed to identify a ureter not identified

with white light but with fluorescence.

According to the procedure being undertaken, the ureters were classified as being either
relevant or irrelevant to the procedure. Examples of relevant ureters included: left ureter in
an anterior resection, both ureters during subtotal colectomy, right ureter during a right
hemicolectomy. Irrelevant ureters were those that would not be routinely looked for but were
observed under fluorescence for the purposes of this study. Documentation was made as to
whether the ureter was visible with white light alone, fluorescence alone, both fluorescence
and white light or not visible at all by the operating surgeon (primary observer) and an
independent (secondary) observer. Where possible, a final assessment of the ureter(s) was
made at the end of the procedure to observe whether fluorescence was still present. The
order in which ureters were assessed were as follows: white light only and then fluorescence

(including overlay and pure fluorescence modes).

Fluorescence was deemed ‘useful to the case’ where the surgeon used fluorescence mode
without prompting outside of the fixed time points. At 30-days post operatively, patient

notes were reviewed to collect any adverse reactions.

3.2.1.4.  Statistical analysis

Descriptive statistics were used to present the majority of data arising from the study.
Comparison of means across all times points between dosing cohorts from signal to
background ratio data were assessed using a one-way analysis of variance. Ureteric

visualisation with methylene blue or white light was analysed using generalised linear mixed

38



Chapter 3: Identification of the ureter during colorectal surgery using fluorescence

models. Random coefficient models were fitted to allow for differences between the change
over time between patients, and the change over time was modelled using a second order
regression equation. Baseline characteristics including dosing level were included as fixed
effects to investigate whether these may explain variation between patients. Intra-observer

agreement was assessed using the kappa statistic.

Signal to background ratio over time was assumed to have a normal distribution and linear
mixed models were used to analyse this change over time modelled using a second order
regression equation. A random coefficient model and random intercept was fitted which
allowed for differences in the change over time between patients. Where there was no
superiority of either method to fit the data, the random coefficient model was utilised for
simplicity. To model the correlation over time within patients, the unstructured covariance
matrix was used. Baseline characteristics including dosing level were included as fixed

effects to investigate whether these may explain any variation between patients.

3.2.2. IRDye 800BK Ureteric Fluorescence Trial

Following assessment of IRDye 800BK, a single centre, phase 1 study was set up to assess

the safety and efficacy of IRDye 800BK in fluorescing the ureter during surgery.

3.2.2.1.  Objectives

As this was a phase 1 study, the 2 main objectives to be assessed were efficacy and safety.
Efficacy was measured objectively by signal to background measurements over time and
subjective assessment using a visual scoring system of ureteric visualisation under

fluorescence and whether the ureter was visible under white light or not over time. The
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scoring system utilised is outlined in Table 3.2. A score of 2 or above was defined as being

positive.
Score Description

0 No fluorescence observed

1 Weak fluorescence signal observed, not convincingly outlining the
ureter

) Weak fluorescence signal observed, convincingly outlining the
ureter

3 Strong fluorescence signal clearly outlining the ureter

Table 3.2 - IRDye Ureter Trial Visual Assessment Scoring System.

A ‘dose optimisation’ phase in the first 12 participants was designed in order to ascertain
the best dose followed by a dose expansion phase with the identified dose. A starting dose
of 0.06mg/kg was used based on efficacy in animal testing (unpublished data by LI-COR).
Three patients would be given a dose, following which the independent data safety
monitoring committee (DSMC) would meet to review the safety and efficacy data and
decide as to whether the dose would be increased by 0.03mg/kg or decreased by 0.015mg/kg
(Figure 3.1). In addition to the safety and efficacy data, stopping rules for dose escalation
were included as:

1. A severe serious adverse reaction (i.e. a serious adverse event considered at least
possibly related to the IMP administration) in one subject in this trial or any other
trial at a particular dose of the same IMP

2. A severe non-serious adverse reaction (i.e. severe non-serious adverse events
considered at least possibly related to the IMP administration) in two subjects in the

same cohort independently, within the same system-organ-class.
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The optimal dose was defined as:

1. No serious adverse reaction or serious non-severe adverse reaction related to the IMP
at that dose in any patient previously being dosed at that level.

2. Highest mean fluorescence score throughout all fluorescent readings amongst all
patients in that cohort.

3. Highest signal to background ratio across all readings amongst all patients in the
cohort. This will account for possible higher background signals observed in the
higher dosing cohorts.

As well as adverse events, renal and liver function of the different dosing cohorts during the

dose optimisation phase was also assessed.

3.2.2.2. Patients

Patients were eligible to enter the study if they were undergoing laparoscopic colorectal
resection. Inclusion and exclusion criteria are listed in Table 3.3. Potential participants were
approached in either the surgical clinic or the pre-operative assessment clinic. After having
at least 24 hours to read the information sheet, they were invited to consent to enter the
study. Eligibility was confirmed, and baseline assessments were recorded consisting of
demographics, medical history, medications, allergies, physical examination, blood tests,

ECG and pregnancy test (if applicable).
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Inclusion Criteria

Exclusion Criteria

. Participant willing and able to give

informed consent for participation in

the trial

. Male or female aged 18 years or above

. Undergoing elective laparoscopic

colorectal surgery

. Available laboratory and ECG results

within 3 months of enrolment

. Female participant of child bearing

potential and male participants whose
partner is of child bearing potential
willing to ensure that they or their
partner use effective contraception
during the trial and for 3 months

thereafter *

. In the investigator’s opinion is willing

and able to comply with all trial

requirements

. Female participant who is pregnant,

lactating or planning pregnancy
throughout the trial
Significant renal impairment (eGFR <
50mL/min/1.73m?)
Significant liver impairment defined
as

a. AST>3.0x ULN or

b. ALT >3.0x ULN or

c. Total serum bilirubin > 1.5 x ULN
Involved with any other research trial
involving an unlicensed medication in

the past 12 weeks

. Any of significant disease or disorder

that may put the participant at risk

. Known allergy to D-Mannitol or citric

acid

Table 3.3 IRDye Ureter Trial - Inclusion and Exclusion Criteria

* Women of child bearing potential defined as per the Clinical Trial Facilitation Group
guidelines relating to contraception and pregnancy in clinical trials.
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Figure 3.1 - Dose optimisation decision tree for DSMC in IRDye Ureter Study
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Figure 3.2: IR800 BK Clinical Trial Application and Approval Process. R&D, research
& development; MHRA, Medicines and Healthcare Regulatory Authority; CTIMP, Clinical
Trial of an Investigational Medicinal Product; QP, Qualified Person; GNA, Grounds for
non-acceptance; HRA, Health Research Authority, TMA, Trust Management Approval.
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3.2.3. Assessment of fluorescence with different devices

Where time allowed during the procedure, comparison of different devices with IRDye
800BK fluorescence was used. During the trial, 3 different devices were utilised: Pinpoint,
Stryker and Storz. Where time during the case permitted, a second device was used to assess
the fluorescence and the signal to background ratio recorded as described previously.

Comparison of devices were assessed using the aforementioned statistical analyses.

3.3. Results
3.3.1. Recruitment

From August 2016 to April 2017, 56 patients were screened to participate in the study. Only
four patients declined to participate, and 6 patients were ineligible as they did not meet the
inclusion or exclusion criteria. Of 46 participants consented, the laparoscopes were not
sterilised in time for 4 of these cases and therefore methylene blue was not administered. Of
the remaining 42 patients receiving methylene blue, 2 were excluded from analysis (Figure

3.3).

In order to recruit at a steady rate, it was estimated that at least 1 patient would complete the
study per week from all of the colorectal lists. Initially, the recruitment rate met this target,
however, after more surgeons in the department became interested in the technology and
patients found it acceptable as there was a safety element to the study, recruitment exceeded
the recruitment targets (Figure 3.4). Six surgeons were involved in the study and the number

of readings and cases per surgeon is outlined in Figure 3.5.
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56 Patients Screened

4 )

Did not meet eligibility criteria (6)
Declined to participate (4)

{ } N Y
46 Patients Consented

=[Equipment unavailable (4)

42 Patients Received Methylene
blue

4 )

Excluded from analysis (2)
Open close laparotomy (1)
Abandoned due to haemorrhage

v ey

- /

40 patients analysed

Figure 3.3 - Patient recruitment flow diagram for methylene blue ureter study.
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Figure 3.5 - Number of cases recruited to study by surgeon (anonymised)

1.1.1. Baseline demographics

Twenty-one participants were male. Median BMI was 27 (range 13-39) following a normal
distribution similar to that of a standard colorectal patient population (Figure 3.6). Median
age was 66 (39-91) and most patients were male (21, 52.5%). Table 3.4 outlines the

indication for surgery with the majority being anterior resections for cancer (48%). Ureteric
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fluorescence was assessed in a variety of different indications for resection including those
where the ureter may be more difficult to identify (e.g. endometriosis, Crohn’s disease and

re-do surgery). Ninety percent of cases were undertaken laparoscopically.

Dosing cohorts were as follows: 4 for 0.25mg/kg; 11 for 0.5mg/kg; 12 for 0.75mg/kg and

13 for Img/kg.

Distribution of BMI across cohort Age Distribution in Cohort
8+ =
6 4
S S
3 23
E 4 £
S S od
z Z
2+ 1
0+ 0 T T
0 10 20 30 40 50 0 20 40 60 80 100
BMI (kg/m?) Age

Figure 3.6 - Distribution of BMI and Age across patients in methylene blue trial. BMI
appeared to have a normal distribution in keeping with the standard cohort of colorectal
patients. Age was positively skewed towards an older age group, similar to the standard

colorectal patient cohort.
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Procedure (and indication) n
Anterior Resection
Cancer 19
Diverticular disease 3
Endometriosis 1
Right Hemicolectomy
Cancer 6
APER

Cancer 2
Subtotal colectomy

Cancer 1

Ulcerative colitis 1
Hartmann’s procedure

Cancer 1

Diverticular disease (colovaginal fistula) 1
Take down anastomosis & proctectomy

Anterior resection syndrome 1
Re-do proctocolectomy

Cancer (recurrence) 1
Combined right hemicolectomy & anterior
resection 1

Cancer (+ bilateral oophorectomy)
Panproctocolectomy

Crohn’s disease 1
Reversal of Hartmann’s

Previous diverticular resection 1

Table 3.4 - Breakdown of patients in the study by operation type and indication. The

majority of cases were anterior resections for cancer.
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Figure 3.7 - Total number of ureteric fluorescence readings per dosing cohort over

time. The majority of readings fell between 0 and 75 minutes across all dosing cohorts.

1.1.1. Subjective assessment of ureteric fluorescence with methylene blue

In the 40 participants, there were a total of 351 ureteric visualisations within 100 minutes
with a median of 8.5 assessments per patient (range 1-21) (Figure 3.7). As time progressed,

less visualisations occurred with most readings occurring between 0 and 50 minutes.

Sixty-nine ureters were imaged out of the 40 patients recruited in total accounting for a
number of patients where both the right and left ureter was assessed within the case (Figure
3.8). Eleven ureters were not assessed which consisted of 6 left ureters during right
hemicolectomy, 4 right ureters during a left sided resection and one right ureter during a
subtotal colectomy. Nearly all ureters (n=64, 93%) were visualised, at any single point, with
methylene blue fluorescence. Of the 43 relevant ureters, the majority (n=33, 76.7%) were
seen with both modalities throughout the case, in 16, the ureter was seen initially with both
white light and methylene blue at the same time point. A further 12 were seen first with

methylene blue (i.e. not initially seen with white light) and were subsequently seen with
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white light later in the case (median time of 30 minutes earlier, range 10-70 minutes). Five
relevant ureters were seen initially with white light and subsequently with methylene blue a
median of 5 minutes later (range 5-50 minutes). In 9 relevant ureters, the ureter was only
ever visible with fluorescence throughout the case and was never visualised with white light.
No relevant ureters were seen with only white light throughout and 1 relevant ureter was not
seen with either modality during the case which was a limited resection right

hemicolectomy.

40 Patients
69 Ureters
(34 35)

43 Relevant Ureters 26 Irrelevant Ureters

(3419)

v v ! v

MB;)nIy MB:;&3WL WL Only Not 1Seen MB & WL WL Only
) (28 0 (Right) 1 1
{ ] !

(0126)

MB First WL First Both First WL First Both First
12 5 16 1 14
(10]2) (CAR)] (14

Figure 3.8 - Subjective visualisation of the ureter divided by ureters relevant and

irrelevant to the procedure. Numbers in brackets represent laterality of ureter (left | right).

Most ureters were seen using both modalities (white light and methylene blue).

Of the irrelevant ureters (n=26), fourteen were visualised initially with both modalities. Two
irrelevant ureters were seen initially with methylene blue 35 and 70 minutes prior to
visualisation with white light and one irrelevant ureter was seen 20 minutes with white light
prior to being seen with methylene blue fluorescence. Five irrelevant ureters were seen only
under fluorescence throughout the whole case, 1 was only seen with white light and 3 ureters

were not visualised under any modality.
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Figure 3.9 - Assessment of ureteric fluorescence in NIR mode. A - The surgeon has
been asked to place the centre of the image (white square) where they believe the ureter to
lie prior to enabling the fluorescence mode. Note the strong fluorescent signal at the top of
the image away from the centre. When moving closer to the area of fluorescence, the
ureter is clearly seen (B). Image captured using the PINPOINT DR in ‘overlay’ mode
where the centre image is a colour image with green fluorescent signal in overlay. The
three panels on the left from top to bottom are colour image without fluorescence, SPY

mode (black and white fluorescence) and overlay mode.

Of the forty patients analysed, in 13 (32.5%) of the operations, the operating surgeon utilised
the fluorescence modality outside of the fixed time points indicating that they found it useful

to the procedure. In 10 of these, the ureter was revealed to be in a slightly different location
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under fluorescence to where it was thought to be in white light (Figure 3.9). In 2 participants,
the operative plan was altered. The first was an obese male (BMI 39) undergoing anterior
resection where, whilst performing the medial to lateral dissection underneath the IMA, the
ureter could not be visualised due to extensive retroperitoneal fat. The urologists were
requested to the operating theatre to place a ureteric stent and during the set-up, a strong
bolus of fluorescence signal could be seen through the retroperitoneal fat indicating the
ureter was in the correct location and not at risk if injury prior to vessel division. The second
case was a participant undergoing a Hartmann’s procedure for a diverticular colovesical
fistula. It was suspected after division of what was thought to be a sigmoidal vessel, that it
was in fact the ureter. Urologists were again requested but, as in the previous case,

fluorescence subsequently outlined the location of the ureter clearly.

3.3.2. Objective assessment of ureteric fluorescence with methylene blue

For all doses combined, the mean signal to background ratio of methylene blue fluorescence
was 4.41 (SD 2.57, 95% CI 4.09 to 4.73). Mean signal to background ratio was significantly
different between dosing cohorts (p < 0.0001) being lowest in the 1mg/kg dosing cohort at
3.656 (SD 1.89, 95% CI 3.37 to 3.94) and highest in the 0.75mg/kg cohort at 5.294 (SD
2.73,95% CI14.84 to 5.75). When comparing mean signal to background ratio of each dosing
cohort with every other dosing cohort (Table 3.5), only the lower ratio of 1mg/kg compared
with 0.75mg/kg and 0.5mg/kg reached statistical significance (p<0.0001 and p=0.0396

respectively).

When assessing the different doses on signal to background ratio, a random effects linear
regression model was fitted. The signal to background ratio declines at different rates over
time with all doses (Figure 3.11) and were statistically significantly different (p=0.0003).

As the dose increases, the rate of signal to background ratio decline decreases. The 2 lowest
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doses significantly decreased in signal to background ratio over time with 0.25mg/kg having
the highest rate of decline (slope -0.1165, 95% CI -0.19 to -0.05, p=0.0019) followed by
0.05mg/kg (slope -0.3698, 95% CI -0.05 to -0.02, p<0.0001). X intercepts were calculated
for a Y value (signal to background ratio) of 1. The x intercept of the dosing cohorts
0.25mg/kg and 0.5mg/kg was 54.62 minutes (95% CI 41.01 to 103.8) and 130.2 minutes
(95% CI 100.7 to 203.6) respectively. 0.75mg/kg and 1mg/kg cohorts had a significantly
slower rate of decline (slope -0.01, 95% CI -0.03 to 0.003, p=0.1156) and (slope -0.006,
95% CI -0.017 to 0.005, p=0.3112) respectively. At 0.75mg/kg the x intercept is 376.9
minutes (95% CI 191.7 to infinity) and 251 minutes (95% CI 191.8 to infinity) for Img/kg
likely to indicate that 100 minutes is not a sufficient amount of time to adequately assess the
decay in signal. At the higher doses, the logistic regression equation did not reach
significance and would require assessment over a longer period to obtain a narrower 95%

CI for the x intercept.

In this trial, visualisation of the ureter is more likely to occur under fluorescence rather than
white light (OR 4.5176, 95% 3.33 — 6.133, p<0.0001). To assess the effect of ‘ureteric
relevance’ on fluorescence visualisation, a logistic regression model was utilised. The odds
ratio for visibility by methylene blue but not white light comparing relevant with non-
relevant ureters, derived from fitting the random intercepts logistic regression model with
no covariates was 0.66 (95% CI 0.32, 1.38, p=0.27). The probability for visibility by
methylene blue but not white light varies over time with the maximum at 58 minutes from

baseline (Figure 3.12).
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Figure 3.10 - Proportion of ureteric visualisations by modality over time. From
clockwise, each figure represents the modality by which the ureter was visualised by
proportion over time for 0.25mg/kg, 0.5mg/kg, 0.75mg/kg and 1mg/kg. In the lower doses
(0.25mg/kg and 0.5mg/kg), a higher proportion were seen with both modalities, whereas in
the higher doses, methylene blue identified the ureter in more cases. When all doses are
combined, most of the ureters are seen by both modalities at each time point, followed by

methylene blue fluorescence.
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Comparison Mean signal to Mean signal to Adjusted
background ratio 1 background ratio2  p value

1mg/kg vs. 0.75mg/kg 3.656 5.294 <0.0001*
1mg/kg vs. 0.5mg/kg 3.656 4.39 0.0396*
1mg/kg vs. 0.25mg/kg 3.656 4.668 0.1532
0.75mg/kg vs. 0.5mg/kg 5.294 4.39 0.0104
0.75mg/kg vs. 5.294 4.668 0.5758

0.25mg/kg

0.5mg/kg vs. 0.25mg/kg 4.39 4.668 0.9407

Table 3.5 - Table comparing mean signal to background ratios between dosing cohorts.
Mean signal to background ratio of each dosing cohort is compared using ANOVA and p-
value adjustment for multiple comparisons. Ratio 1 in column 2 refers to the first dosing
cohort mentioned in the ‘comparison’ column and ratio 2 in column3 refers to the second

dosing cohort mentioned in the ‘comparison’ column.
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Figure 3.11 - Signal to background ratio over time by dose. Dots represent individual
signal to background ratio of a single ureteric visualisation. Solid line represents linear

regression line with dotted lines representing 95% confidence intervals.
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Figure 3.12 - Mean probability of methylene blue being better than white light over
time. Fitted using a non-linear regression curve. Dotted lines represent 95% confidence

interval.
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3.4. Ureteric fluorescence with IRDye 800BK
3.4.1. Cross-talk between IRDye 800BK and methylene blue

Following some success in the methylene blue ureter trial, IRDye 800BK had been
manufactured by LICOR to be renally excreted and with similar fluorescent properties to
ICG. This was offered to the author to assess for safety and efficacy for a first in man trial
following successful animal work undertaken by LICOR. In addition to IRDye 800BK
alone, it was important to compare this new dye with methylene blue and two potential trial

designs were explored:

1. IRDye 800BK administered at the same time as methylene blue in all participants
and to assess ureteric fluorescence using a dual wavelength device, comparing
fluorescence strength between each wavelength with white light.

2. IRDye 800BK administered alone.

Initially option 1 was pursued as being the most useful. Concern was explored over whether
there would be any effect on fluorescence interpretation between devices using different
wavelengths where both methylene blue and IRDye 800BK were present in the region of
interest. In order to assess this, increasing doses of IRDye 800BK and methylene blue were
visualised under both a 660nm and 785nm fluorescence system in separate Eppendorf tubes,
and in combination (Figure 3.13). On two-way ANOV A with p-values corrected for multiple
comparisons, there was a significant difference (p<0.0001) between all combinations at each
concentration in both 660nm and 785nm. The main concern was that whilst there was
minimal signal from methylene blue at 785nm, there was significant signal emitted from
IRDye 800BK at 660nm at both Img/mL, 0.Img/mL and 0.01mg/mL which would confuse

assessments made in vivo at this wavelength.
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The decision was therefore made that an in-vivo use of both IRDye 800BK and methylene
blue could not be pursued. Therefore, the methodology of choice was to use IRDye 800BK
alone and to compare the historic data from the methylene blue trial with the IRDye 800BK

trial.
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Figure 3.13 - Assessment of cross-talk between methylene blue and IRDye 800BK at
660nm and 785nm. Top table represent images of Eppendorf tubes containing methylene
blue and IRDye 800BK either separately or combined at different concentrations. When
dyes are shown separately, methylene blue is the Eppendorf tube and IRDye 800BK is the
tube on the right. Bottom graphs represent mean signal (bars = standard deviation) of each

dye combination at the varying concentration.
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3.4.2. Recruitment

From April 2018 to September 2018, 107 patients identified through MDT (n=56) or
operating lists (n=51) were screened for eligibility into the study (Figure 3.14). Seventeen
patients were ineligible: not offered resection (n=10), eGFR <50 (n=3), ineligible operation
(n=3), inappropriate clinical results (n=1). Twenty-two patients met the eligibility criteria
but were not approached due to the following reasons: dye not available on operation date
(n=7), DSMC required prior to further recruitment (n=2), clash with another patient or less
than 24 hours since previous patient during dose optimisation phase (n=10), TGB not present
on day of case (n=1) and patient declined discussion (n=2). The remaining 68 patients were
consulted regarding trial participation and handed the PIL. Of these, twenty, were not
consented due to: clash with other participant (n=5), dye not available on day (n=4),
operation date postponed (n=2) and patient declining to consent (n=9), leaving 48
participants recruited to the study. Eight recruited participants were withdrawn due to
rescheduling of case (n=3), IMP not being available (n=1), no longer fit for surgery (n=1),
patient request to withdraw (n=1), TGB not available for case (n=1) and over recruitment
(n=1) leaving 40 participants who received IRDye 800BK as part of the study. Thirty-nine
participants were followed up until 30 days for adverse effects. One participant died post-

operatively due to necrotising fasciitis unrelated to IRDye 800BK administration.
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Figure 3.14 - IR800 BK ureter clinical trial flow diagram.

Actual recruitment to the study during the dose optimisation stage was in line with predicted
recruitment. During the dose expansion phase, recruitment exceeded the planned

recruitment target of 1.5 recruited participants per week (Figure 3.15).
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Figure 3.15 - Actual and predicted recruitment during the IR800 ureter study.
Recruitment was predicted at 1 participant per week throughout the dose optimisation phase
and 1.5 participants in the subsequent dose optimisation phase. Over-recruitment was

necessary to replace withdrawals.

3.4.3. Baseline demographics

Twenty-two participants were male. The median age was 65 (IQR 16.75) and BMI ranged
from 20 to 42 (median 26.1, IQR 6.4) (Figure 3.16). The majority of cases (n=38) were for
cancer being low anterior resections (n=14), high anterior resections (n=13), right
hemicolectomy (n=5), APER (n=3), proctocolectomy (n=2) and left hemicolectomy (n=1).
Benign cases included a proctocolectomy for ulcerative colitis (n=1) and reversal of

Hartmann’s procedure (n=1).
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Figure 3.16 - Graphical representation of age (left) and BMI (right) from IR800 ureter

patients.

Demographic

Dosing cohort

Dose (mg/kg)
Gender
Male
Female
Median age (range)
Median BMI (range)
Procedure
Low Anterior
High Anterior
Right
Hemicolectomy
Proctocolectomy

0.06

1

2

61 (52-79)
24.6 (21-30)

2
1

2
0.045

1
2

52 (51-66)
33.8 (26-42)

2

3
0.075

3
0

42 (35-55)
26.7 (23-31)

1
1

0.06

2
1

72 (65-84)
23.5 (20-28)

2
1

Table 3.6 - Demographics divided by dosing cohort during dose optimisation stage.
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3.4.4. Dose optimisation stage

During the dose optimisation stage, demographics were similar to the entire cohort with 6
male participants and 6 female participants with a median age of 58 (IQR 15.75) and BMI
ranging from 19.69 to 42.15 (median 25.71, IQR 8.1). All cases during the dose optimisation
phase were cancer resections: low anterior resection (n=7), high anterior resection (n=3),
right hemicolectomy (n=1) and proctocolectomy (n=1). A breakdown of these demographics

by dosing cohort is outlined in Table 3.6.

Each dosing escalation and de-escalation decision was made by the DSMC as outlined in
Figure 3.1. The starting dose was 0.06mg/kg and, following the first 3 participants, a
decision to decrease the dose to 0.045mg/kg was made. After a further 3 participants at this
dose the dose was increased. Finally, after the penultimate cohort was dosed at 0.075mg/kg

a decision to decrease the dose back to repeat the dose of 0.06mg/kg was made (Table 3.7).
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ID Dosing Score of  Score of 2 Number Related  Decision
Number Cohort 3atany  beyond 20 of AEs AEs
(mg/kg) point? minutes? (serious)  (related)

IRU-01 0.06 Yes Yes 2 (0) 0 Decrease
IRU-02 0.06 Yes Yes 1(1) 0
IRU-03 0.06 Yes Yes 1 (0) 0
IRU-05 0.045 No Yes 1(0) 0 Increase
IRU-07 0.045 No Yes 1 (0) 0
IRU-08 0.045 No Yes 0 0
IRU-06 0.075 Yes Yes 0 0 Decrease
IRU-10 0.075 Yes Yes 0 0
IRU-11 0.075 Yes Yes 0 0

Table 3.7 - Subjective and safety data from dosing cohorts during dose optimisation
stage. Table outlines all three participants in each dosing cohort, the fluorescent score of 3
at any time point and whether the fluorescent score of 2 extended beyond 20 minutes.

Adverse events are represented as numbers with serious adverse events in brackets.

3.4.4.1.  Optimal dose decision efficacy

Signal to background ratio across the different cohorts (Figure 3.17A) was 1.75 for
0.06mg/kg (95% CI 1.57 to 1.93), 1.97 for 0.075mg/kg (95% CI 1.65 to 2.29), 1.511 for
0.045mg/kg (95% CI 1.37 to 1.65) and 1.49 for the second 0.06mg/kg cohort (95% CI 1.49
to 1.85). As the dosing cohort of 0.06mg/kg was assessed twice, the difference between both
data sets were assessed and as no difference was identified (p>0.9999), the data was
combined. 0.045mg/kg was identified as the cohort with the lowest signal to background

ratio being lower than 0.06mg/kg (p=0.0479) and 0.075mg/kg (p=0.013).

During the longest assessment period in the dosing cohort, neither dosing cohort declined

significantly: 0.045mg/kg (slope -0.0089 + 0.04439, p=0.8420); 0.06mg/kg (slope -0.0367

67



Chapter 3: Identification of the ureter during colorectal surgery using fluorescence

+ 0.0598, p=0.3756); 0.075mg/kg (slope 0.159 £ 0.1035, p=0.1447) with no difference

between the linear regression lines (p=0.1651).
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Figure 3.17- Mean signal to background ratio across dosing cohorts in the dose
optimisation stage. A = Mean signal to background ratio between dosing cohorts. B-D
represent signal to background ratio over time at 0.045mg/kg (B), 0.06mg/kg (C), and
0.075m/kg (D). Solid green line represents non-linear regression fit of curve using second
order polynomial quadratic equation inside 95% CI of lines (dotted green). Both 0.075mg/kg
and 0.06mg/kg were significantly higher than 0.045mg/kg (p=0.013 and p=0.0479
respectively) and there was no significant difference between 0.06mg/kg and 0.075mg/kg
(p=0.6547).
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Decision for the optimal dose was unclear based on signal to background ratio as there was
no significant difference between the 0.06mg/kg and 0.075mg/kg dosing cohorts.
Subjectively, background signal seemed to be a significant drawback in the use of IRDye
800BK. In order to assist in the decision for optimal dose, background signal between dosing
cohorts was assessed separately (Figure 3.18). 0.075mg/kg had the highest background
signal compared to both 0.045mg/kg (2.47 x greater, p<0.0001) and 0.06mg/kg (1.68 x
greater, p<0.0001) with no significant difference between 0.045mg/kg and 0.06mg/kg
(p=0.2307). Furthermore, on assessing rate of decay of background signal between the
dosing cohorts, 0.075mg/kg had a slower rate of decay although this did not reach statistical

significance (p=0.9982).
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Figure 3.18 - Background signal across dosing cohorts during the dose optimisation
stage. A = Mean signal to background ratio between dosing cohorts. B-D represent signal
to background ratio over time at 0.045mg/kg (B), 0.06mg/kg (C), and 0.075m/kg (D). Graph
A bars represent mean and SEM. Solid green lines represents linear regression fit of line
inside 95% CI of lines (dotted green). The 0.075mg/kg dosing cohort had the slowest rate
of decline (slope -2.253, 95% CI -4.839 to 0.334, X intercept 22.35) compared with
0.06mg/kg (slope -2.148, 95% CI -4.972 to 0.676, X intercept 16.08) and 0.045mg/kg (slop
-2.248, 95% CI -5.928 to 1.432, X intercept 12.51).
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3.4.4.2.  Optimal dose decision - safety

During the dose optimisation stage, there were 12 adverse events recorded in 9 participants.
Only 1 severe adverse event occurred where there was a failure to ventilate the patient after
pneumoperitoneum was obtained, however, this was prior to IRDye 800BK administration
and was therefore deemed unrelated. Of the 12 adverse events, 9 were deemed unrelated to
IMP administration. The remaining 4 were classified as possibly related including vomiting,
rash and two participants had mildly elevated liver enzymes (ALT and AST) on discharge

but the participant was asymptomatic. The adverse events are summarised in Table 3.8.

Biochemistry was analysed between the participants (using linear regression) in each dosing
cohort and there was no significant difference for renal profile biochemistry: urea
(p=0.3432), creatinine (p=0.5985), eGFR (p=0.5983) with none of the slopes deviating from
0 except for urea at the 0.045mg/kg cohort which had a downward slope (slope -1.333, 95%
CI-2.183 t0-0.0833). Liver biochemistry was similar: bilirubin (p=0.991), ALT (p=0.3788),
AST (p=0.2566) and ALP (p=0.9602) with all slopes not deviating from 0 except for ALP
at the 0.045mg/kg dose, again with a downward slope (slope -7.167, 95% CI -12.71 to -

1.624).

It was therefore decided that the optimal dose to take forward into the dose expansion phase

was 0.06mg/kg.
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AE Number SAE Criteria Summary of Event Severity  Relationship
IRU-01-2 None Increased stoma output Mild U
IRU-01-1 None Raised liver enzymes AST (150), Mild PR
ALT (140), patient clinically
well
IRU-02-1 Medically Important  Failure to ventilate following Severe U
Event intubation prior to IMP
administration
IRU-02-2 None Rash over face and arms. Mild PR
Resolved with antihistamine
IRU-02-3 None Post-operative ileus Moderate U
IRU-03-1 None Nausea and abdominal pain Mild U
IRU-05-1 None Drowsy and poor respiratory Moderate U
effort with retained COa.
Probably opioid related.
IRU-07-1 None Post-operative ileus Mild U
IRU-09-1 None Drop in blood pressure following Mild U

IMP administration but abdomen
insufflated at same time
therefore thought to be cause.

IRU-11-1 None Temperature spike to 38.2°C. Mild U
Resolved with no intervention

IRU-11-2 None Vomiting Mild PR
IRU-13-1 None Mildly elevated liver enzymes on  Mild PR
discharge.

Table 3.8 - Reported adverse events during the dose optimisation stage. U = unrelated;

PR = possibly related.

3.4.5. Dose Expansion Phase

Trial results for IRDye 800BK are reported using all patients including those recruited to

the dose expansion phase.

In the 40 participants, there were a total of 471 ureteric visualisations from 0 minutes to 6
hours and 25 minutes (median 1 hour 25 minutes) with a median of 12 assessments per
patient (range 2 - 21). Nearly all of the readings occurred within the first 2 hours following

dye administration (Figure 3.19).
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Figure 3.19 - Number of ureteric assessments undertaken over time during IRDye

800BK trial.

Of the 40 patients recruited, 74 ureters (36 left) were assessed for white light and
fluorescence (Figure 3.20). Forty-three (35 left) were relevant ureters and thirty-one (1 left)
were classified as irrelevant. Four ureters not assessed were left ureters during right
hemicolectomy, and the remaining 2 ureters not assessed were right ureters during a left
hemicolectomy and a high anterior resection. Seventy-one ureters were visualised at any
single point throughout the case with IRDye 800BK at a subjective score at 2 or above by

the surgeon (95.9%).
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40 Patients
74 Ureters
(36 38)

43 Relevant Ureters 31 Irrelevant Ureters

(3518) (1130)

IR800 Only IR8022& WL WL Only Not Seen IRBO% Only IRBO(ZJZ& WL WLSOnIy Not Seen
[ 0 0
(3517) (115) (0]22) 013)
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Figure 3.20 - Summary of subjective fluorescence visualisation of ureters with IRDye
800BK. A — Flow diagram of ureteric visualisation: ureters are divided into either relevant
or irrelevant to the procedure. Green boxes = ureter only visualised by IR800; green and
white = visualised with both white light and IR800; white = visualised with white light
only; black = not seen with either modality. B — representative image of ureteric

fluorescence with IRDye 800BK.

Only 1 relevant ureter (right sided) was visualised with IR800 fluorescence and not white

light throughout the entire case. The remaining 42 relevant ureters (35 left) were visualised
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with both modalities throughout with the majority (22) being seen with both white light and
IR800 at the first visualisation. Fourteen relevant ureters were seen initially with IR800 and
subsequently with white light: 9 were left ureters at a mean of 48 minutes prior to white light
(95% CI = 28 minutes) and 5 were right ureters at a mean of 52 minutes prior to white light
(95% CI = 15 minutes). The six ureters seen with white light first and subsequently IR800
were all left ureters and were seen a mean of 37 minutes prior to fluorescence (95% CI =34

minutes).

Six irrelevant ureters (1 left) were see only with fluorescence throughout the whole case and
three irrelevant right sided ureters were not seen at all with fluorescence but were visualised
with white light. Twenty-two irrelevant ureters were seen with both modalities, again, the
majority seen with both fluorescence and white light at the first time-point. Eight right
irrelevant ureters were seen first with fluorescence a mean of 19 minutes (95% CI - 19
minutes) prior to being seen with white light. One right irrelevant ureter was first seen with

white light 35 minutes prior to being seen with fluorescence.

3.4.5.1.  Objective measurement of fluorescence — IRDye 800BK

Across all patients over time, mean signal to background ratio was 1.71 (95% CI — 0.8331
to 0.04434). Mean ureteric fluorescence signal was 51.59 (95% CI 49.57 to 53.61) and mean
background signal was 34.54 (95% CI 32.74 to 36.34). Over time, signal to background ratio
did not significantly decline (slope 0.01699, 95% CI -0.06004 to 0.09403, p=0.6647) but
mean signal (slope -1.732, 95% CI -3.509 to 0.04473, p=0.0560) and mean background
(slope -1.33,95% CI1-2.918 to 0.2509, p=0.0988) when analysed separately did decline over
time although neither of these reached statistical significance (Figure 3.21A). Subjectively,

it was noted that there was a significantly higher background than when methylene blue was
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used but the mean background signal was significantly lower than the ureteric fluorescence

signal for IR800 (p<0.0001) (Figure 3.21B).

3.4.5.2.  Safety of IRDye 800BK

Change in haematology and biochemistry profiles were assessed using one-way ANOVA
(Table 3.9). A significant decrease was seen in haemoglobin (p <0.0001) and platelets
(p<0.0001) which was attributed to intraoperative blood loss or intravenous fluid
administration. Renal function (urea, eGFR and creatinine) had a trend to improving but this
was not statistically significant. Bilirubin and liver enzymes (AST & ALT) increased

following dye administration but not significantly.
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Figure 3.21 - Graphical representation of signal to background ratio over time and
mean signal and background in all patients in IR800 ureter study. Graph A represents
signal to background ratio over time for all IR800 patients. Blue dots represent individual
readings of signal to background ratio, solid green line is linear regression fit with 95%
confidence intervals plotted as dotted green lines. Black dotted line represents signal to
background ratio of 1 where background would be greater than the signal and therefore not
visible. Graph B represents plots of mean signal and mean background. Black lines represent

mean with SEM either side (not visible as matching the mean).
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Blood result Pre-op mean Day 1 mean Day 2 mean p-value
Haemoglobin 135.1 118.5 118 <0.0001
Platelets 2723 228.9 218.4 <0.0001
Sodium 140.1 136.3 137.1 <0.0001
Potassium 3.833 4.195 3.945 <0.0001
Urea 5.458 4.59 4.298 0.0002
Creatinine 73.3 71.78 69.33 0.0136
eGFR 80.73 81.65 83.13 0.1012
Bilirubin 9.225 13.58 15.33 0.0855
ALT 20.53 19.03 22.28 0.3164
AST 22.03 22.45 25.83 0.2398
ALP 84.33 65.53 66.65 <0.0001

Table 3.9 - Haematology and biochemistry results from patients in IRDye 800 ureter
trial from pre-op to post-op. Comparative statistics between measurements made using
one-way ANOVA. Haematology results, renal function and ALP all had a trend to decrease
post operatively. Bilirubin and liver enzymes increased but this did not reach statistical
significance. eGFR = estimated glomerular filtration rate, ALT = Alanine aminotransferase,

AST = Aspartate aminotransferase, ALP = alkaline phosphatase.

Adverse events collected during participants in-patient stay and up to 30-days are reported
in Appendix 1. Briefly, 35 adverse events were recorded throughout the study with three
SAEs recorded all of which were deemed unrelated to IRDye 800BK. One subject died
during the study period 3 days after their operation from an anastomotic leak which was
managed by re-look laparotomy, take down of anastomosis and end-colostomy. Following

this, they developed sepsis and multi-organ failure secondary to necrotising fasciitis.

Nine adverse events were deemed possibly related to IRDye 800BK, all of which were mild
in severity and included rash (n=1), altered urine colour/smell (n=2) vomiting (n=1). Five
participants had deranged liver function tests following IRDye administration none of which

required intervention and resolved over time.
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3.5. Device comparison

Among the ureteric visualisations, the majority were performed with Pinpoint (196, 46%),
153 were performed using Storz and 53 using Stryker. When comparing signal to
background ratio across the devices over time, Stryker gave the highest ratio followed by

Pinpoint and then Storz (Figure 3.22). This proved to be statistically significant (p<0.0001).

—— Pinpoint
—— Stryker

—— Storz

Signal to Background Ratio

0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
O NV O NV O NV O V0V O VO O 0O L O O
LB LP PP PSS
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Figure 3.22 - Signal to background ratio over time with different devices for IRDye
800BK. Decrease in Stryker signal to background ratio is likely to be complicated by
outlying readings above a ratio of 5. Stryker gave the highest signal to background ratio

followed by Pinpoint and Storz.
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In 30 time-points, a reading was taken with the Pinpoint and Storz device under the same
circumstances (same patient, same time point, same ureter). Similarly, there were 10 time-
points for Storz and Stryker but only 4 time-points comparing Pinpoint and Stryker due to
both these devices not being available at the same point during the duration of the trial. A
comparison of these subsets of data still revealed superiority of the Stryker device and
Pinpoint device to the Storz. Thus, it can be concluded for visualisation of IRDye 800BK,

the Storz system is inferior compared to Stryker and Pinpoint.

3.5.1. Comparison of methylene blue versus IRDye 800BK for ureteric

fluorescence

Both methylene blue and IRDye 800BK can be used for fluorescence identification. Whilst
it was not possible to compare both within each patient and a comparative randomised
controlled trial was outside the scope of this work, it was decided to compare the data
between both trials outlined in this chapter. For purposes of the comparison, the optimal
doses for methylene blue and IRDye 800BK of 0.75mg/kg and 0.06mg/kg respectively, were
used using only those patients dosed at these levels. Demographics were compared between
the IRDye 800BK and methylene blue cohorts. No significant difference between age, sex,

BMI, planned procedure and indication were identified (Table 3.10).
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Demographic Methylene Blue IRDye 800BK p value
(n=14) (n=34)
Mean age (SD) 67 (11.61) 67 (12.21) 0.955"
Sex 0.317"
Male 10 19
Female 4 15
Mean BMI (SD) 27.57 (5.25) 26.12 (3.81) 0.405°
Indication 0.058™
Cancer 10 32
Diverticular 3 1
uc 0 1
Crohn’s 1 0
Planned procedure 0.440™
APER 0 3
Low Anterior 7 11
High Anterior 2 12
Hartmann’s 1 0
Hartmann’s Reversal | 1 1
Proctocolectomy 1 2
Left hemicolectomy 0 1
Right hemicolectomy | 2 4

Table 3.10 - Baseline demographics between methylene blue and IRDye 800BK trial
groups. No significant difference was identified between both groups in any of the baseline

demographic variables. * = unpaired t-test, ** chi-squared.

80



Chapter 3: Identification of the ureter during colorectal surgery using fluorescence

For the purpose of comparing the objective analysis of signal to background ratio, signal,
and background measurements, only readings taken from 0 to 100 minutes were utilised as

the methylene blue study only collected imaging data up until 100 minutes.

There was a significantly higher signal to background ratio in the methylene blue trial (mean
5.294,95% C1 4.646 to 5.942 versus mean 1.645,95% CI 1.553 to 1.738) (p<0.0001). IRDye
800BK had a much higher ureteric fluorescence signal (mean 52.74, 95% CI 49,98 to 55.49
versus mean 36.79, 95% CI 32.89 to 40.69, p<0.0001) but the background signal from
IRDye 800BK is nearly 5 times higher than the background of methylene blue (mean 35.79,
95% CI33.21 to 38.38 versus mean 7.817, 95% CI 7.011 to 8.623, p<0.0001) (Figure 3.23).
The rate of decline in signal to background ratio over time declined slower in the IR800 trial
versus methylene blue although this did not reach statistical significance (Figure 3.23C)
(slope -0.001526, 95% CI -0.00497 to 0.0019 versus slope -0.013, 95% CI -0.036 to 0.010,

p=0.1457).

IRDye 800BK fluorescent signal was mostly observed as a static signal (99% fluorescent
visualisations) with fluorescence being seen statically with a ‘bolus’ of fluorescent signal
over the top in 1% of cases. There were no observations of fluorescence only occurring
during vermiculation. Conversely, with methylene blue, 45% of visualisations were only
seen during vermiculation, 44% with static signal and then increased signal during

vermiculation and in 11% of cases static signal only was observed.
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Figure 3.23 — Comparison of objective data from IR800 and methylene blue ureteric
fluorescence studies. A represents comparison of signal to background ratio between
methylene blue and IR800 trials. B represents individual data for ureteric fluorescence signal
and background signals alone. C represents all signal to background ratio measurements
over time in each trial with a linear regression line fitted (black dashed line represents 95%

confidence intervals).
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3.6. Discussion and future directions

This chapter investigates ureteric fluorescence and reports the largest study to date using
methylene blue and a first in-man study of IRDye 800BK. In both studies, there were only
3 ureters with IR800 and 1 ureter with methylene blue that were not seen under fluorescence
but seen clearly with white light which were both ureters irrelevant to the procedure. In the
methylene blue study there were a number of occasions where the ureter was not seen at all
with white light for the whole procedure but was clearly seen under fluorescence (20%).
Whilst this seems a high rate of non-visualisation with white light it is because discretion
was given, in this study, to the surgeon as to whether additional dissection was to be
performed to positively identify the ureter under white light. In these cases, the ureteric
fluorescence was clear enough to assure the surgeon that the ureter was positively identified
and therefore no additional dissection required to identify the ureter under white light. A
‘bolus’ of fluorescence in a tubal pattern was the clearest indicator that the ureter was
fluorescing. For the IR800 study there were no non-visualised ureters as the protocol did not

allow this discretion due to it being first in man.

Here, the optimal doses for both methylene blue (0.75mg/kg) and IRDye 800BK
(0.06mg/kg) have been demonstrated, largely on signal to background ratio. Whilst it is
difficult to compare the 2 dyes due to patient heterogeneity and non-randomisation, it seems
that whilst IRSO0OBK provides a brighter signal in the ureter, its background significantly
reduces the signal to background ratio well below that of methylene blue. It could be the
case that to reduce the background signal, IRDye 800BK should be given much earlier than
methylene blue than was given in this study and further work should examine this although
it may make it more difficult to use. Over time, methylene blue does decrease slightly
quicker than IR800BK, but for colorectal operations in particular, this is unlikely to be

detrimental, furthermore, with the dose of 0.75mg/kg, it is likely that a repeated dose could
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be given. The only advantage of IRDye 800BK over methylene blue is its predominant
signal being a static one rather than a mixed signal. A static signal could be beneficial in that
one does not have to wait for a vermiculation, instantly being able to recognise the ureter.
However, with a low signal to background ratio, it could potentially be confused for another
adjacent structure. Where a ‘bolus’ fluorescent signal is observed, it is far less likely to be
confused with another structure. Another draw-back of IRDye 800BK is the excitation and
emission wavelengths being close to that of ICG. As discussed previously, ICG is widely
used to assess perfusion and LN identification and where the future is moving to use multiple

fluorophores, the cross over between these two may add to confusion to interpretation.

The cost of methylene blue per patient dose is around £70 (~$90), although it is not yet
approved for this use by the FDA or MHRA. Whilst the PINPOINT DR system is not
currently commercially available, fluorescence enabled laparoscopic systems tuned to ICG
cost from £110,000 to £150,000. Dual wavelength systems incorporating compatibility with
methylene blue are still under evaluation. IRDye 800BK is yet to be costed for commercial
use, however, LI-COR’s intentions are to price it competitively against ICG which. The
price of laparoscopic systems for ICG/IRDye are similar to the PINPOINT DR and

numerous surgical centres now already have a device in place.

Methylene blue is well known to have a good safety profile. IRDye800BK has a similar
structure to IRDye800CW which, as discussed, has been used in studies using conjugated
antibodies for targeted fluorescence. In this first in man study, IRDye 800BK seemed safe
with only deranged LFTs being noticed in a small number of patients as being possibly
related to dye administration. Larger studies will allow further accumulation of important

safety data.
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Both trials recruited a number of patients where the ureter may have been more difficult to
identify (e.g. re-operative surgery, high BMI etc). Success of both dyes in these instances
indicate that this technology has the potential to benefit patients and surgeons and should be
investigated further. The next stage of study is difficult as each dye has its own benefits and
could be explored individually or in co-administration with each other. The benefit of co-
administration would include both static and ‘bolus’ fluorescent signal which may increase
visibility combined with the high signal to background ratio of methylene blue. This
technique could however have high background levels as well as safety implications with
the combination of the two dyes. For this to be explored a small development study again
with around 40 participants would be appropriate to assess its safety, feasibility and
replicability before progressing to a larger trial. For each dye to be taken forward alone, a
stage 2B exploration trial >> would be most beneficial with a large, non-randomised, multi-
centre prospective cohort study assessing visualisation with white light and fluorescence as
well as subjective outcomes including usefulness and change in operative plan. A final
option would be to have a small randomised trial assessing each dye alone and both in
combination with the superior being taken forward to the stage 2B study. A limitation with
this work is subjective assessment from an operating surgeon which could introduce bias.
Careful thought in future trial design must account for this and it may require numerous

independent and blinded assessors.

The ideal adjunct to intraoperative ureteric visualisation would be something that is
guaranteed to be visualised, penetrates through thick overlying fat or scar tissue, lasts
throughout the entire procedure, has minimal background signal and is easy, quick and safe
to use. Lighted ureteric stents have been discussed however, the development of NIR-lighted
stents would provide guaranteed emission of light, ability to adjust wavelength, intensity

and frequency of emission (e.g. pulsation). These would still have the aforementioned cost,
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time and resource implications and to date only 1 case report has been published regarding
use of the InfraVision NIR ureteral stent by Stryker® '3, Another alternative that could be
used to provide more reliable ureteric imaging would be to have targeted fluorescence using
the ureteric urothelium as the target with either antibodies or peptides. Nothing has been
published to date but such antibodies to the cytokeratin located in the epithelium exist and
could be utilised for this modality !** bearing in mind there may be unwanted side effects

from immunogenicity when using antibodies.

The drawback of background signal with fluorophores is likely due to a mixture of
fluorophore metabolism, size, solubility and excretion leading to contrast sitting in
unwanted locations. Mahalingam and colleagues have developed UreterGlow which is a
cyanine fluorophore, S0456 (Aex 800nm, Aem 830nm), that has been coupled to glucosamine
that cannot be released or metabolised in physiological conditions and is therefore extremely
soluble and likely to pass through the kidney into the ureter '?°. Similarly, Cha et al
synthesised UL-766 '2° to be highly water soluble by using triethylene glycol chains. Both
studies in mice and pigs seem to prove reduced background signal in other organs whilst
maintaining high signal in the ureter and kidneys. Both dyes now require toxicity testing in
animals prior to phase I clinical trials and if successful, should be compared to both

methylene blue and IRDye 800BK.
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CHAPTER 4: NEAR-INFRARED LIGHT

TO HIGHLIGHT THE LOCATION OF THE

URETHRA DURING LOW RECTAL

CANCER SURGERY

Data from this chapter has been published in:
Barnes TG, Penna M, Hompes R, et al. Fluorescence to highlight the urethra: a human

cadaveric study. Techniques in Coloproctology. 2017;21:439-444; and

Barnes TG, Volpi D, Cunningham C, et al. Improved urethral fluorescence during low rectal

surgery: a new dye and a new method. Techniques in Coloproctology. 2018;22:115-119.
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4.1. Introduction
4.1.1. Anatomy and clinical significance of the urethra during colorectal surgery

The male urethra is an 18-20cm muscular tube that goes from the internal urethral orifice of
the bladder to the external urethral orifice at the tip of the glans penis. There are four main
parts to the urethra: the pre-prostatic urethra; prostatic urethra; membranous urethra and
spongy urethra. The membranous part of the urethra is the shortest and narrowest part
beginning at the apex of the prostate and going into continuity with the spongy urethra as it
enters the penis. The membranous urethra travels through the deep perineal pouch and is

127" The close

surrounded by the external urethral sphincter and perineal membrane
proximity of the distal prostatic and membranous urethra to the anterior rectal wall and the

perineal body make the urethra at risk of injury during low rectal cancer surgery (Figure 4.1)

128
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Figure 4.1 - Cadaveric specimen of the midline sagittal section of the male pelvis. The
anatomical dissection outlines the course of the urethra as denoted by the urinary catheter.
This model demonstrates the proximity of the urethra to the anterior rectal wall where the
anterior dissection plane lies and hence why urethral injury occurs. Reproduced with

permission from Kneist ez a/ 2017 123,

89



Chapter 4: Near-infrared Light to Highlight the Location of The Urethra During Low Rectal Cancer Surgery

The preferred surgical approach to very low rectal cancers where sphincter preservation is
not possible is an abdominoperineal excision of the rectum (APER). Where the sphincters
can be preserved, low anterior resection to perform the total mesorectal excision (TME) is
preferred. Since the development of laparoscopic TME, there has been a debate surrounding
the oncological outcomes of the laparoscopic technique versus an open approach. The
COLOR (Colon cancer Laparoscopic or Open Resection) II '?° and COREAN (Comparison
of Open versus laparoscopic surgery for mid and low Rectal cancer After Neoadjuvant
chemoradiotherapy) '*° trials reported equivalence of both approaches for 3-year survival
and recurrence. Two further trials since have failed to show non-inferiority of the
laparoscopic approach compared to open surgery 3! 132 These studies have largely been
questioned within the surgical community because of their methodology '33. A concern
amongst surgeons with the TME procedure is achieving a negative circumferential resection
margin (CRM) and distal resection margin. These two factors have provided an impetus for
surgical innovators to develop an alternative minimally invasive technique in an attempt to
provide an improved oncological outcome '?°. The transanal approach to the TME resection
(TaTME) was first performed in 2009 '3, This new technique involves placing a purse-
string suture via a transanal access platform distal to the tumour followed by carbon dioxide
insufflation and performing the TME under direct vision '?°. Whilst this technique has
received a lot of attention, there have recently been concerns amongst surgeons surrounding
complications occurring as a result of wrong plane surgery 2% 135, The most significant
morbidity occurring specifically during TaTME is urethral injury. The prostate cannot be
mobilised from an abdominal approach; thus, urethral injury only occurs during perineal
approaches to the TME. Whilst the CO; insufflation allows excellent visualisation of the
TME plane, it may also easily lead surgeons into other areolar planes outside the scope of
dissection. One such plane is located anterior to the prostate and in particular in the area of

the membranous urethra. Increased risk of urethral injury occurs in the setting of anterior
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tumours, previous pelvic radiotherapy, prostatic hypertrophy or previous prostatectomy and
the need for partial sphincter resection 3% 137, Furthermore, in patients with a tight narrow
pelvis and bulky pelvic muscles (namely the piriformis and levator muscles), the prostate
can be pushed higher and therefore elongate the membranous urethra thus exposing it to

potential injury '37.

Urethral injuries occur due to wrong plane surgery where failure to recognise the smooth
spherical shape of the prostate within the operative field and the critical landmarks of the
neurovascular bundles of Walsh can allow inadvertent mobilisation of the prostate dorsally

exposing the urethra '?°

. Denonvilliers fascia is another important landmark which defines
the rectovesical space and should not be breached during TaTME unless an anterior tumour
threatens the CRM. Novice TaTME surgeons will have trepidation about violating the
anterior rectal wall and thus may overcompensate by entering an anterior plane. Less

commonly reported is injury to the urethra during abdomino-perineal dissection and this is

primarily because the urethral catheter can be palpated easily during dissection *7.

Consequences of urethral injury include urinary sepsis, rectourethral or urethrocutaneous
fistula or urethral stricture °7 138, all of which carry significant morbidity for the patient.
Urethral fistulae rarely close spontaneously and will require urinary diversion with a
suprapubic catheter and, for rectourethral fistulae, enteric diversion is required. If identified
at the time of surgery, repair is possible and the patient would need an extended duration of

indwelling urinary catheter to allow the repair to heal *7.

The incidence of urethral injury during TaTME was reported by Penna et a/ at 0.7% in the

first 720 voluntarily entered cases in the international TaTME registry '¥. It is likely

however, that this complication is grossly under-reported with one reported case series of
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30 patients having 2 urethral injuries '4°

and in another case series, 1 urethral injury in 50
cases 'Y, In addition, urethral injury is a gender specific complication and thus reported
incidence also includes females in the denominator. Incidence of urethral injury is likely to
decrease as surgeons progress along the learning curve and it has been advocated to undergo
appropriate cadaver-based training models as well as proctorship of the technique 2% 133,

Urethral injury during APER is estimated to occur in 1.5% - 3.125% of cases and historically

is not associated with sphincter preserving surgery 42,

4.1.1. Urethral identification during low rectal cancer surgery

Current strategies to urethral localisation to attempt prevention of urethral injury include
recognition of the previously mentioned critical anatomical landmarks, as well as
performing a digital rectal examination (DRE) prior to commencing the TaTME dissection.
If question is raised as to whether the prostate is being mobilised dorsally then the operation
should be paused, the transanal access platform removed and a DRE performed to confirm
the position of the prostate. Tactile feedback may still be insufficient and if the prostate
location cannot be confirmed then the TaTME dissection should be abandoned and the
operation continued abdominally. In addition to tactile feedback, a thorough patient history
and review of pre-operative magnetic resonance imaging (MRI) images should be reviewed

particularly for the anterior plane with specific reference to the prostate.

Other suggestions to assist the surgeon in identifying the urethra include applying a vibratory
stimulus to the urinary catheter and detecting the vibration with a doppler probe '4*. The
vibratory device used can simply be a battery-powered hair clipper. Intraoperative
ultrasound with doppler colour flow imaging can also be used to identify the urethra when

applying retrograde flow of fluid down the urinary catheter. A newly applied technology
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using stereotactic technology has been described where a CT or MRI scan is performed after
applying skin-fixed markers which allow multiplanar 3D reconstructions with interpretation
of the operating instrument providing real-time localisation on a displayed image. Whilst
early results of this technology seem promising, it often requires scans being acquired
intraoperatively and the surgeon must look at two screens (operating screen and the image

displaying the scan) ',

These urethral-localising techniques often require interruption to the procedure or, in the
case of stereotactic navigation, expensive technology and software in order to assess their
efficacy. Fluorescence and NIR light are currently an unexplored modality for operative
guidance and urethral identification. This chapter aims to explore both for use in low rectal

cancer surgery.

4.1.2. Aims and objectives

1. To assess the use of fluorescence using approved fluorophores to highlight the
urethra
2. To validate methods of using NIR light guidance to visualise the urethra or prostate

intraoperatively

4.2. Methods
4.2.1. Ex-vivo work

Pre-clinical work was conducted using live Yorkshire male pigs and human male cadavers.
Animal work was conducted at the University of British Columbia funded by NOVADAQ®

with ethical approval granted from the University of British Columbia ethics board. All pigs
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were given a general anaesthetic by a veterinary technician and placed supine on an
operating table. After the procedure was conducted, the pigs were euthanised with

phenobarbital.

Freshly frozen and thawed human male cadavers for the purposes of experimentation and
training were obtained from the Department of Anatomy, University of Oxford. All cadavers
had given consent at the time of living for use in medical sciences and use of images for
scientific publication. Ethical approval was granted by the Department of Anatomy,
University of Oxford. All cadavers were being used for cadaveric TaTME training. Urethras
were accessed by either a perineal dissection with retraction of perineal skin using a Lone
Star® retractor system (Cooper Surgical, CT, USA) (Figure 4.2) or transanally following
rectal mobilisation through a GelPOINT Path transanal access platform (Applied Medical,
CA, USA). ICG was reconstituted according to the manufacturer’s instructions with water.
The ICG solution was subsequently mixed with 10mL of Instillagel and infiltrated into the

urethra prior to any manipulation. The urethra was then imaged using the PINPOINT device.
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Figure 4.2 - Cadaveric model of urethral exposure via perineal dissection. From left to
right: perineal incision through skin only, placement of Lone Star® retractor, dissection

through urethral musculature to exposure the urethra.

4.2.2. ICG Urethra Clinical Trial

A proof of principle study was developed to assess the in-vivo use of ICG-Instillagel in
visualising the urethra under fluorescence. The primary objective to assess the number of
urethras identified under white light and fluorescence intraoperatively. Secondary objectives
included subjective assessment of the usefulness of the technology, acceptability of the
technique, adverse events and signal to background ratio of the fluorescent signal. All
participants undergoing TaTME or APER were approached and screened for eligibility.
Participants were excluded if they had an allergy to iodine or ICG or known liver failure.
Ethical approval was granted by the Oxford B REC committee (17/SC/0299). An interim

analysis would be performed every 5 participants for safety and efficacy.
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4.2.3. Clinical trial of NIRCaD

Whilst the device did not have CE marking, as it was an in-house, prototype device, MHRA
device trial approval was not required. Thus, a first in man open label, IDEAL stage 2A
prospective study to assess the device for safety and efficacy was conducted. All male
participants undergoing low rectal cancer surgery (TaTME or APER) were eligible and
excluded should they have any altered lower urinary tract anatomy, if a urinary catheter
could not be inserted or if the participant was part of any other NIR imaging study. Once the
patient was positioned on the operating table under general anaesthetic, the NIRCaD was
placed inside the urinary catheter under sterile conditions and then placed per urethra into
the bladder using the standard technique. The operation continued as per standard care. The
sample size was set at 12 based on frequency of procedures and predicted recruitment rate.

Ethical approval was granted by the Greater Manchester West REC (17/NW/0479).

Three assessments of urethral visualisation with white light and then NIR light emission
were conducted: 1) before any rectal dissection; 2) during TME dissection; 3) following
specimen extraction and; 4) in the bladder transabdominally to ensure the NIRCaD was
emitting light. Adverse events were assessed using the online patient database and patient

notes 30 days following their procedure.

4.3. Results
4.3.1. Pre-clinical optimisation of urethral fluorescence using direct infiltration
4.3.1.1.  Methylene blue vs ICG

In order to assess which licensed fluorescent dye to pursue with urethral fluorescence, a live
pig model was created to compare ICG with methylene blue mixed with ICG. Eight male
pigs (4 for methylene blue and 4 for ICG) were anaesthetised and an open cut-down

technique was utilised to enter the abdomen and create a pneumoperitoneum. The male
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urethra in pigs is located in the anterior abdominal wall so can be used to fluoresce through
overlying peritoneum and fat. Following infiltration of the fluorophore, the PINPOINT

device was used to image the urethra in the anterior abdominal wall.

Mean signal in the ICG group was significantly higher than the methylene blue group (97.6
vs 36.0 p=0.0062). As expected, there was minimal background signal in both methylene
blue and ICG with no difference between the two (p=0.8455) (Figure 4.3 and Figure 4.4). It
was therefore decided that ICG mixed with Instillagel® (ClinMed®, Buckinghamshire, UK)

would be the method of choice to pursue for fluorescent identification of the urethra.
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Figure 4.3 — Representative images of intra-abdominal visualisation of the urethra in
the pig. Images are representative and demonstrate fluorescence of the urethra with

methylene blue or ICG mixed with Instillagel ® and infiltrated directly into the urethra.
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Figure 4.4 - Signal and background brightness between ICG and methylene blue in the
pig urethra model. A = mean signal and background brightness (SD in black bars) between
ICG and methylene blue across the different dissection points (numbers refer to images in
Figure 4.3. B = mean signal and background brightness in ICG and methylene blue over all

readings at all dissection levels. Black bars represent mean and standard deviation.

4.3.2. Optimal dose for ICG-Instillagel fluorescence per urethra in human

cadavers

For safety, it was decided that the best dose to use in-vivo would be the lowest possible dose
that gave the best signal. Five dosing cohorts were assessed for urethral fluorescence in 10
cadavers with 2 cadavers at each dose: 2.5mg, Smg, 10mg, 12.5mg and 25mg. The highest
mean signal was identified in the 2.5mg group but there was no statically significant
difference between any of the dosing cohorts using a one-way ANOVA (p=0.866) (Figure
4.5 and Figure 4.6). Signal to background ratio was 5.95 for 2.5mg; 3.42 for Smg, 4.52 for

10mg, 5.05 for 12.5mg and 2.36 for 25mg.
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Figure 4.5 - Representative images of cadaveric dose optimisation of urethral ICG.
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12.5mg
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10mg vs. -0.382 985109773 | No >0.9999
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10mg vs. 25mg | -10.3 -102.8 to 82.2 No 0.9676
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Figure 4.6 - Comparison of signal and background across different doses for urethral

ICG fluorescence. Table represents ANOVA comparison between signal in different

dosing cohorts. Graph represents signal and background in the different dosing cohorts.
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4.3.3. In-vivo assessment of ICG-Instillagel to identify the urethra

Five participants were recruited to the trial from July to September 2017. Two participants
were undergoing TaTME and 3 were undergoing APER all for low rectal cancer by a 2-
surgeon team. Median BMI was 25.03 (range 21.26 to 28.0). Urethral visualisation under
white light and fluorescence was attempted before dissection, during dissection and
following specimen removal. In the five patients assessed, no fluorescence was observed at
any time-point in the urethra despite the urethral catheter being palpable in all instances
although not fully visible under white light. In 2 participants, fluorescence signal was
observed in the urinary bladder following administration and in 1 participant, fluorescence
signal was seen in the region of the seminal vesicles. During the rectal mobilisation, the
seminal vesicle had been injured and fluid with fluorescent signal was seen leaking from the
region indicating reflux of ICG-Instillagel into the seminal vesicles. No signal was seen in
the region of the urethra despite this being palpable. After 30 days, no adverse events related
to ICG administration were observed. Furthermore, in all cases, the technique was difficult
as significant volumes of ICG-Instillagel leaked from the penis and occasionally around the

operative field resulting in contaminated fluorescence staining.

Following evaluation of the technique in 5 participants, in a live patient, there are numerous
variables including alterations in position and operative movements which could affect ICG-
instillagel sitting in the urethra throughout the procedure. As no positive signal was observed
in any patient despite being palpably close to the urethra, the ICG-instillagel technique was

abandoned.

4.3.4. Other methods for urethral fluorescence

As ICG did not work in-vivo, 2 new methods were assessed: IRDye 800BK in place of ICG

and production of an ICG-silicone catheter. The silicone catheter had the advantage of being
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a less difficult technique and no loss of fluorescent material from within the urethra. An
ICG-silicone catheter was made by mixing transparent silicone (RS Pro, Northants, UK)
was mixed with ICG (Diagnostic Green, Germany) dissolved in 1mL of 100% ethanol and

infiltrated down a 10Fr one-way Foley catheter and allowed to set for 1 week.

Further cadaveric work exploring IRDye 800BK mixed with instillagel resulted in a mean
signal to background ratio of 5.42 which was no different from use with ICG and therefore
not worth exploring further. Similarly, with the ICG-silicone device, the mean signal to

background was 5.75 and similarly abandoned.

4.3.5. NIR light fibre to detect the urethra

As using fluorophores as dyes to identify the urethra has proved to be inefficient in-vivo, an
alternative method of highlighting this critical anatomy was sought. Two main issues with
using fluorophores is firstly the fluorophore needs to be administered and kept in the same
location of interest for a long period of time for urethral imaging and be resistant to
manipulation throughout the operations. When ICG is mixed with a lubricant, whilst some
may bind to the epithelial cells in the urethra, significant amounts of ICG may be lost into
the bladder through retrograde flow. Secondly, ICG will rely upon penetration through tissue
of the laser light emitted from the laparoscope in order to be excited and for the emission
light to also penetrate through this tissue. An alternative to ICG is the use of an optical fibre
that would emit NIR light. Such a system would firstly have constant emission of NIR light
in the desired location and secondly would not rely on excitation light having to penetrate
through the tissues. A collaboration was developed with the Advanced Technology Group
(ATG), University of Oxford, to design a device that would be tailored to urethral imaging
(NIRCaD, NIR Catheter Device). Briefly, the device consisted of a laser light source which

emits light at 830nm and is connected to a fibre optic light cable allowing transmission of
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the light. These fibres have an insulating jacket and once removed need ‘stripping’ to emit
light along the length of the cable rather than just at the tip. Rather than pass an optical fibre
directly through the urethra, a small calibre optical fibre was chosen allowing it to sit inside
the drainage channel of a 2-way urinary catheter via the urinary drainage port. As the urinary
drainage port would no longer fit a drainage bag, a plastic adapter was manufactured using
3D printing to allow passage of the optical fibre and connection of a drainage bag (Figure
4.7). Thus, this system allowed the simple adaption of a standard urinary catheter to allow
passage of a NIR emitting light fibre as well as allowing free drainage of urine which has

not been described before.

/

N\

Standard Foley Optical Fibre
Catheter attached to NIR light _ Standard
source Drainage Bag

%

Lol

Silicon tube
attached to drainage
. bag

Adapter

Figure 4.7 - NIR urinary catheter light source, fibre, and adapter (NIRCaD). A&B —
Fully connected light source and optical fibre within urinary catheter with light off (A) and
light on in NIR mode (B). C — set up of urinary catheter, plastic adapter, optical fibre and
drainage bag.
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In order to be prepared for patient use, the parts in contact with the urinary catheter (plastic
adapter, optical fibre and silicon tubing needed to be sterilised. As the optical fibre and
plastic connector would denature in high temperatures, the only method of sterilisation was
using the STERRAD®. Both components underwent sterilisation 10 times checking
integrity after each run which was successful. The silicon connecting tube was obtained from

cutting a length of sterile tubing from a separate urinary drainage bag.

4.3.5.1.  Cadaveric assessment of NIR light fibre

The NIRCaD device was tested in 4 human cadavers prior to patient use. In two cadavers,
the perineal model described above was used. As expected, the mean signal to background
ratio observed in the area of the urethra with minimal dissection was considerably higher
than ICG at 10.35. Following this, two further cadavers were assessed during a TaTME
simulation. Due to high signal to background observed perineally, it was hypothesised that
the emitted NIR light may be able to penetrate through the prostate. Following mobilisation
of the rectum in the correct TME plane, in both cadavers, fluorescent signal could be
observed clearly outlining a tubal structure in the correct location of the urethra running
through the prostate and the seminal vesicles. The incorrect plane of mobilisation anterior
to the prostate as described previously was then entered to confirm the urethral location and

fluorescence emission from the NIRCaD (Figure 4.8).
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Figure 4.8 - Visualisation of NIR Light from NIRCaD in cadaveric TaTME model.
A&B = white light (A) and NIR (B) image of prostate (dashed line) and seminal vesicles

(dotted line) with a line of NIR light (green solid lines) being emitted between the 2
structures. C&D = wrong plane mobilisation of the prostate revealing urethral location and

bright light emitting from the NIRCaD.

4.3.5.1.  NIRCaD Clinical Trial

From November 2017 to June 2018, 12 participants were recruited to the study with a mean
BMI of 29.4 (23.8 to 35.0) and mean age of 60 years. Eight participants underwent TaTME
with the remainder having an APER. In all participants, NIRCaD insertion to the urinary

catheter and urethral placement of the urinary catheter was uncomplicated.

In the first 5 participants, no detectable NIR signal was observed at any point anywhere in

the pelvis in either the prostate, area of the membranous urethra or seminal vesicles but the
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NIRCaD was confirmed as working through bladder visualisation. The urethral fibre was
then reassessed to see if any modification could result in increased light emission. Following
inspection, as the optical fibre was stripped along its entire length, loss of light at the
proximal end of the fibre could result in reduced emission in the area of interest. Therefore,
at this point, a new fibre was constructed to only emit light from the tip of the fibre and
through the prostatic and membranous urethra. The length was determined by measuring the
pelvic MRI scan from the previous 5 participant which revealed a mean prostatic urethral
length of 3.2cm and membranous urethral length of 0.4cm. To account for potential
movement an extra 1.5cm was added to the stripped length giving a final stripped length of

5.1cm. To mention about change in signal due to this change.

The following 7 patients were then assessed using the new fibre. Of these, NIR signal was
observed in 2 patients. In the first it was seen after specimen removal during APER (S: B
55.9) and in the second it was seen during dissection (S:B 4.09) and post specimen removal
(S:B 28.7) during TaTME. In the remaining 5 patients, no signal in the urethral region could

be observed despite positive signal emitting from the bladder.

At 30-days there were no adverse events related to use of the NIRCaD device.
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Figure 4.9 - In-vivo images of NIRCaD visualisation around the membranous urethra
and prostatic regions. A is following specimen extraction during APER, in the region of
the urethra a clear NIR signal (white) is seen with minimal background (i = white light
image, i1 = NIR image where white is NIR signal). Bi (white light) and Bii (NIR) are during
the TaTME dissection where NIR signal is seen just right of the midline in a tubular shape
assumed to be the urethra and a broader signal is seen after specimen extraction (Biii and

Biv) outlining the prostate.
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4.4. Discussion and further work

This chapter has experimented with different methods of visualising the urethra during low
rectal cancer surgery with the use of both NIR fluorophores mixed with Instillagel and the
manufacture of a NIR emitting light source that can be used with a standard urinary catheter.
Ex-vivo pig and human cadaver work proved the principle that ICG-Instillagel could be
successful in highlighting the urethra and was superior to methylene blue. On moving this
into human use, difficulties in the method of application were experienced including loss of
volume, contamination, and patient movement. These may have contributed to the failure of
this technique. In all 5 patients, the urinary catheter was palpable without any NIR signal,
thus the technique merely added time to the procedure in checking for NIR signal without
any benefit and hence why it was abandoned. Still using ICG, an ICG-silicon catheter was
made to overcome issues of leakage. This offered no benefit in cadavers in signal to
background ratio and to take this into human use would require moulding of a hollow-tubed
catheter which, after talking to numerous manufacturers is difficult to do without breaching

existing patents and issues over fluorescence decay with storage cannot be overcome.

Another reason for failure of fluorescence in this setting but success in cadavers is probably
due to the differences in cadaveric versus living bodies. There is significantly more water
content in living bodies than cadavers as well as the circulating blood and blood products.
It is well known that NIR light is absorbed by both blood and water '** and could be
responsible for the reduced visibility seen in-vivo. NIR imaging here is also relying on
excitation as well as emission and therefore absorption of NIR light for both excitation and

emission may reduce efficacy.

The NIRCaD was designed to provide a fixed, constant level of emitted NIR light without

relying on excitation. Again, cadaveric results were extremely promising with very high
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signal to background ratios compared with ICG and methylene blue. In-vivo, there was
slightly more success than with the other techniques but certainly not enough to pursue to a
larger trial in its current state. A drawback of this study was it being undertaken in a tertiary
centre with surgeons who are experienced in low rectal cancer surgery thus, the risk of wrong
plane surgery and visualising the urethra during any procedure is low. The next investigative
stage of the NIRCaD device is to go back a step and review its efficacy rather than proceed
with studies of larger numbers. Two potential study avenues could be pursued. Firstly,
validation of the device in urological surgery where mobilisation and visualisation of the
urethra occurs as part of the procedure (e.g. prostatectomy or urethral reconstruction). Such
a study should be conducted under stage 1 of the IDEAL framework with a small number
of patients. Following this, returning to colorectal surgery should include its use for urethral
and prostate identification on cadavers for TaTME simulation as described above but
assessed with several different surgeons and different levels of training. To return to in-vivo
use, a stage 2a study should be conducted with surgeons early in their adoption of the
TaTME or APER procedures rather than experienced surgeons as done in this study. If both
are successful, then assessment of the NIRCaD in a larger number of non-randomised

patients should be performed.

As mentioned previously, stereotactic navigation has been utilised in TaTME surgery, using
recent or intraoperative scans and body markers to provide real-time navigation '43. This
technology could be combined with markers on a fibre similar to the NIRCaD adding

localisation of the urethra.

Outside of the light spectrum, other theoretical concepts within the electromagnetic

spectrum for urethral localisation could be investigated. To the right of the visible light

spectrum lies longer electromagnetic wavelengths including microwaves and radio waves.
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Wavelengths in this spectrum range from Icm to 100km and at low levels do not ordinarily
pose a risk hazard to humans but can penetrate much deeper than NIR light and transmit
through fat and bone much easier 4. Utilisation of these wavelengths through a similar
optical fibre to that used in the NIRCaD and an appropriate detector which could visualise
the signal and overlay an operative image could be a promising alternative to NIR light 4>,
Care should be taken if investigating these frequencies as if focussed at high frequency, heat

damage could occur.

Finally, additional future directions of urethral localisation have been postulated to include

146 147

laser doppler vibrometry '*°, accelerometers with a vibrating catheter %/, passive

148 and magnetic and radioisotope impregnated catheters '42. All

millimeter-wave imaging
this technology could utilise the basic framework of the NIRCaD construction emitting the
various wavelengths described in this already available technology. Difficulties would be in

providing appropriate detection systems small enough to be placed in an operating theatre

as well as software engineering to provide real-time overlay operative images.
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5.1. Introduction
5.1.1. Anatomy

The thoracic duct is the largest vessel of the lymphatic system draining three quarters of
lymph from the body. Its main role is to transport the products of fat digestion and is
therefore rich in triglycerides, cholesterol, proteins and T-lymphocytes. It originates from
the descending intercostal trunks, the right and left lumbar trunks and the gastrointestinal
trunks. The cisterna chyli is often described as where these trunks meet located at the level
of L2 to T12 between the azygos vein and aorta. The thoracic duct then runs upwards
towards TS5 where it crosses to the left side posterior to the oesophagus and then enters the
base of the neck to terminate at the junction of the left internal jugular vein and the left
subclavian vein ¥ 13° There are however, numerous anatomical variations including in
nearly half of patients having multiple channels especially in the mid thorax '3% 3!, In length
it ranges from 36 to 45cm with a diameter from 2 to Smm which varies according to its level

and physiology but is narrowest in the thoracic region '*°.
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dth

Figure 5.1 - Anatomical depiction of thoracic duct location in the saggital plain (left)
and coronal plane (right). Left image depicts a thoracoscopic viewpoint adapted from
Cuesta et al '>? with permission. DTH, ductus thoracicus; LRLN, left recurrent laryngeal
nerve; AQO, aorta; LSBRA, left superior bronchial artery; RBRA, right bronchial artery;
LIBRA; left inferior bronchial artery; AV, azygos vein; LB, left bronchus; LV, left vagus
nerve; LPV, left pulmonary vein; E, esophagus; RRLN, right recurrent laryngeal nerve; RV,
right vagus nerve; TR, trachea; SVC, superior vena cava; RB, right bronchus; RPV, right
pulmonary vein. Right image is a coronal cross section demonstrating the aorto-oesophageal
ligament which is divided as part of the mobilisation during oesophagectomy. Av, azygos
vein; LMB, left main bronchus; Ln, lymph node; RMB, right main bronchus; TD, thoracic

duct used with permission from Weijs et al 3.

5.1.2. Thoracic duct significance during oesophagectomy

Surgical treatment of oesophageal cancer in the UK entails oesophagectomy be it a 2-stage
procedure (Ivor-Lewis), hybrid procedure (laparoscopic abdomen and right thoracotomy), a
left thoracoabdominal oesophagectomy or, for proximal tumours, a 3-stage oesophagectomy
which includes neck dissection. As well as removing the oesophagus, lymphadenectomy
should be undertaken but practice varies as to how radical surgeons are in targeting lymph
node groups >4, There is also variation in what surgeons do with the thoracic duct. Some
surgeons advocate resection of the thoracic duct as it has been demonstrated that there are

lymph nodes in the fatty tissue surrounding the thoracic duct '3 1% although Udagawa and
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colleagues found no significant difference in survival when these were resected. A study
comparing thoracic duct dissection to non-thoracic duct dissection showed that when
resecting the duct, there is a significantly higher yield of lymph nodes and this may have an
improvement on recurrence free survival although more patients in the thoracic duct
resection arm received chemotherapy '*7. Opponents to thoracic duct resection fear for

complications including chylothorax and an increased operating time and blood loss.

A frustrating complication of oesophagectomy is chylothorax which arises from injury to
the thoracic duct. Reported incidence of this complication is around 1% but has been
reported as high as 9% !3-16°_ Chyle leak is associated with considerable morbidity namely
from chest complications including pneumonia and respiratory failure. High volumes of
fluid can be lost from a thoracic duct injury resulting in long durations of indwelling chest
drains, hypovolaemia and malnutrition from the loss of fat-soluble vitamins, proteins and

electrolytes. There is also a risk of sepsis and even death following thoracic duct injury '6°

161 Management is usually non-operative with

with mortality reported as high as 75%
pleural drainage and total parenteral nutrition to allow resolution of the chylothorax which
can last several weeks and when unsuccessful, operative intervention is required. Large
volume chylothorax may require return to theatre to localise and repair the leak by ligating

the thoracic duct. Re-operation is difficult as localising the duct in the post-operative setting

can be impossible.

The variation in thoracic duct anatomy and its accessory channels can make its identification
difficult whether it is for resection as mentioned previously or to avoid injury. A technique
employed by some to visualise the thoracic duct intraoperatively is to use enteral
administration of cream which gives a white appearance of the duct '®'. Similarly, methylene

blue has been used as a visible blue dye in the setting of diagnosing chylothorax '62. A
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difficulty with this technique is that light reflected from the cream will not penetrate the
covering fat and fascia and therefore would only be visible once the thoracic duct is dissected
free from surrounding structures. NIR fluorescence imaging of the duct could allow better

visualisation.

To date, thoracic duct fluorescence has been demonstrated by Ashitate et al '®* who
demonstrated in rats and pigs that NIR visualisation is possible with IRDye 800CW-CA and
IRDye 800CW conjugated to albumin following subcutaneous groin, thigh or shin injection.
They also developed a porcine model of thoracic duct injury where it was possible to
visualise a leaking duct as well as clearly outlining accessory channels. In humans, there
have only been 4 unconvincing case reports where ICG has been attempted to identify a

chyle leak at re-look thoracotomy 64167

. There have been no reports of in-vivo human use
of fluorescence to both highlight the duct or to identify chyle leakage at the end of
oesophagectomy and therefore prevent post-operative chylothorax. Whilst IRDye 800CW
has proven successful in the pig, it is an unlicensed drug and thus would require clinical trial

authorisation to assess in man, therefore ICG was pursued for this study as an easier

alternative.

5.1.3. Aims and objectives

The aims of this chapter are to:
1. Assess the feasibility of ICG fluorescence of the thoracic duct during
oesophagectomy using 2 different methods
2. To assess whether intraoperative chyle leaks can be identified at the end of
oesophagectomy using fluorescence
3. To compare a thoracic duct fluorescence with a historical cohort of patients for

surgical outcomes
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5.2. Methods
5.2.1. Trial Set up
5.2.1.1.  Protocol

This study was an open label prospective feasibility study assessing ICG to fluoresce the
thoracic duct during oesophagectomy. Two methods were compared: infiltration of ICG
mixed with double cream administered enterally via a feeding jejunostomy and;
subcutaneous injection of ICG into the small bowel mesentery during the abdominal phase
of the operation. In each administration method, ICG was given in the operating room
following induction of anaesthesia. ICG fluorescence was assessed using a commercially
available fluorescence enabled laparoscope compatible with ICG (PINPOINT or Stryker).
The study was approved by Wales REC 7 (17/WA/0295) and confirmed by the MHRA that

clinical trial approval was not required.

All participants over 18 years of age undergoing elective oesophagectomy were eligible to
enter the study. Participants were excluded if they had a known allergy to iodine or ICG,
lactose intolerance, significant liver failure (ALT and AST > 1.5 ULN) or female patients
who were pregnant, planning pregnancy or breastfeeding. Participants were identified at
their outpatient appointment or through planned operating lists and were approached by
phone call or at their clinic visit and given a PIL. After being assessed for eligibility,
informed consent was taken on the day of surgery. It was decided to perform ICG
fluorescence on 3 participants with each method and assess both techniques and take forward

the most successful approach.
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Baseline assessments were performed on the day of surgery including BMI and past
medical/surgical history. Following induction of anaesthesia and entering the abdominal

cavity, ICG was administered in the following methods:

ICG Cream: 50mL of double cream mixed with 2.5mL of reconstituted ICG (10ml
in 25mg of ICQG).

Small bowel mesentery: 1.5-2mL of reconstituted ICG (as above) injected into the

small bowel mesenteric root.

Following administration, the operation proceeded as per the standard of care. During the
thoracic part of the procedure, attempts were made at numerous unfixed timepoints to
visualise the thoracic duct under white light and then fluorescence. The time point
(following administration) as well as a subjective score was recorded (Table 5.1). Finally,
following removal of the oesophageal specimen, observation for any chyle leakage was
undertaken with white light and fluorescence. Following these assessments, the participant
returned to standard care. At 30 days following surgery the participant’s clinical notes were

reviewed for any adverse events and recorded chest drain output.

118



Chapter 5: Fluorescence identification of the Thoracic Duct during oesophagectomy

Score White Light Scoring Fluorescence Scoring
0 TD or branches not visible at all No fluorescence signal
1 In area of thoracic duct but not clearly Weak fluorescence signal not convincingly
visible in TD / branches
2 TD/ branches partially visible Weak fluorescence signal convincingly in
TD / branches
3 TD / branches clearly visible Strong fluorescence signal convincingly in
TD / branches

Table 5.1 - ICG thoracic duct and white light visualisation subjective scoring

descriptors.

A historical group of patients were obtained from a prospectively collected database of
patients who underwent oesophagectomy was used as a control group for a propensity score
matched analysis. Data collected included baseline demographics (BMI, weight, ASA, pre-
operative albumin, tumour and nodal staging). Propensity score-matched analysis was
performed to minimised selection bias and all the baseline demographics listed were used in
the regression model. The dependent variable for grouping was the use of ICG. A matching
ratio of 1:1 was used with a nearest neighbour matching protocol and a caliper of 0.2 using
IBM SPSS for Mac (version 24.0, Armonk, NY). Cases were not reusable after matching.
The outcome parameters were analysed by the Mann-Whitney U test and differences were

considered statistically significant when the p value was less than 0.05.

5.3. Results
5.3.1. Effect of pH and cream on ICG fluorescence

Options for administration included enteral administration or mesenteric injection. It was
important to ensure that fluorescence of ICG was not destroyed by the acidic conditions in
the upper gastrointestinal tract. Under controlled conditions, ICG, at a concentration of
Img/mL was mixed with increasing pH solutions (from pH 1-7) and imaged using the ATG

fluorescence camera. As pH decreases, the signal to background ratio also decreases (Figure
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5.2). Signal to background ratio increased significantly as pH increased assessed by linear

regression (slope 2.949+/- 0.412, R? statistic 0.911, p=0.0008).

Fluorescence Image White Light Image
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Figure 5.2: ICG mixed with varying pH solutions and observed under ATG
fluorescence imaging camera. Eppendorf at 12 o’clock is pH 1 then increasing in a
clockwise direction to pH 7. Note the visible increase in fluorescence signal as the pH

increases. Dotted line represents fit of linear regression equation.

ICG directly infiltrated into the gastrointestinal tract either via a feeding jejunostomy or
nasogastric tube is therefore unlikely to fluoresce as expected. If mixed with cream, the ICG
may buffer the acidic conditions and therefore, investigation into signal changes of pH 1
versus 7 in cream was investigated (Figure 5.3). In a pH of 1, the signal to background ratio
decreases over time (slope -0.001445 +/- 0.00018, R? 0.984, p=0.0009), whereas in a pH7

of 7, the signal to background ratio slightly increases which only just reached statistical
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significance (slope 0.00089 +/- 0.0003, R? 0.7766, p=0.048). In pH1 conditions, the signal

to background ratio significantly reduced out of time compared to pH7 (p=0.0002).
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Figure 5.3: ICG mixed with cream at pH1 and pH7 and imaged at different time points.
Visualised fluorescence in Eppendorf tubes with graphical representation of signal to

background ratio.
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5.3.2. ICG thoracic duct clinical trial results

5.3.2.1. Recruitment

As this was a proof of principle study, it was decided that 20 participants would adequately
assess whether the technique worked and to provide data for a phase 2 study as well as being
able to recruit this number of participants in the time constraints throughout the authors
research period. Assessing operative capacity and planned operating lists, it was estimated
that for 3 operating surgeons there would be around 1 patient undergoing oesophagectomy
per week and allowing for ineligibility and patients declining participation, it was likely that

2 patients would be successfully recruited per month.

Thirty-one patients were screened for eligibility to enter the trial, all of whom met the
eligibility criteria. Four were not approached as the author would not be present on their day
of surgery (n=3) and there was a clash with another fluorescence trial (n=1). Of the 27
patients approached to consider participation, 2 patients had a planned ‘chest first’
procedure, for 2 patients there would be no fluorescence enabled laparoscope available on
the day, one participant had their operation postponed and the author was not available for
1 other participant. Twenty-one participants were consented to the trial from December 2017
until July 2018 (Figure 5.4). Three participants received ICG-cream mix via feeding

jejunostomy and 17 received ICG injection into the small bowel mesentery.
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Figure 5.4 — Recruitment of ICG thoracic duct trial. Top represents CONSORT flow
diagram of patient recruitment. Bottom represents predicted and actual recruitment. Blue
line is the cumulative actual number of patients recruited, red line is the predicted

recruitment rate and green bar charts represent the number of patients recruited on a monthly

basis.
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Seventeen participants were female with a median age of 62 years (range 37 to 78) with a
median BMI of 25.7 (range 16.95 to 35.33). All patients were undergoing planned curative
oesophagectomy for cancer with either an open procedure (n=12), a hybrid procedure with
laparoscopic abdomen and open thorax (n=6) or minimally invasive oesophagectomy (n=3).
Of the open procedures, 8 were left thoracoabdominal resections and 4 were Ivor-lewis

oesophagectomies. All cases were performed by three different operating surgeons.

5.3.2.2.  Fluorescence results — feeding jejunostomy

Three participants received ICG-cream via the feeding jejunostomy. No fluorescent signal
was seen at any point in the region of the thoracic duct or in any location throughout the
chest during the procedure, despite visualisation of the thoracic duct under white light. It
was evident, that the ICG-cream mix fluoresced clearly in the small bowel but was not being
absorbed into the lymphatics up to 6 hours and 59 minutes following administration (Figure
5.5). Furthermore, the administration technique of feeding jejunostomy proved lengthy as it
took between 10 and 16 minutes to injection the 100mL of cream-ICG into the feeding
jejunostomy. It was therefore decided that the feeding jejunostomy technique would be
abandoned and subsequent participants would receive ICG via small bowel mesentery

injection.
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Figure 5.5- Representative image of fluorescent small bowel following ICG-cream mix

infiltrated via a feeding jejunostomy.

5.3.2.3.  Fluorescence results — mesenteric injection

In 17 patients, ninety observations for fluorescence in the thoracic duct were performed from
4 minutes to 5 hours and 30 minutes (median 2 hours 31 minutes) following ICG
administration (Figure 5.6A). The thoracic duct was visualised with both white light and
fluorescence in 12 patients, in 8 of these, the thoracic duct was seen with fluorescence prior
to being seen with white light (median = 84 minutes, range 10 to 185 minutes), in 1 patient,
the thoracic duct was seen with white light 25 minutes before fluorescence and in the
remaining three the thoracic duct was seen at the first visualised time point with both
modalities. In 2 patients, the thoracic duct was seen with only fluorescence and not white
light and vice-versa in a further 2. The thoracic duct was not visible with either modality in

1 participant.

Of the 90 assessments made, the thoracic duct was not visible with any modality in 50%
(n=45). In 20% (n=18), the thoracic duct was seen with both modalities and in 23% (n=21)
the thoracic duct was only seen under fluorescence. In the remaining 6 observations (6.6%),
the thoracic duct was visible under white light but not under fluorescence. Of the 18 seen

with both modalities, the subjective score was higher under fluorescence in 11 observations,
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scored the same in 7 (6 with a score of 3, 1 with a score of 2), and there were no instances

where white light scored higher than fluorescence.

Mean thoracic duct signal was 75.12 (95% CI 62.66 to 87.58) and mean background signal
was 24.18 (95% CI 23.34 to 3.404) with the signal being significantly higher than the
background (P<0.0001) (Figure 5.6B). Mean signal to background ratio was 5.354 (95% CI
3.91 to 6.80) ranging from 1.064 to 24.37. Over the time assessed in this study, the rate of
decline was zero (slope 0.4225, 95% CI -0.678 to 1.523, p=0.443) (Figure 5.6C). Mean
probability of thoracic duct visualisation being better with fluorescence was 0.42 (95% CI
0.302 to 0.538) which was significantly higher than visualisation being better with white
light (mean 0.147, 95% CI 0.06 to 0.23) (p=0.0003). Over-time, ICG seemed to be better

than white light from 1 hour to 5 hours 30 minutes (Figure 5.6D).
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Figure 5.6 - Graphical representation of data from ICG thoracic duct trial. A =

graphical representation of number of individual readings over time. B = ICG signal in

thoracic duct (blue) versus background signal (red) with 95% confidence interval (black). C

= signal to background ratio over time with non-linear regression line of best fine and 95%

confidence intervals (dotted line). D = probability of ICG being better than white light (WL)

over time (green) and white light being better than ICG (red) — line generated by non-linear

regression analysis using second order polynomial equation.
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5.3.3. Fluorescence to identify intraoperative chyle leaks

A further subjective assessment of thoracic duct fluorescence was to assess whether active
chyle leak could be observed at the end of the oesophagectomy and whether a source could
be identified to prevent post-operative chyle leaks. In 6 of the 17 participants receiving ICG
via mesenteric injection, fluorescent fluid was identified over the operative field following
specimen removal. These were all identified by fluorescence only. Of these, fluorescent fluid
was seen all over the operative field with 1 resulting in no further action and another where
a small leaking branch was identified and clipped. The remaining 4 patients with an
identified leak had fluorescent fluid emerging from a fluorescent tubal structure identified
as the thoracic duct. In all four of these participants the main thoracic duct was further
clipped, wash applied to the thorax and re-imaging of fluorescence revealing no further leak.
Five of these participants were discharged without any complications within 10 days. One

patient suffered an anastomotic leak and remained in hospital for 40 days post-operatively.

5.3.4. Post-operative follow-up

All patients were followed up for 30 days following ICG administration. No participants
suffered adverse reactions related to ICG. Median length of stay was 10 days (range 7 to 40
days) with one participant having a possible small chyle leak identified with chylous
appearing liquid in the drain, however their drain was removed after 5 days with no further

complications and the patient was discharged on day 8 post-operatively.
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Figure 5.7 - Representative images of identifying chyle leak under fluorescence in two
patients. A and B represent two separate participants. Ai — image under fluorescence
identifying fluorescent ‘pool’ of fluid (white line). Aii — image with white light outlining
area of thoracic duct. Aiii clipped thoracic duct under fluorescence. Bi = fluorescent image
outlining (white line) thoracic duct and adjacent to this fluorescent fluid. Bii — white light

image of Bi. Biii — white light image following clipping of thoracic duct.

5.3.5. Propensity score-matched analysis comparing ICG thoracic duct trial

participant with control group

Following the ICG thoracic duct trial a potential difference for length of stay, duration of
indwelling chest drains and total drain output between the trial cohort and a preceding
control group was investigated. Four hundred and fifteen patients were identified as having
an oesophagectomy from October 2010 to October 2017 (before the ICG trial commenced).
Of these, 137 were coded incorrectly and did not undergo oesophagectomy. Data was
missing for 147 patients that was essential for the propensity score-matching (BMI, albumin,

ASA, tumour and node stage) resulting in 131 patients used for propensity score matching.

Before matching, no difference between the 2 groups were identified in age, gender, ASA

grade, pre-operative albumin, tumour stage, node stage or metastases stage (Table 5.2). All
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patients had an M stage of 0 and this was therefore removed from the comparison. BMI was
significantly higher in the thoracic duct group (30.75 vs 27.66, p = 0.0001). After propensity
score matching, 34 patients remained to be evaluated (17 in each group). After matching, no
differences in baseline characteristics remained, although there was still a higher BMI in the

trial group but not reaching statistical significance (p=0.485).

Data for whether a chyle leak occurred was not available for all patients in the pre-ICG
group but was collected retrospectively in the case-matched control group and therefore was
only included in the post propensity score matching analysis. It was decided that outcomes
of interest should include length of stay, total chest drain output and duration of indwelling
chest drain would be compared. Before and after matching, no difference in length of stay,
total drain output and drain duration was observed (Table 5.3). Length of stay was shorter
in the ICG group both before (2 days, p=0.55) and after matching (0.9 days p=0.74) but not
reaching statistical significance. Total drain output was slightly higher in the trial group after
matching by 33mL and did not reach statistical significance. Duration of indwelling drain
was 24 days longer in the non-ICG trial group and again did not reach statistical significance
(p = 0.35). It is likely that the differences observed in this comparison are not significant
due to a type II error. Furthermore, in the non-ICG group, there was a high standard error of

the mean for drain duration (25.66).
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Before Matching After Matching
Variables All Patients  Pre-trial ICGTD p Pre-trial ICG TD
(n=148) (n=131) (n=17) (n=17) (n=17)
Age 65.03 62.53 65.24 62.53
mean / SEM 64.7(0.734) (0.756) (2.633) 0.292 (1.53) (2.63) 0.381
BMI 27.66 30.75 27.81 30.75
mean / SEM 28.0(0.581) (0.412) (3.97) 0.001 (1.135) (3.98) 0483
Sex 0.354 0.485
15 17 15
0,
Male 118 103 (78.6%) (88.2%) (100%) (88.2%)
2
V) 0 0,
Female 17 15 (11.4%) 2 (11.8%) 0 (0%) (11.8%)
ASA Grade 0.090 0.879
4
0, 0 0
ASA'1 87 83 (63.4%) 4 (23.5%) 3(17.6%) (23.5%)
11 9
0, 0,
ASA?2 47 38 (29.0%) 9 (52.9%) (64.7%) (52.9%)
4
0 0 0
ASA3 13 9 (6.9%) 4 (23.5%) 3 (17.6%) (23.5%)
Albumin 28.81 29.47 30.0 29.5
mean / SEM 28.9(0.264) (0.286) (0.642) 0.241 (1.04) (0.642) 0.668
Tumour Stage 0.883 0.982
TO 2 2 (1.5%) 0 (0%) 0 (0%) 0 (0%)
2
0, 0 0
T1 15 13 (9.9%) 2 (11.8%) 2 (11.8%) (11.8%)
5
0, 0 V)
T2 33 28 (21.4%) 5(29.4%) 4 (23.5%) (29.4%)
8
0, 0 0,
T3 84 76 (58.0%) 8 (47.1%) 9 (52.9%) (47.1%)
2
0 0 0
T4 14 12 (9.2%) 2 (11.8%) 2 (11.8%) (11.8%)
Node Stage 0.967 0.655
0, 0
NO 63 56 (42.7%) 7 (41.2%) 10 (58.8) (41.2%)
6
V) 0
N1 45 39 (29.8%) 6 (35.3%) 5(29.4) (35.3%)
3
0, 0
N2 31 28 (21.4%) 3 (17.6%) 1(5.9) (17.6%)
N3 9 8(6.1%) 1(5.9%) 1(5.9) 1 (5.9%)

Table 5.2 - Comparison of baseline characteristics of patients in the overall population,

before the ICG trial and patients in the ICG trial before and after matching. ICG =

Indocyanine green; TD = thoracic duct; SEM = standard error of the mean.
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Before Matching After Matching
Variables Il?zllltien ts Pre-trial ICG TD p Pre-trial ICG TD p
(n=148) (n=131) (n=17) (n=17) (n=17)
Length of stay 14.18 12.34 11.59
mean/SEM (13.24) 14.2 (1.20) (1.944) 0.545 (1.08) 12.34(1.94) 0.736
Total drain
ey |8 s e
mean/SEM ’ ’ ’ ’ ’
Drain duration
(days) (1559'4077) 16.7 (5.47) 6.06 (1.29) 0.487 ?205.3656) 6.06 (1.29) 0.352
mean/SEM ' '
Chyle leak NA NA NA NA 1 0 0.50
(number)

Table 5.3 - Comparison of outcome parameters in all patients, pre-trial patients and
participants in the ICG thoracic duct trial. ICG = indocyanine green; TD = thoracic duct;

SEM = standard error of the mean.

5.4. Summary and Discussion

This proof of principle study is the first to report the use of fluorescence in thoracic duct
visualisation and identification of chyle leak intraoperatively during oesophagectomy. Two
techniques were evaluated: enteric administration using ICG-cream mixture and small
bowel mesentery injection. Enteric administration was not successful in thoracic duct
identification. In 17 patients the thoracic duct was visualised in 15 with 2 of these being only
visible under fluorescence. Failure of the technique was only observed in 2 patients.
Fluorescent signal was seen over 5 hours after administration indicating that repeat
administration is unlikely to be required. The S2B ratio was always over 1 and an average
of 5. This high signal to background ratio indicates that the thoracic duct would be clearly
visible and distinguishable from the minimal background signal observed in the study.
Fluorescent signal was seen in patients with a BMI from 16 to 33 and it is known that a BMI

<25 or >25 increases the risk of chylothorax 9 fold '68,
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The comparison with a control cohort of participants was well matched before and after
propensity score matching. Prior to propensity score matching the only significant difference
was in BMI with the ICG trial group having a higher average BMI than the control group.
Comparison of the outcomes of length of stay, chest drain output and chest drain duration
were not statistically significant although it is likely that the propensity matching is
underpowered. The control group had a very high length of drain duration and this is likely
to represent a heterogeneous group of participants who may have had a longer drain duration
for other reasons (e.g. anastomotic leak). One patient in the matched control group suffered
a chyle leak which was managed conservatively compared with no chyle leaks in the ICG

group (p=0.50). It is likely that a difference cannot be inferred here due to type II error.

Since this work was completed, there have been two published reports of ICG fluorescence
in the thoracic duct. Steffey et al use a technique of ICG injection into either a popliteal LN,
mesenteric LN or mesenteric route in 15 dogs and achieved optimal visibility with
mesenteric LN or root injection '®°. They also identified a tear in the thoracic duct which
was only highlighted by NIR imaging. In humans, Yang and colleagues utilised ICG
fluorescence in 4 patients who underwent re-operative surgery for chyle leak and in all of
these patients the location of the leak was identified with fluorescence prior to white light
170 This study differed in that ICG was injected bilaterally into the inguinal region as they
do not have access to the abdomen, a method not evaluated in this chapter and a potential
advantage as, if re-operating for chylothorax, the abdomen would not be easily accessible.
These studies together with the findings in this chapter clearly demonstrate that there is a
potential clinical use for this technology during thoracic surgery be it oesophagectomy,

cardiac or pulmonary surgery.
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The study presented here represents completion of both an IDEAL stage 1 (innovation) and
stage 2a (development) study having reported a new technique with use in patients as well
as the completion of a planned procedure in an initial small group of patients to refine and
modify the precise technique. Here the dosing has been demonstrated as well as injection
technique. As recommended by IDEAL, the protocol was developed prospectively and
registered prior to patient recruitment and ethically approved. The next stage of development
of thoracic duct fluorescence could be 2b (exploration) or by-passing 2b to stage 3
(assessment) trial. The IDEAL statement is a set of recommendations geared towards new
surgical procedures. Thoracic duct fluorescence is conducted as part of well recognised
intervention and no change is made to the oesophagectomy itself. There is also likely to be
a very limited learning curve in this technique which is unlikely to require further
exploration. Trial design could include a randomised controlled trial (RCT) or a large
prospective cohort study. A difficulty with an RCT in this setting is deciding the outcomes
of interest to power the study. For an RCT, proposed outcomes and their study sizes could

include:

1. Post-operative chyle leak: this binary outcome would be of major importance to both
patients and surgeons however, it would need careful definition and measuring post-
operatively to ensure the diagnosis is appropriate. To power the study, if the
incidence was estimated at 3% and a reduction to 1% is advantageous, with a power
of 80% and significance (a level) of 5%, 1532 participants would be required. This
would require a multi-centre study over a long period of time and would be
associated with significant cost.

2. Post-operative drain output, duration and length of stay: a reduction in these
outcomes could potentially be cost saving to departments undertaking

oesophagectomy. These outcomes would require smaller sample sizes: to detect a
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reduction in the mean length of stay by 1 day at 90% power, 5% o, 380 participants
would be required. Matching for pre-operative co-morbidities such as those listed in
Table 5.2 would be required as well as adjusting for confounders such as other
post-operative outcomes (e.g. anastomotic leak, pneumonia). Whilst this is easier to
conduct as an RCT, it is likely that a difference is these outcomes are unlikely to
provide enough evidence to allow surgeons to adopt this technology. If patient
reported outcomes such as an improvement in quality of life was associated with
these outcomes, then it may be more beneficial.

3. Subjective outcomes on usefulness and decision changing: subjective outcomes are
difficult to power, however, an important feature of a future trial should asses how
useful the technology was during each case. If any technology such as this is to be
implemented, it must be beneficial and easy to use without adding significant time.
Decision changing would be essential in any study namely whether the use of
fluorescence led to further operative intervention on the thoracic duct (e.g.

identification of additional leak, accessory branches or ligation of the thoracic duct).

Given the difficulty with the above options, a further possibility is to skip stages 2b and 3 in
the IDEAL framework and proceed with a stage 4 long-term study *°. A safety of the
technique and ICG is well known, a long-term study could be implemented in a number of
studies by way of a registry which allows larger numbers of cases being available for

analysis.
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CHAPTER 6: MOLECULAR TARGETS

TO DETECT COLONIC DYSPLASIA

DURING ENDOSCOPY AND SURGERY
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6.1. Introduction
6.1.1. Colonic crypts and goblet cells

The colonic lumen is lined with a specialised epithelial layer designed to digest passing
substances, absorb nutrients and water and form a barrier against luminal pathogens. In the
colon, the epithelium is organised into millions of crypts that increase the functional surface
area and is made up of three differentiated epithelial cells: enterocytes which primarily are
involved with absorption; goblet cells which secrete mucus; and enteroendocrine cells which
secrete hormones '7!. Turn-over within the crypts is rapid and three days after terminal
differentiation, cells will reach the top of the crypt, undergo spontaneous apoptosis and shed

into the lumen of the colon 71172,

The terminally differentiated epithelial cells are thought to arise from either a secretory
lineage (goblet and enteroendocrine cells) via Wnt signalling dependent on ATOH1 !73; or
absorptive lineage (enterocytes) via the notch pathway '"*. Goblet cells form around 16% -
20% of the population of cells within the colonic crypt !7°. Fully differentiated goblet cells
are located in the parts of the colonic crypts where they are characterised by large and
numerous mucous granules within the theca giving a typical goblet cell appearance with the
nuclei being located at the bottom of the cell 7. The mucins produced by goblet cells are
either gel-forming mucins (MUC2, MUCS5AC, MUC6 and MUCS5B), or transmembrane
mucins (MUC1, MUC3, MUC4, MUC12, MUC13 and MUC17) '”7. No morphologically
identifiable goblet cells in the colonic epithelia are identified in the MUC2 deficient mouse
primarily because the theca, no longer containing mucus, are collapsed despite other goblet
cell products being present '78. Thus, the bulk of mucus produced by the colon consists of

MUC?2, whereas in the stomach it is MUC5AC 177-181,
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The human MUC?2 is a protein of around 5100 amino acids long. The MUC2 monomer
domain structure consists of central tandem repeat regions rich in proline, threonine and
serine (PTS domain) '¥2. The MUC?2 product is rapidly dimerised by forming C-terminal
disulfide bonds within the endoplasmic reticulum (ER) then leaving the ER and becoming
densely O-glycosylated by the golgi apparatus where the PTS domains become saturated
with glycans extending like brush bristles 3% 3% (Figure 6.1). This complex process is
initiated by a family of up to 20 GalNAc transferases and after the addition of GalNAc, the
sugar chain is extended in a stepwise manner to higher order glycans '8 186, The fully
glycosylated, mature MUC?2 is then densely packed and stored into the secretory vesicles
and secreted into the lumen via calcium dependent exocytosis and is triggered by numerous
pathways including cholinergic agonists, hormones, microbes and microbial products and
toxins '7% 187 Once the granules are released, the MUC2 mucin dramatically expands in

volume organising a net-like network of mucin underneath the inner mucus layer 80 184,
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Figure 6.1 - Schematic representation of the 2 mucus layers over an epithelial surface
(left) and the structure of the MUC2 mucin (right). The glycosylated MUC2 shows the
N terminal region rich in disulphides followed by 2 tandem repeats (TR) which consist of
the Proline, Threonine and Serine (PTS) domains. Following the two TR regions is a

C-terminal region. Image reproduced from Kim et al /%7 (2010).

The mucus layer covering the colonic epithelium is a firmly adherent insoluble layer that
measures between 30 and 100pum (data from mice and rat colon) which can only be removed
by gentle scraping '8% 83 188 ' This densely packed inner layer is completely devoid of
bacteria thus building a mucus barrier separating the colonic epithelia from bacteria and
defects in this mucus layer can cause colonic inflammation '8°. By comparison, the outer
mucus layer at around 450um, is readily soluble and non-adherent being removed by gentle
suction. This loose layer is thought to arise from proteolytic cleavages taking place allowing
the mucus to expand 4 times in volume whilst still maintaining the structure of the MUC2

polymer (Figure 6.2). It is thought that the outer mucus layer contains the commensal
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colonic bacteria which enzymatically digest the large number of glycans, releasing
monosaccharides as their energy source '%°. Glycans, the process of glycosylation, and thus
glycoproteins, change in certain disease processes including cancer and inflammation.
Numerous serological biomarkers target glycoproteins that are altered as part of a malignant
process including prostate-specific antigen (PSA) '°°, carcinoma antigen 125 (CA125: also

known as mucin-16) ! in ovarian cancer, CA15-3, also known as MUCI in breast cancer

194

192,193 "CA19-9 in gastric and pancreatic cancer '°* and carcinoembryonic antigen (CEA) in

colorectal cancer '°> 1%, The changes in colonic mucin expression and glycosylation are

197,198 199

associated with colorectal cancer and can indicate a poor prognosis

@
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Figure 6.2 - Schematic representation of MUC2 mucus layers in the colon. The lower,
firmly adherent layer undergoes proteolytic cleavages to allow the mucus to expand in
volume to become a loose layer. The firm layer is non-soluble and after expansion, becomes

soluble but still maintaining its polymeric structure. Adapted from Johannson e a/ 2011 34,

6.1.2. Lectins as biomarkers

The term ‘lectin’ originates from legere, which in Latin means to select or choose, were

200, 201

originally utilised in blood grouping . Lectins, of which there are hundreds, are

proteins that bind to carbohydrates and are found naturally largely originating from plants.
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Most lectins bind to different glycan structures which have been classified as containing
either N-acetylglucosamine (GIcNAc), N-acetylgalactosamine (GalNAc), galactose,
mannose, maltose, sialic acid, or glucose 2°2. The abundance of glycosylated MUC2 in the
colonic mucus, makes this a potential in-vivo imaging molecular target to aid diagnostics
with endoscopic imaging. The relatively large size of lectins (20-200kDa) makes them
suitable for fluorescent conjugation as their molecular structure is unlikely to be altered
during this process. They are also stable at low pH, heat stable and resistant to proteolysis
203 Lectins are also abundant in fruits and vegetables that are part of human diets and thus,
at low concentrations are unlikely to have toxicity 2°4. In the Bodmer laboratory, analysis of
a selected set of genes related to glycosylation in a panel of 30 colorectal cancer cell lines
and 22 normal tissue specimens suggested B3GALT4 and ST6GalNac6, which encode
enzymes acting on GalNAc, were significantly up-regulated in normal tissue compared to
colorectal cancer (unpublished work, Yeung 2014). After screening a panel of GalNAc
specific lectins, Wisteria Floribunda (WFA) was identified as having the most clinical
potential and validated ex-vivo for clinical use to identify colonic dysplasia and cancer.
Similarly, ex-vivo use of the lectin Tritiicum vulgare agglutinin or wheat germ
agglutinin (WGA) conjugated to Alexa Fluor 488 has been demonstrated to be specific in

identifying oesophageal dysplasia on a background of Barrett’s oesophagus 2%,

6.1.3. Highlighting dysplasia and cancer in the colon

White light endoscopy (WLE) has long been considered the gold standard in surveillance,
screening, and diagnostic colonoscopy 2%. The importance of detecting adenomas at
endoscopy is vital as it has been shown that polypectomy during colonoscopy reduces the
risk of colorectal cancer 2%, Despite technical advances in endoscopic equipment there
207-210

remains a plethora of evidence surrounding miss-rates of lesions during colonoscopy.

Lesion miss rates during colonoscopy, even in experienced hands, have been documented
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to be between 10-26% 207-29% 211 Adenoma detection rate (ADR) is a primary quality
indicator of effective colonoscopy according to the American Society for Gastrointestinal
Endoscopy (ASGE) 2!2. The ADR has been shown to significantly influence the clinical
outcomes of colorectal cancer screening 2'3-2!1> and endoscopists with ADRs below 20%

have been shown to have higher rates of interval colorectal cancer development 20% 216,

6.1.4. Chromoendoscopy

Chromoendoscopy is a technique which consists of application of dye to the gastrointestinal
tract to improve the visualisation of the microstructure and vascular patterns of areas of
concern. It also aims to improve the recognition of minute changes in the mucosa to help

identify flattened or depressed lesions.

The stains used can be divided into: absorptive stains which are absorbed into the tissue;
non-absorptive (contrast) stains that pool into mucosal tissue or; reactive stains based on

chemical reactions indicating special functions of the underlying tissue. 2!’

The substances used to stain tissue are generally inexpensive and readily available.
Disposable spraying catheters are available to apply the dyes onto the gastrointestinal
mucosa. An essential pre-requisite to the use of dye spray in the colon is good bowel

preparation. 2!7

6.1.4.1.  Absorptive stains

Absorptive or ‘vital’ stains are absorbed into cells which varies according to cell type and
dye used. ?'® The most commonly used absorptive stain in chromoendoscopy is Lugol’s
iodine which was first applied to the cervix to diagnose cervical cancer (Schiller’s test). !

In 1966 Voegeli used Lugol’s solution to diagnose oesophageal cancer. *° The potassium
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iodine in Lugol’s solution reacts with glycogen in normal epithelium and is stained brown,
and so in the presence of abnormal mucosa no staining occurs due to low glycogen levels in
the tissue. 2!® Side effects can include oesophageal irritation, allergic reaction and

thyrotoxicosis.

6.1.4.2.  Methylene Blue

Methylene blue is absorbed by small intestinal and colonic epithelial mucosa but not by non-
absorptive mucosa including squamous or gastric epithelium. Therefore, when used in the
small intestine and colon it is used as an absorptive stain. When used in the oesophagus and
stomach it is as a non-absorptive contrast stain. In Barrett’s oesophagus, methylene blue is
absorbed by dysplastic cells and some specialised intestinal metaplastic cells ??!. A meta-
analysis of 9 trials showed no significant difference in diagnostic yield of dysplasia when

compared with standard four-quadrant biopsies in Barrett’s oesophagus 22!

Methylene blue in colonoscopy has primarily been used for surveillance endoscopy in
inflammatory bowel disease patients. In a randomised trial, 174 patients with long-standing
ulcerative colitis were allocated to chromocolonoscopy with methylene blue versus
conventional colonoscopy with random biopsies. There was a significantly better correlation
using chromocolonoscopy between the degree and extent of inflammation with
histopathological findings compared with the conventional endoscopy group. More
intraepithelial neoplastic lesions were identified with chromoendoscopy and there was a
93% sensitivity and specificity when differentiating non-neoplastic and neoplastic lesions
222 Methylene blue for colonic staining in tablet form has been proposed as an alternative
to dye spray. An initial randomised, open-label safety study concluded that it is a possible

application technique, but further studies are awaited 2%3.
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6.1.5. Contrast Stains

Contrast stains accumulate in the pits and valleys between cells, highlighting the surface

profile of lesions. Indigo carmine is the most commonly used contrast stain.

6.1.5.1.  Indigo Carmine

Indigo carmine is a contrast dye that simply pools in the mucosal grooves and pits allowing

better topographical definition. This is the most common staining method used 2'3.

The use of indigo carmine in both polyp detection and characterisation is promising. The
Cochrane review in 2010 identified five randomised trials comparing chromoendoscopy (all
used indigo carmine) with standard endoscopy. Chromoendoscopy gave a higher yield of

patients with one neoplastic lesion (OR 1.67, CI 1.29-2.15) 24,

6.1.6. Narrow Band Imaging

Narrow band imaging (NBI) enhances the endoscopic images using contrast enhancement
and is one of the most widely studied virtual chromoendoscopy techniques. NBI utilises a
white light filter system placed at the front of the endoscope light source allowing only blue

218 The 2 wavelengths are chosen

and green light (415nm and 540nm) to reach the mucosa
to enhance the appearance of blood vessels with the 415nm wavelength penetrating
capillaries in the superficial mucosa, creating a brown appearance and the 540nm
wavelength penetrating the deeper vessels in the mucosa and submucosa appearing green

225 This therefore provides information on inner structure and vasculature of the tissue 2%,

NBI has been investigated for both polyp detection and classification in the colon as well as
its use in surveillance of patients at risk of developing CRC. However, four meta-analyses

have demonstrated no benefit in detection of colorectal polyps with NBI when compared to
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227230 one of which was a Cochrane review performed in 2012 223,

standard colonoscopy
The most recent randomised controlled trial randomised 898 patients to either NBI or WLE
examination of the colon. 2*! NBI was found to have equal detection rates in both serrated
(204 vs 158, p=0.085) and adenomatous polyps (438 vs 434, p=0.894) proximal to the

sigmoid compared with WLE. However, there was a significant increase in serrated lesions

over Smm being detected on NBI (134 vs 79, p<0.05).

A large randomised controlled trial of 122 patients comparing magnified NBI with non-
magnified NBI demonstrated no difference in identifying mean size, location, morphology

and histology of the polyps 3.

6.1.7. Autofluorescence Imaging

Autofluorescence imaging (AFI) works by detecting the natural tissue fluorescence emitted
by endogenous molecules induced by short-wavelength light excitation. Collagen has been
identified as a natural fluorophore in human colorectal tissue and therefore a reduced
autofluorescence in the colon is seen in neoplastic tissue as there is an increased mucosal

thickness in the abnormal tissue 3.

The AFI endoscope system works by emitting white light from a xenon lamp and separating
this with a rotary filter into excitation light (390-470nm) and green light (540-560nm). A
barrier filter blocks light from 500-630nm thereby removing excitation light reflected from
abnormal colonic tissue. A false colour image is then produced through a monochrome CCD
enhancing autofluorescent tissue through an amplifying green channel and reflected green
light through a red/blue channel. Therefore, areas of low fluorescence (abnormal tissue) are

displayed as purple and high fluorescence tissue is displayed as green. AFI technology is
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used in the Olympus system in the combination of NBI, AFI and WLE known as endoscopic

tri-modal imaging (ETMI).

Whilst the AFI technology seems to have a promising concept, there is conflicting evidence
to support its use. A recent meta-analysis identifying 6 randomised studies reported no
significant difference in adenoma detection rate (OR 1.01; 95% CI 0.74 — 1.37; p=0.96) or
polyp detection rate (OR 0.86; 95% CI 0.57 — 1.30; p=0.71) between AFI and WLE with no
obvious heterogeneity in the data 2°7. Conversely the same study demonstrated AFI as
having a lower adenoma miss rate (OR 0.62; 95% CI 0.44 — 0.86; p=0.004) and polyp miss

rate (OR 0.64; 95% CI1 0.48 — 0.85; p=0.002) again with no obvious heterogeneity.

6.1.8. Molecular imaging in endoscopy

Due to the non-specificity of colonoscopic techniques previously mentioned, there has been
a drive of research into targets for molecular imaging in endoscopy. The advantage of
molecular targets is that they can be specific to the molecular changes within the colon rather
than macroscopic appearances 2** 23°. Combining advanced imaging technology and

targeted molecular imaging could improve polyp detection.

Molecular targeted colonoscopy has been investigated using numerous different targets and
fluorophores in both the mouse and human. Both colitis associated dysplasia and cancer and
sporadic colorectal cancer have been utilised as targets for molecular imaging in both mouse
models and humans. Antibodies against CEA 23 and EGFR 2372 have been assessed in the
green light range using either fluorescein or Cy5.5. Difficulties with fluorescently labelled
antibodies include a long clearance half-life after injection and concerns around
immunogenicity 2*°, These issues can often make it difficult to gain approval for phase I

studies. Lower molecular weight peptides for molecular imaging are potentially
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advantageous due to favourable pharmacokinetics, tissue distribution patterns, increased
permeability, lower toxicity, lower immunogenicity and flexibility in chemical modification
241 " A number of studies have investigated the use of fluorescently conjugated peptides as

markers of cancer and dysplasia in the colon 23 242243,

6.1.9. Aims and objectives

1) To obtain a WFA suitable for human use

2) To validate the human use WFA against the existing WFA ex-vivo

3) To assess WFA in humans in identifying dysplasia and cancer during colonoscopy
or TEMS

4) To identify additional potential genetic markers associated with WFA positivity

6.2. Methods

6.2.1. Cell Lines

Cell lines were obtained from the cryogenic storage of the Cancer and Immunogenetics

Laboratory (CIL) at the Weatherall Institute of Molecular Medicine (WIMM), Oxford, UK.

6.2.2. Cell culture condition

All cell lines were grown in either 25cm? or 75¢m? vented tissue culture flasks (Corning)
filled with 5ml or 15ml of medium respectively. Cell lines were cultured in Dulbecco’s
Modified Eagle Medium (DMEM), Roswell Park Memorial Institute (RPMI) medium, or

Iscove’s Modified Dulbecco’s Medium (IMDM). All medium used was supplemented with
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10% foetal calf serum (Bioclear, UK) and 1% penicillin/streptomycin. Cells were incubated

at 37°C in an atmosphere containing 95% humidity and 10% CO..

6.2.3. Passage details

Cell lines were passaged approximately weekly when they were 70-80% confluent. Old
medium was removed, and the cells were washed with phosphate-buffered saline (PBS). 1-
2ml of trypsin was used to disaggregate the cells for 5 minutes or until most of the cells were
detached from the culture flask. The trypsin was deactivated using medium and the cell
suspension gently pipetted up and down multiple times to break up cellular clumps into a
cell suspension which was then transferred to a Falcon tube. Suspension cell lines simply
had the medium placed into a Falcon tube. Cell suspensions were centrifuged at 1000
revolutions per minute (RPM) and re-suspended in medium for continued culture.
According to cell line growth rates they were divided into new culture flasks in ratios from

1:3 to 1:20.

6.2.4. Cell Storage and Retrieval

To prepare cells for cryogenic storage, cells from 70-80% confluent culture flasks were
trypsinised, centrifuged and the cell pellet re-suspended in 1ml of FCS containing 10%
dimethyl sulfoxide (DMSO) before being transferred into sterile cryogenic vials (Corning,
USA). Cryogenic vials were then placed into a Mr Frosty container (ThermoFisher) filled
with isopropyl and placed in a -80°C storage freezer for 24 hours. This was to achieve a rate
of cooling close to -1°C per minute. For long-term storage, the cryogenic vials were

transferred into cryogenic tanks containing liquid nitrogen at -170°C.
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Cells were thawed from frozen cryogenic vials by incubation at 37°C for around 1 minute.
After defrosting, the cells were re-suspended into 3-5ml of medium and then centrifuged at

1000rpm for 5 minutes. Cell pellets were then re-suspended into tissue culture flasks.

6.2.5. Cell Counting

In all experiments, cells were counted using a haemocytometer. The cell count was
determined using a Cellometer Auto T4 (Nexcelom Biosciences, USA) allowing an
automated cell count using 20ul of cell suspension loaded onto a disposable cell counting
chamber. The software captures eight areas of the chamber and approximates the

concentration of cells per millilitre.

6.2.6. Plating of cells

Cells from culture flasks were trypsinised and re-suspended as described above. After
counting, 2500 cells were transferred in 200ul of medium per well in a 96-well plate
(Corning, USA). Cells were grown until 70-80% confluent and then fixed with 4%
paraformaldehyde (PFA), permeabilised with 0.1% Triton and washed in-between stages

with wash buffer (PBS + 2% FCS).

6.2.7. Mycoplasma contamination testing

In the Bodmer laboratory, cell cultures are routinely tested for mycoplasma contamination
using the MycoAlert® assay (Lonza, Rockland, Maine, USA). Briefly, ImL of medium is
withdrawn from cells that have been in culture for at least 72 hours and centrifuged into a
pellet at 1,200 RPM for 5 minutes. 100ul of supernatant is transferred into a 96-well white-
walled microplate with 100ul of MycoAlert reagent and incubated at room temperature for

5 minutes. Background fluorescence was then measured (Reading A) using a FLUOstar
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OPTIMA Luminometer (Offenburg, Germany). 100ul of MycoAlert substrate was then
added into each well and incubated for a further 10 minutes and a repeated fluorescence
measurement taken (reading B). The ratio of reading B to reading A was calculated and a
ratio of less than 1 indicates a negative test for mycoplasma contamination. If the ratio was
between 1 and 2, cells would be cultured for a further 7 days and re-tested. A ratio greater
than 2 was considered contaminated and all cell lines cultured in the same incubator were

discarded and the incubator decontaminated.

6.2.8. Paraffin-Embedded Archived Material

Archived Formalin-Fixed Paraffin Embedded Tissue (FFPE) tissue slides were obtained
from the Oxford Radcliffe Biobank (ORB). Paired samples (normal and cancer) were
obtained from patients diagnosed with colorectal cancer. Use of the material was approved

under the ORB blanket ethical approval process. Slides were also stained for haematoxylin

and eosin (H&E).

6.2.9. Antigen Retrieval for Formalin Fixed Paraffin Embedded Tissue

For immunohistochemistry (IHC) staining, FFPE slides were deparaftinised in Histoclear I1
(National Diagnostics) for 5 minutes and then rehydrated in 100% industrial methylated
spirit (IMS) for 5 minutes, 90% IMS for 5 minutes, 70% IMS for 5 minutes and finally 30%
IMS for 5 minutes. Slides were washed in PBS for a further 5 minutes. Dako target retrieval
solution (Dako, pH6.1) was used for antigen retrieval at 100°C for 20 minutes using a
microwave. Slides were cooled to room temperature for 1 hour then washed with PBS for 5
minutes. The tissue specimen was encircled using a hydrophobic ImmEdge pen (Vector
labs). Non-specific binding was blocked with wash buffer (PBS + 2% FCS) for 1 hour at

room temperature. The FFPE slides were then ready for antibody incubation.
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6.2.10. Immunohistochemistry of tissue sections or cultured cells

The following methods were used when staining cultured cells or FFPE slides after
preparation as described above. All samples for staining were blocked using 2% FBS in PBS
for 30-60 minutes at room temperature. Samples were incubated with a primary antibody
diluted in blocking solution for 1 hour at room temperature followed by wash with blocking
solution twice for 5 minutes. Secondary antibodies were then applied and incubated for 1
hour at room temperature followed by a repeated wash step. 4’,6-diamidino-2-phenylindole
(DAPI) was applied to stain the nuclei with incubation of at least 10 minutes. Following
this, a cover slip was mounted onto the FFPE slides. Tissue microarray (TMA) sections were
stained in the same fashion as described. On imaging, H&E and DAPI pictures were
reviewed to ensure epithelial surfaces were included and those without were excluded from

analysis.

6.2.11. Imaging of whole fresh colonic specimens

Whole colonic specimens were obtained from patients undergoing surgery with ethical
approval granted from ORB. Immediately following the procedure, the specimen was
retrieved and opened along the antimesenteric border. After washing the specimen, an image

under white light was obtained.

WFA conjugated to fluorescein (Medicago, Sweden) was applied using a 20ml syringe and
21-gauge needle to spray across the mucosal surface. The specimen was incubated for 5-10
minutes at room temperature and then imaged with the IVIS® SpectrumCT in vivo imaging
system (Perkin Elmer). The specimen was then returned to the pathologist for routine
histopathological assessment. After obtaining images, signal to background ratios were

calculated using Image J °2.
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6.2.12. Microarray analysis

For the cell line microarray data used in this thesis, the methodology of how these data were
obtained by the Bodmer laboratory is described here. Briefly, 10ug of RNA was extracted
from each colorectal cancer cell line and analysed using Affymetrix U133 Plus 2.0
microarrays at the Paterson Institute, Manchester with data analysis conducted in the
Bodmer Laboratory. mRNA from each cell line was converted to cDNA by reverse
transcription and then labelled with biotins. 10ug of fragmented cDNA was then hybridised
to the probes (more than 54,612 transcripts) on the Affymetrix U133 Plus 2.0
oligonucleotide arrays. The microarray expression data was normalised using the Robust

Multichip Analysis algorithm.

Analysis was performed using Python™ and Prism (GraphPad, California, USA) using
multiple t-tests to determine significance between mean levels of expression in each probe
set between the groups of comparison. p-values of <0.05, corrected for multiple testing, were
considered significant and genes with a fold change difference which was not significant

were not included in the analysis.

6.3. Results
6.3.1. Validation of WFA-M

The original WFA conjugated to fluorescein validated as described in section 6.1.2 was
manufactured by Vector laboratories in the USA (WFA-V) and contained azide as a
preservative agent. Prior to utilising the WFA-V, validation ensuring that the newly
imported WFA-M (Medicago, Sweden) bound to the same target as the WFA-V ex-vivo was
carried out. Two cell lines were selected as either goblet cell rich (LS180) or goblet cell
negative (HCT116) from the colorectal cancer cell lines. Cells were co-stained with WFA

from vector laboratories and PRSDS. PR5DS is an in-house mouse monoclonal antibody
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found to react specifically with only cells of goblet morphology 2*. Further validation

reveals it to bind to a glycoprotein of around 70kDa in size 243

which is likely to target a
form of glycosylated MUC?2 2%, In the negative cell line (HCT116), no immunofluorescent
signal was observed when stained with PR5DS5 and similarly both WFA-V and WFA-M
were both negative. In LS180, PR5D5 demonstrated positivity in 18% of cells. With both
WFA-V and WFA-M, the positive cells matched 100% of those that stained positive with
PRS5DS. In addition to this, an SRB assay was performed on the cell line LS180 at different

doses comparing WFA-M, WFA-V and fluorescein with an untreated, control sample.

Results from this are shown in 6.3.3 and Figure 6.8 to avoid repetition.

On human FFPE slides stained with WFA for both WFA-V and WFA-M, two outcomes
were assessed: overlapping of staining in normal tissue specimens and a decrease in signal
in pathological specimens. Paired specimens (normal with abnormal) were assessed from 8
patients. In normal colonic tissue from adjacent microtome sections in the same specimen,
WFA-V and WFA-M had almost exactly overlapping staining within each imaged specimen
(Figure 6.4A, normal images) located within the goblet cells and the mucus. When exposed
to the same laser exposure time, signal from the WFA-V was 2.34 times brighter than WFA-

M (91.78 vs 39.22, p=0.0286) (Figure 6.3).

On imaging additional pathology, differences between signal and background between
WFA-V and WFA-M were compared amongst varying colorectal pathology types (Figure
6.4B). Comparison was made at optimal laser exposure times with both WFA-V and
WFA-M to compare the same area on an FFPE specimen. In all specimens, there was no
significant difference between WFA-V or WFA-M indicating that the WFA from each

manufacturer maintains the same target on a cellular level.
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Figure 6.3 - Comparison of WFA-V and WFA-M at same laser exposure on normal
colonic tissue. A is a representative FFPE slide of normal colonic tissue stained with WFA-
V (green); B is another representative FFPE slide of normal colonic tissue in the adjacent
microtome slice from the same specimen stained with WFA-M (green) at the same exposure
as the image in A. Note that subjectively figure A is significantly brighter in the green
channel and on measuring brightness, the signal in A was 2.34 times brighter as seen in the
graphical representation of this data in C. No difference in background signals were
observed. Negative control not included however, no background fluorescent signal was

observed when staining with fluorescein alone.
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Figure 6.4 - Comparison of WFA-V with WFA-M on immunostaining of FFPE colonic
tissue of different pathology. A = representative images of differing colonic pathology of
FFPE slides. B = mean (and SD) signal and background brightness of immunostained

specimens. Left columns represent WFA-V and right represent WFA-M.
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During the validation stage prior to patient recruitment, the WFA-M product was divided
into aliquots and kept at differing storage conditions (-20°C, 4°C and room temperature) for
a period of 12 months to assess the impact on binding and fluorescent signal as WFA-M
does not contain azide and may lose its fluorescence over time. Two different dilutions were
assessed: 1:100 and 1:200. The cell line LS180 was used to assess the fluorescent signal and
signal to background ratio across the different cohorts was assessed over time. Subjectively,
the immunostaining in the room temperature aliquots seemed to be decreased as well as a
lower proportion of positive staining cells compared to other storage conditions (Figure 6.5,
table). On comparing signal to background ratio across the different storage conditions, no
significant difference was observed between 4°C versus -20°C and -20°C and room
temperature at both 1:100 and 1:200 dilutions. However, the standard deviation in the -20°C
was much broader than the other storage conditions and therefore may vary significantly.
Signal to background ratio at 4°C was significantly higher than at room temperature at both
the 1:200 (difference 25.46, p=0.0086) and 1:100 (difference 23.59, p=0.0158) dilutions

(Figure 6.5 graph). Therefore, the optimal storage condition for WFA-M is at 4°C.
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Comparison Mean rank Adjusted P
diff. Value

4°C 1:200 vs. 4°C 1:100 -1.429 >0.9999

4°C 1:200 vs. -20°C 1:200 6.27 >0.9999

4°C 1:200 vs. -20°C 1:100 13.83 0.8229

4°C 1:200 vs. Room Temperature 25.46 0.0086

1:200

4°C 1:200 vs. Room Temperature 22.16 0.0313

1:100

4°C 1:100 vs. -20°C 1:200 7.698 >0.9999

4°C 1:100 vs. -20°C 1:100 15.25 0.5122

4°C 1:100 vs. Room Temperature 26.89 0.0041

1:200

4°C 1:100 vs. Room Temperature 23.59 0.0158

1:100

-20°C 1:200 vs. -20°C 1:100 7.556 >0.9999

-20°C 1:200 vs. Room Temperature 19.19 0.0855

1:200

-20°C 1:200 vs. Room Temperature 15.89 0.2749

1:100

-20°C 1:100 vs. Room Temperature 11.64 >0.9999

1:200

-20°C 1:100 vs. Room Temperature 8.333 >0.9999

1:100

Room Temperature 1:200 vs. Room -3.306 >0.9999

Temperature 1:100

-
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Figure 6.5 - Comparison of WFA-M at differing storage conditions - quantification of
signal to background ratio. Table gives individual comparison of each storage condition
with corrected p-values. Graphical representation of each assessment is outlined in the figure

beneath. RT = Room temperature
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6.3.2. In-vivo assessment of WFA-M

Two patients undergoing colonoscopy for assessment of polyp suitability for TEM were
recruited to the study. It was decided to validate in-vivo using patients with known pathology
so an area of pathological colonic tissue and adjacent normal tissue could be assessed. One
patient was male, the other female at ages of 69 and 82 respectively. The pathology of the
lesions assessed were both rectal tubular adenomas of low-grade dysplasia (sized at 10 x
15mm and 50 x 40mm). Lesions were assessed under white light and then under AFI mode
before the WFA was applied (incubation for 5 minutes), after WFA application pre- and
post-wash with 50mL of saline using the CF-FH260AZL/I AFI video colonoscope
(Olympus). Subjectively, before the WFA was applied, a clear signal could be seen in the
normal colon with absence of signal over the polyp in both patients in AFI mode. Once the
WFA was applied, no increase in signal was seen subjectively over the normal colonic
tissue. After incubation, the polyp and adjacent normal colon were re-assessed with no
significant change in signal on the normal colon or background from the polyp either pre- or
post-wash after WFA application (Figure 6.6). No adverse effects were observed in the 30-

days following WFA-M administration.
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Figure 6.6 - In-vivo assessment of WFA-M. A-C = patient 1, D-F = patient 2, G = graphical
representation of pre- and post-wash signal to background ratio. A&D = white light image
without WFA, B&E = pre-WFA-M application under AFI mode, C&F = assessment in AFI

mode following WFA-M application, incubation and wash.
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Figure 6.7 - Image of 2 whole colonic specimens under fluorescein wavelength without
application of WFA. A&B = right hemicolectomy specimen with adenocarcinoma in the
ascending colon (black dotted line); C&D = anterior resection specimen with
adenocarcinoma in the rectum (green dotted line) and 3 sessile serrated polyps adjacent to
the tumour (white dotted lines). A&C = white light image, B&D = IVIS image under 465nm

excitation and 520nm filter.

Following this in-vivo assessment, it was apparent that the autofluorescent signal from the
colon in AFI mode, would prevent assessment of WFA conjugated fluorescein. Access was
sought to visualise whole colonic specimens from cancer resections in an IVIS imager
(Figure 6.7). Two specimens (right hemicolectomy and anterior resection for
adenocarcinoma) were assessed for autofluorescence under similar excitation/emission
wavelengths to the AFI colonoscope. High signal was observed over the normal colonic
surface and over the pathological areas (confirmed by histopathological assessment), no

fluorescent signal was observed. Pathological areas assessed included adenocarcinoma and
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3 incidentally identified SSPs. It would thus prevent any assessment of the effect of WFA

in-vivo with autofluorescence being the background.

In addition to the difficulty of autofluorescence, the loan period for the AFI colonoscope
from Olympus had ended and no further loan extension was possible and therefore no further
patients could be assessed using fluorescein conjugated WFA. It was therefore decided that
a fluorophore outside of the autofluorescent spectrum be conjugated to WFA. After
discussions with chemists at LI-COR®, a WFA conjugated to IRSO0CW using the same raw

WFA product as used WFA-V.

6.3.3. Validation of WFA-IR800CW

Once this was manufactured, validation of WFA-IR800CW was again required. Firstly, a
repeated SRB assay was conducted to assess for toxicity on cell lines. Compared to the
control assay, WFA-V significantly decreased cell growth in both 4 and 5 days of treatment.
WFA-IR800CW had some impact on cell growth compared to WFA-M, fluorescein and

IR800CW but this difference was not seen at 5 days post treatment (Figure 6.8).

For imaging assessment of WFA-IR800CW, no microscope was available that would image
with the appropriate excitation lasers and emission filters other than a Nikon eclipes (Ni-E)
which only had an imaging platform capable of imaging glass slides rather than tissue
culture plates and therefore one could only image FFPE slides from colonic tissue rather
than cell lines. The Ni-E microscope has a maximum excitation wavelength of 750nm which
was used with a custom-made filter dichroic filter (Semrock, New York) allowing light
above 815nm. This filter was optimised for imaging ICG and would image IRDye 800CW

but would not have the optimal excitation and may not detect some emitted light.
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FFPE slides were imaged from normal and adenocarcinoma colorectal specimens with
WFA-IR800CW and WFA-V. As the fluorophores were different, they could not objectively
be compared and therefore a subjective assessment only was utilised to verify the binding
target of WFA-IR800CW. As the WFA was the same in both products, only samples of
normal and adenocarcinoma were assessed. Both WFA-IR800CW and WFA-V bound to the

same target in adjacent sections of tissue (representative images in Figure 6.9).

A Corrected p-value
WFA-M [WFA-V |WFA-IR800CW |Fluorescein |IR800CW |Control D4
0.0725 0.9767 0.8976 0.0001
0.102 0.8818
Concentration
(1ng/200ul)
Corrected p-value
Day 5 [WFA-M [WFA-V [WFA-IR800CW |Fluorescein [IR800CW |Control D4
L[ 0.9769 0.2801 0.7565 0.6094 0.0001
2| 0.9898 0.1055 0.9995 0.9869 0.0001
3] 0.2205 0.5522 0.0001
Concentration 4 0.95 0.9611 0.4738 0.0001
(1ng/200ul) 5| 0.9857 0.993 0.8649 0.0001
6 0.5549 0.9999 0.9917 0.7742 0.0001
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Figure 6.8 - Results of SRB assay comparing WFA-M, WFA-V, WFA-IR800CW,
fluorescein and IR800CW with control. A = tabular results of SRB assay with corrected

p-values displayed at varying concentrations when comparing with control sample. Red =

significantly lower cellular growth, green = significantly higher cell growth. B&C
graphical results of SRB assay after 4 (B) and 5 (C) days treatment.
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WFA-V WFA-IR800CW

Normal 1

Normal 2

Adenocarcinoma 1

Adenocarcinoma 2

Figure 6.9 - Representative images comparing WFA-V to WFA-IR800CW staining in
FFPE slides from normal and colorectal cancer. Staining was observed within the goblet
cells and mucus layer within the normal colonic tissue, and no staining was observed in
adenocarcinoma tissue slides. Blue = DAPI, red = WFA-IR800CW, green = WFA-V.
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Prior to testing in-vivo, as IRDye800CW does not have exactly the same excitation and
emission spectra as ICG, equipment usually used for imaging ICG needed to be assessed for
visualising WFA-IR800CW. To proceed under the approved protocol, an imaging device
was sought to assess patients undergoing TEMS/TAMIS or endoscopy. No commercially
available endoscope is currently available that has fluorescent capabilities in the NIR range.
Discussions with Karl Storz ® (Germany) were commenced for a potential collaboration
and their technical team commenced development of adapting an existing colonoscope to
contain emission filters for IRBOOCW as well as an additional light source that could be
manually activated to emit the excitation light. Unfortunately, after discussions over a period
of 5 months, it was decided by Storz that such a device would take years to manufacture and
meet device regulations. At this point, there was no other option than to abandon the
endoscopy arm of patients in the protocol and proceed with TEM/TAMIS participants with
a rigid laparoscope. Two devices for rigid laparoscopy were available at the point of
WFA-IR800CW being available, PINPOINT (Novadaq/Stryker®, USA) and the ATG in-

house device. Eppendorf tubes containing increasing concentrations up to the maximum
allowed in the protocol (20ug/mL) were imaged under both devices and measured for
brightness. Using the ATG device, signal could be observed at the lowest dose 2.5ug/mL,
exponentially increasing to the maximum dose. Using the PINPOINT device, no signal
could be observed at any concentration as well as the signal for the highest dose being no

different to that of the control sample (Figure 6.10). Therefore, the ATG device was the only

device that could be utilised to assess WFA-IR800CW for this trial.
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Figure 6.10 - Comparison of pinpoint and ATG devices on imaging WFA-IR800CW at
differing concentrations. A = images of WFA-IR800CW in Eppendorf tubes imaged with
each system. B = signal across each concentration up to the maximum allowed in the

protocol (20pug/mL).
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6.3.4. In-vivo assessment of WFA-IRSO00CW

Between April and July 2018, 4 patients were approached to enter the study, 1 declined and
the remaining 3 participants were recruited (1 male, 2 females aged 56-74) all undergoing
TEMS for rectal polyps. The maximum concentration (20mL of 20pug/mL) and volume of
WFA-IR800CW allowed in the protocol was applied to the lesion and adjacent normal colon
in all 3 participants. Incubation time was 5-7 minutes with incubation in the final participant
being performed with a deflated rectum to see if there was any change in binding to the
normal colon. In 2 of the patients there was a significant decrease in signal emitted from the
adjacent normal colon versus pathological area after washing, (patients 3 & 4, Figure 6.11)
with a visible remaining signal over the tumour in patient 3. In patient 4 there was no

significant difference in the signal to background before or after washing.
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Figure 6.11 - In-vivo assessment of WFA-IR800CW in three patients undergoing
TEMSs. A = images of procedure in each patient pre-WFA with white light, pre-WFA under
NIR and before and after washing. B = graphical representation of signal to background
ratio of each patient. Pre-WFA WL image was unrecorded in patient 5 due to fault with

recording device. WL = white light, NIR = near-infrared.
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Failure in the WFA-IR800CW to bind to even normal colon in-vivo seemed to be following
a washing step where no WFA was bound to even normal colonic tissue. Longer incubation
times in-vivo would prove difficult due to time constraints, prolonged anaesthetic time and
as such, were outside of the approved protocol. In order to assess whether WFA would work
in-vivo with longer incubation times and minimal washing, specimens were imaged ex-vivo
using the IVIS. Three whole-colonic specimens resected for adenocarcinoma we opened and
washed with saline to remove faecal material. WFA-IR800CW was applied for 30 minutes
at room temperature and imaged before and after washing with differing techniques.
Unwashed WFA could be clearly be visualised on the specimen prior to washing in all cases
(Figure 6.12a). Three different methods of WFA application were attempted. Direct
application on a specimen that had hypertrophic muscle and thus had a ‘cupping’ shape
allowing pooling of the WFA solution (Figure 6.12c¢i); direct application on the second
specimen failed (Figure 6.12cii) and a ‘paper towel wrap’ incubation was attempted (Figure
6.12civ); and immersion of the entire specimen into a container of WFA solution (Figure
6.12ciii). Neither of these methodologies worked as no specific binding of WFA to the

normal colonic surface was observed (Figure 6.12D).

In addition to whole colonic specimens, paired normal and colorectal cancer Smm size
biopsy specimens were obtained and incubated at room temperature for 1 hour followed by
a single dip in normal saline without any additional manipulation. Samples were imaged
under IVIS at each stage. Following specimen submersion in WFA solution, bright signal
was observed in both normal and tumour specimens. Following a single dip in saline, all

signal was removed (Figure 6.13).
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Right Right
Anterior resection Hemicolectomy Hemicolectomy

(b)

(d)

Figure 6.12 - WFA-IR800CW on ex-vivo whole colonic cancer resection specimens
imaged with IVIS. (a) = white light image; (b) = pre WFA NIR image; (c) = WFA applied,

no wash: (i) = application with syringe to pool in colon, (ii) application with syringe — on
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imaging, all the WFA solution had fallen off the colon on to the adjacent paper towel, a
‘towel wrap’ incubation technique was attempted to apply WFA onto the colonic surface
(iv), (i11) whole colonic specimen immersed in WFA solution; (d) = image of specimen after

single wash with 10mL of saline.

Normal Tumour Normal Tumour

Pre-WFA

WFA no
wash

WFA 1x dip
in saline

Figure 6.13 - Ex-vivo biopsy specimens of normal and colorectal tumour samples
immersed in WFA-IR800CW. Specimens from 2 different patients are displayed imaged
under the same conditions prior to WFA application, following WFA application without
wash and after 1x dip in saline. Note that no signal difference can be seen following WFA

application and wash when compared with the pre-application images.
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It was therefore hypothesised that it may not be the WFA that is washed from the colon
preventing its application, but the actual mucus layer on the colon that gets washed away.
Presently, WFA has only successfully seen to work in FFPE specimens and not in fresh
tissue. To further explore this, fresh frozen specimens were placed onto tissue slides and
exposed to differing washing conditions. Measurements were made on the thickness layer
of mucus as well as fluorescent signal with increased amount of washing. As number of
washings increased, there was a trend to decreasing mucus thickness from a mean thickness
of 26.36um without any washing to 7.46um when washing 4 times. With only 1 washing,
the thickness of the mucus layer significantly decreased (p=0.0327). After washing once,
the difference in mucus thickness between washing steps generally decreased (Table 6.1).
Although mucus thickness decreased, fluorescent signal from the WFA-IR800CW did not

(p=0.5328) (Figure 6.14G).

Mean difference

Comparison of mucus 95.00% CI Adjusted
thickness (um) P Value
2x Wash vs. 1x Wash -7.057 -15 to 0.883 0.1044
3x Wash vs. 1x Wash -11.33 -19.27 to -3.387 0.0015
4x Wash vs. 1x Wash -10.5 -17.98 to -3.01 0.0019
No Wash vs. 1x Wash 8.41 0.4692 to 16.35 0.0327
3x Wash vs. 2x Wash -4.27 -12.64 to 4.1 0.6084
4x Wash vs. 2x Wash -3.439 -11.38 t0 4.501 0.7413
No Wash vs. 2x Wash 15.47 7.097 to 23.84 <0.0001
4x Wash vs. 3x Wash 0.831 -7.109 to 8.771 0.9983
No Wash vs. 3x Wash 19.74 11.37 to 28.11 <0.0001
No Wash vs. 4x Wash 18.91 10.97 to 26.85 <0.0001

Table 6.1 - Comparison of mucus thickness after different numbers of washings.

Multiple t-test are displayed with adjusted p-values.
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Figure 6.14 - Comparison of the effects of increasing washing on WFA-IR800CW
brightness and mucus thickness in fresh frozen sections of normal colon. A= no wash,
B= 1x wash, C= 2x wash, D= 3x wash, E = 4x wash, F = thickness of mucus layer following
increasing number of washes, G = brightness of WFA-IR800CW after different number of
washes. Whilst washing reduces the thickness of the mucus layer, it does not reduce the

intensity of intracellular staining.
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It is likely that these data show that the use of WFA in-vivo to identify colonic dysplasia and
cancer is not possible. WFA clearly does not bind to normal colonic tissue — either the mucus
layer or any exposed goblet cells on the surface of the epithelium. This may be due to 2
potential issues: firstly, the surface mucus may be extensively washed away by either bowel
preparation solution, surgical washing to aid visualisation prior to WFA application or once
the WFA has bound to the mucus this is easily washed away as shown above; secondly,
there may be a large amount of free GalNAc in digested or broken-down mucus which
prevents binding to a mucus layer on the epithelial surface. The latter problem would involve
significant work to identify components of the colonic mucus using immunoprecipitation
and mass spectrometry of glycoproteins and sugars which is outside the remit of this thesis.
As WFA seemed to be a sensitive marker of early dysplasia, it was decided to attempt to
identify different markers that may identify but may bind to a different target that is not

mucus.

6.3.5. Identification of additional targets for identifying early colorectal disease

As WFA was well characterised in the Bodmer laboratory to discriminate normal from even
early dysplasia in the colon, an additional marker was sought utilising WFA by to screening
a panel of 51 colorectal cancer cell lines available. All cell lines were immunostained with
WFA and imaged and assessed as either negative, partially positive or strongly positive
(Figure 6.15). Eighteen (35%) of cell lines were negative for WFA staining including
HCT116, RKO and SW480, which are well-known, poorly differentiated cell lines that do
not contain goblet cells. Eleven cell lines were strongly positive for WFA staining including
LS180 and SW1222 which are well known to be goblet cell rich cell lines; and, RW7213
and NCIH508 which are also goblet cell rich and thought to have been cultivated from signet

ring cell carcinomas.

174



Chapter 6: Molecular Targets to Detect Colonic Dysplasia during Endoscopy and Surgery

C2BBel C10 C32 C80 C99
1 0 0

._
.N

C106 CaCO2 CCo7 CC20 Colo678

SW1116 CX1 DLD1 GP2D HCC2998
1 0 0

.N
.N

HCT116 HDC9 HDC111 HDC114 HT29
0 2 1

.

HTSS LS180 LS411 LS513 NCIH508

OUMS23 0XCO1 PMFKO14 RW2892 RW7213
1 1 1 1 2

175



Chapter 6: Molecular Targets to Detect Colonic Dysplasia during Endoscopy and Surgery

SKCOI SNU470 SNUI 749 SNUCZB SW48

SW480 SW620 S2837 T84 S1222
1 0 2 2

.o

VACO429 LOVO HCA7 CL11 SW403

CAR1 CCKs81 HCA7 HDCS 0XCO2

RKO

Figure 6.15 - Representative images of colorectal cancer cell line screening with WFA.

0 = negative stain, 1 = partially positive, 2 = strongly positive.
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Following the assessment of screened cell lines, the micro-array data for each of the cell
lines was interrogated and multiple t-tests were performed between each group for all genes
in the micro-array giving fold change and p-value for the difference in gene expression
between the groups (Figure 6.16). The groups compared were: 0 vs 1,0 vs 2, 1 vs 2, 0 vs 1
& 2. Volcano plots were used to visualise the microarray analysis between groups. The top
50 genes in each comparison were reviewed for relevance and further investigation. When
comparing the mildly positive with strongly positive (1 vs 2), the fold change of differential
genes was much lower than that of the other group comparisons and, the top 50 differentially
expressed genes were not relevant to either goblet cells, mucus production or colorectal

cancer.

Particular genes of interest that arose from the microarray analysis included CDX1 which is

a homeobox that is an intestine-specific target of oncogenic pathways 24’

as well as being a
key regulator of differentiation in the colon 2#%24°_ TFF3 (Trefoil Factor 3) has been shown
in the Bodmer laboratory to be another potential marker of the goblet cell 26 but also may
be involved in the pathogenesis, progression and invasiveness of colorectal cancer 230232,
Cadherin 17 (CDH17), regulated by another homeobox gene, CDX-2, has shown to be a
useful marker of colorectal carcinomas 2% 2%, Most interestingly, glycoprotein A33
(GPA33) is an epithelial cell surface marker of transmembrane glycoproteins with
expression reported in over 95% of colorectal cancers but has much stronger staining in

255-258

normal epithelium and well differentiated tumours . These four markers were taken

forward to assess for their potential in being markers for early disease.
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Figure 6.16 - Volcano plot of Log: Fold change and p-value of differential genes
between different groups. A = negative vs mildly positive, B = negative vs strongly
positive, C = mildly positive versus strongly positive, D = negative vs any positivity. Note
that similar genes involved with glycosylation (TFF3, ST6GalNacl and GPA33) are
differentially expressed in every comparison as well as CDX1 involved with colonic

epithelial cell differentiation.

To investigate the genes of interest, the cell line data from the Bodmer laboratory was further
interrogated. All cell lines within the panel have been categorised into lumen forming or

259

non-lumen forming when grown in 3D culture using Matrigel. Lumens have been

demonstrated to represent and share characteristics between well and poorly differentiated

colorectal epithelium 26°

so this was used as a model for comparison. Each of the genes of
interest were compared between lumen forming and non-lumen forming cell lines with
GPA33 being the only gene with a higher mean expression in lumen forming cells lines than

non-lumen cell lines (3466 vs 1679, p=0.0284). CDX1, CDH17 and TFF3 all had higher

expression in lumen forming cell lines but did not reach statistical significance (CDX1: 1230
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vs 727.8, p=0.9849), (CDH17: 3659 vs 2446, p=0.3549), (TFF3: 1623 vs 1445, p>0.9999)

(Figure 6.17).
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Figure 6.17 - Comparison of gene expression in CDX-1, GPA33, TFF3 and CDH17

across lumen and non-lumen forming cell lines.

Three publicly available datasets publishing transcriptome profiling of human colorectal
tissue samples were interrogated for change in expression between the different pathologies
in the genes of interest listed above. The datasets interrogated included GDS2947: paired
samples of normal and adenomatous polyps 2°!, GSE41258 292 and GSE68468 293: samples
of normal, adenoma, adenocarcinoma, liver metastases and lung metastases. Where more
than 2 tissue types in a dataset existed, multiple t-tests were performed comparing
pathological tissue against the normal tissue, otherwise, a single t-test was performed

comparing 2 groups within the dataset.
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Figure 6.18 - RNA Expression from 3 data sets for GPA33, TFF3, CDH17 and CDX1.
Data were from the publicly available datasets GSE41258, GSE68468 and GDS2947. Black

bars represent mean and SEM.

From the RNA expression of these genes of interest, TFF3, CDH17 and CDX1 all
demonstrated no true correlation with progression of disease from normal colon,
adenomatous polyp, primary tumour and metastatic tissue in datasets GSE41258 and
GSE68468. In GDS2947 where smaller numbers of fresh tissue were used for sequencing,
both CDX1 and CDH17 showed a decrease in expression in the adenomatous polyp versus
normal tissue (fold change 1.18, p=0.0068) and (fold change 1.27, p<0.0001) respectively.
GPA33 demonstrated a more striking difference with a fold change of 1.53 (p<0.0001) in
GDS2947 but in both GSE41258 and GSE68468 significant differences were seen in its

expression in progressing pathology.

181



Chapter 6: Molecular Targets to Detect Colonic Dysplasia during Endoscopy and Surgery

6.3.6. GPA-33 as another marker of colorectal cancer

To screen GPA-33 as a diagnostic fluorescent marker for colorectal cancer, a TMA slide
containing 46 paired normal and cancer punch biopsies was stained with the antibody.
Fluorescent signal in the normal colonic biopsies was 1.264 times brighter than in cancer
samples and was significantly higher (p=0.0009) (Figure 6.19). When analysing subsets of
paired tumours according to differentiation, well and moderately well differentiated tumours
displayed no significant difference (mean GPA33:DAPI 0.425 vs 0.345, p = 0.3456) as well
as poorly differentiated tumours, (mean GPA33:DAPI 0.460 vs 0.358, p = 0.128) although
the poorly differentiated set only consisted of 4 patients, 3 of which had a significant
decrease in signal to cancer. For moderately differentiated tumours, mean GPA33:DAPI was

significantly higher in the normal tissue (p = 0.0022).
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Figure 6.19 - Tissue Microarray staining of paired normal and colorectal cancer tissue.
Top immunofluorescent images are the 2 samples on the TMA that showed the greatest
difference between normal tissue and cancer. Beneath is graphical representation of

difference in DAPI:GPA33 signal ratio.
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6.4. Discussion and future directions

The results in this chapter have failed to demonstrate success with WFA as a negative
fluorescent marker in-vivo to identify dysplasia or cancer. The hope of this application of
fluorescence was to improve sensitivity of white light endoscopy especially for proximal
colonic lesions where endoscopy has failed to reduce mortality benefit compared to distal
colonic lesions %4, Ex-vivo work that compared WFA manufactured by different commercial
companies clearly demonstrates that it can successfully identify normal mucus within the
goblet cells and mucus layer and does not bind to areas of even low-grade dysplasia. WFA
seems to be a replicable peptide with a consistent binding target despite conjugation to

different fluorophores.

Initial in-vivo assessment of WFA-FITC failed due to competitive autofluorescence at that
wavelength. WFA is a ‘negative marker’ as it detects normal colonic mucus and therefore
competes with AFI imaging which detects the increased autofluorescence signal emitted
from normal colonic mucosa. Detecting any positive binding by an increase in S:B ratio
would be extremely difficult as the difference is likely to be minimal. Thus, FITC as the
fluorophore was abandoned in favour for the NIR IRSO0CW. Disappointingly, WFA-IR800
also failed in-vivo. Although this was only in 2 patients, the complete absence of binding to
normal colonic mucosa where it has been shown to be extremely sensitive ex-vivo,
questioned its efficacy. In both whole colonic and biopsy size specimens, WFA-IR800 failed
to bind, being easily washed off. As described previously, the colonic mucus has been
described in 2 layers, a lose outer layer and more adherent inner layer. WFA should bind to
both as the sugars on the glycosylated MUC-2, do not change with dimerisation. However,

minimal washing steps seem to easily remove the mucus layer and with the bowel
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preparation that patients undertake and washing intraoperatively, it may be that the mucus

layer was completely absent in these patients thus explaining the reason for lack of success.

To date, seven phase I/II studies have been published investigating the use of molecular
endoscopy (Table 6.2). All studies have used a positive marker of abnormality. Three
studies have assessed antibody targeted imaging using anti-CEA in wide-field colonoscopy

238 and bevacizumab in wide-field endoscopy

236 anti-EGFR in confocal laser endoscopy
265 For the wide-field applications, impressive results were observed with 19/25
adenocarcinomas being positive for fluorescence with a 10-minute incubation of anti-CEA
and with IV use of bevacizumab-IR800CW 3 days prior to endoscopy, all lesions even as
small as 3mm including flat lesions in 17 patients were seen clearly under fluorescence.
Similarly, Liu et al described signal being seen in the majority of cancers and in 66% of
adenomas using CLE. CLE in the setting of molecular endoscopy is less about polyp
detection but can allow real-time molecular classification of polyps aiding decision making
235,266 Use of antibodies in molecular endoscopy can be limited by immunogenicity
especially if the antibodies are raised in another species, longer binding times and higher

manufacturing costs 23> 26% 267 However, these risks can be mitigated by restricting use to

high-risk patients.
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Patient Incubati
Year Author Probe Target Wavelength Device Application atien ncu. ation Results
Number time
2002 | Keller**  Anti-CEA CEA FITC Prototype adapted Topical + 27 10 min 19/25 adenocarcinomas
olympus mucilago positive
tylose
2004 | Endlicher HAL 5-ALA 390-405nm  Prototype adapted Topical enema 10 30-60 min 7 patients had higher
268 olympus + N- signal in pathological
acetylcysteine area, problems with
background
2008 | Hsuing?*® VRPMPLQ  Peptide FITC CLE Cellvizio-GI  Topical ns 5 min S:B 9.3 +/- 0.9 for TA or
against TVA. Sensitivity 81%,
dysplasia specificity 82%
2013 | Liu?>® Anti-EGFR ~ EGFR AF488 CLE Pentax Topical 37 10 min Signal seen in 18/19
system cancers and 12/18
adenomas.
2015 | Burggraaf GE-137 c-MET 648nm Custom built Intravenous 15 120-180 9 of 43 lesions visible
242 peptide min only under NIR. Mean
S:B2.3+/-1.1
2017 | Joshi 2%’ KCCFPAQ  V600E FITC Olympus CF- Topical 38 6 min S:B of 1.16 = sensitivity
peptide mutation Y0012 89%, specificity 92% for
in BRAF (prototype) SSA. 19 SSAs visualise

that were poorly seen
with WL
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Patient Incubation

Year Author Probe Target Wavelength Device Application . Results
Number time
2018 | Hartmans Bevacizumab VEGF-A IR800CW Prototype adapted Intravenous 17 3 days 100% detection of visible
265 olympus lesions

Table 6.2 — Published phase I/II trials in molecular colonoscopy using both antibody and peptide targets. CEA, carcinoembryonic antigen,
FITC, fluorescein isothiocyanate, hexaminolevulinate, 5-ALA, 5-aminolevulinic acid, EGFR, epidermal growth factor receptor, CLE, confocal

laser endoscopy, VEGF-A, Vascular endothelial growth factor A.
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Another difficulty with antibody-based targets is that it relies on expression of the gene of
interest to be sensitive enough and as such will never be 100% reliable 235 2. Keller et al
observed no fluorescence in ulcerated mucosal areas presumably as they also demonstrated
no CEA activity in areas of tumour necrosis on immunohistochemistry. More recently
peptides have been investigated for molecular endoscopic imaging. The three studies
referenced in Table 6.2 have all successfully used M 13 phage display technology to produce

conjugated peptides against specific targets.

Joshi 27 and Burggraaf ?4? used phage display against known targets (V600E mutation in
BRAF present on HT29 cells and c-Met). These studies demonstrated lesions that were not
visible under white light on wide field endoscopy. Hsiung and colleagues 24} developed a
peptide sequence specific to dysplasia by clearing a phage library by incubating it with non-
malignant epithelial cells and normal colonic mucosa. The cleared library was then
incubated with dysplastic polyp tissue and bound phage was then used to clone, sequence
and synthesis for in human use. Their peptide (VRPMPLQ) thus has an unknown molecular
target and showed preferential binding to dysplastic colonocytes versus adjacent normal
cells on CLE. Its benefit in wide-field endoscopy has not been demonstrated. This method
of producing peptides to unknown targets may allow detection of surface targets that may
otherwise not be known but can be limited as it cannot account for the huge heterogeneity
of adenomas and cancers. Nonetheless, phage display technology could be used to produce

267

multiple conjugated peptides to increase sensitivity <°’ and is an alternative to screening cell

lines.

A limitation realised with WFA-FITC was the background from autofluorescence. All

except one of the studies outlined in Table 6.2 have used either FITC, AF488 or fluorophores

within the visible light spectrum. Joshi et al *%7 were the only authors to publish control
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images of the colon under fluorescence without their fluorescent peptide or antibody. This
demonstrated minimal background converse to what was demonstrated in this chapter both
using the AFI colonoscope and IVIS to image the colon. An explanation for limited
background signal in these studies may be that their in-house made devices had a narrower
excitation light than the AFI system used here. This may therefore produce less
autofluorescence. In addition, the targets used are positive targets and any signal produced
is likely to be higher than background signal from normal colon. This further demonstrates

the difficult of WFA as a negative target for colonic imaging.

6.4.1. GPA33 as an alternative to WFA

GPA33 (or A33) was identified as another potential marker of colonic cancer from assessing
microarray data in cell lines categorised as either being positive or negative for WFA
staining. GPA33 is a membrane-bound glycoprotein with a molecular weight of 43kDa. Its
function is not completely understood but has been associated with immunological
processes, proliferation, and colonic mucosal repair in an animal model of colitis 232, Of
the identified potential genes of interest, GPA33 seemed the most promising in both publicly
available datasets of human samples, cell lines and a tissue microarray. GPA33 is a
membrane-bound glycoprotein and has been shown to be expressed on the basolateral
surfaces of the stomach, small intestine, colon and rectal epithelial cells 2°>2%7, The results
from TMA staining presented here demonstrated significantly stronger staining in the
normal colon when compared with colorectal cancer. Three studies have investigated the
staining pattern of GPA33 in colorectal tissue. The first reported paper reported 96% of

colorectal tumours being positive for GPA33 2%, Similarly, later studies by Baptisella 5

and Wong 3¢

also demonstrated similar positivity in colorectal studies. None of these reports
included paired normal tissue as a comparison. Garinchesa and Baptisella both observed

strongly positive staining in well differentiated tumours but as tumours progressed to poorly
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differentiation, staining decreased and was even absent in poorly differentiated tumours.
Similar results were seen here except the data in this chapter compares abnormal with

normal tissue.

GPA33 has not been assessed as an in-vivo imaging tool but could be evaluated given the
increased staining pattern in normal colonic tissue and as tumours become less differentiated
staining becomes increasingly absent. The next stage of work would involve using fresh
ex-vivo tissue to assess its efficacy as described with WFA in this chapter. A number of
groups have attempted to test the effects of GPA33 in colorectal cancer. A xenograft mouse
model using SW1222 was evaluated and demonstrated tumour regression after treatment
with 12I-labelled or '*'I-labelled GPA33 which was taken to phase I and II clinical studies
using murine antibodies demonstrating some anti-tumour effects without bowel toxicity 27%
271 A further phase I study using the humanised monoclonal antibody KRN330 to GPA33
failed as they did not achieve the prespecified response rate 2’2. A possible explanation for

the mixed results with GPA33 for treatment may be the heterogeneity seen in tissue staining

both here and the previously mentioned studies.

6.4.2. Future of molecular endoscopy

This chapter has demonstrated the difficulties with using mucus as a target for molecular
imaging. Another difficulty with this technology is application of the substance onto the
mucosal surface by using a spray. Numerous authors describe the difficulties with this
technique and one can never ensure that the mucosal surface is fully covered 233242266 The
obvious route of administration would be intravenous however, distribution, higher doses
and other side effects then can become difficulties which must be overcome. The antibodies

and peptide surface markers described in this section prove promising and, avoiding the use
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of antibodies, phage display of peptides towards the pathology of interest should be

investigated in larger numbers of patients.
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7.1. Summary of results

This thesis has explored new applications of using NIR by fluorescence and emitted NIR
light for real-time surgical guidance. The two explored themes have been anatomy
delineation and molecular fluorescence to highlight tumour. Anatomical guidance for the
ureters has shown success with both methylene blue and the first-in-man study of IRDye
800BK. The results presented demonstrate likely superiority of methylene blue in terms of
signal to background ratio with IRDye 800BK giving a constantly bright signal that is
hampered by background. Highlighting the urethra during low rectal cancer surgery has
proven successful ex-vivo, however, difficulties arose when taking this application into
humans. ICG-Instillagel was a difficult technique which also failed to highlight the urethra
in-vivo. Similarly, an NIR emitting fibre constructed to be compatible with a standard
urethra had limited success and reasons for this area not being have been discussed in depth
in section 4.4. The most successful application of fluorescence for anatomical delineation
presented has been the use of ICG to highlight the thoracic duct and intraoperative chyle
leaks during oesophagectomy. This was the first description of using fluorescence in this
modality in the literature. Real-time molecular imaging was explored using WFA
conjugated to both FITC and IR800CW in section 6.3. Sadly, failure of this fluorescent
peptide and technique was likely due to the mucus which was the primary target being easily
removed with washing. As discussed, for tumour specific identification, other compounds
such as fluorescent antibodies or peptides manufactured by phage display are likely to

become more advantageous in the future.

7.2. Limitations

One of the major drawbacks with work presented here is that all the results are produced
from feasibility studies. By nature, these are small numbered studies still in an

‘experimentation’ phase, thus it is difficult to draw conclusions as to whether the technology
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is useful on a subjective level. These studies merely provide evidence of working as well as

important steps including timing and dose optimisation to inform future work.

In principle, to have the optimal fluorescent signal, there should be minimal depth for both
excitation and emission light to penetrate, limited distance between the excitation light,
emission detector and the fluorophore to reduce light scatter and the fluorophore should be
at the optimal concentration. The in-vivo work makes it extremely difficult to make
comparisons between patients and cohorts of different dyes as it is almost impossible to fix
the distance of a laparoscopic camera to the subject and the covering tissue depth is
extremely variable. These confounding factors become less relevant once the technology is
validated in a higher number of patients and therefore, dictates that future non-randomised

trials assessing these applications in a more heterogeneous population.

For anatomy delineation, there is no validated method by which to score success for
fluorescence having a positive outcome for both the patient and the surgeon. The obvious
patient outcome of ‘structural injury’ is unlikely to be useful due to the low incidence. Whilst
signal to background ratio has provided information on the fluorescent signal, in order to
assess the usefulness in future studies, this is unlikely to provide a persuasive argument in
favour of the technology. Similarly, a crude yes/no identification scoring system is also
unlikely to be informative in future studies. As explored in this thesis, the likely outcomes
for anatomy delineation are: reduction in operative time or time to complete a sub-step of
an operation; subjective assessment of surgeon reassurance or for use as a training tool.
Molecular imaging is slightly easier to assess as histopathological analysis can be used as

the gold standard.

194



Chapter 7: Discussion and Future Directions

7.2.1. Difficulties in conducting clinical trials with fluorescence

There are numerous difficulties in conducting clinical trials using fluorescence that have
been experienced during this work and should be borne in mind when developing future
protocols. Fluorescence often requires equipment additional to that used in the primary
procedure. This additional equipment required additional space, training to theatre and
surgical staff, clinical engineering assessment prior to use and may add on additional time
during the procedure. This can often limit how much data is obtained under fluorescence as
a slight interruption in operative flow can cause avoidance of multiple use. On a similar
note, fluorescence technology currently does not allow continuous visualisation in the NIR
modality. Even in NIR mode, the difference in frame display rates reduces the 3D perception
from the 2D image and can often be difficult to interpret. Thus, the NIR modality is only
ever used when visualising fluorescence. This can lead to variability in when a structure is

identified, for example, as fluorescence mode is not continuously displayed.

Currently, fluorescence enabled laparoscopes are bespoke devices with filters fitted
according to the fluorophore they are targeting. Therefore, additional laparoscopes are
required and need to be sterilised for every case. Fluorescence laparoscopes look identical
to standard laparoscopes and can and have been easily mislabelled by theatre staff and sterile
services which can lead to last minute delays or even trial withdrawals due to loss of
equipment. This seemingly minor logistic issue can make such a trial difficult and lengthy

to run efficiently.

When assessing fluorescence technology, it is essential to allow enthusiasts as well as
sceptics to use the technology even at an early stage to get an indication of usability and
generalisability. With the latter group of surgeons, patience and persistence is required to

obtain the essential data. Similarly, in most institutions there is a training element to every
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operation and as a trainee often feels slightly stressed and is primarily interested in the

operative steps, it can be difficult to ask for a pause to capture the fluorescence data.

As mentioned previously, all devices require training for theatre staff and, in the current
climate, the changeover of NHS staff is rapid and multiple training sessions are required and
can be quite time consuming. Furthermore, it requires a research member to be present until
the very end of the procedure to ensure equipment is correctly labelled and sent for

sterilisation.

7.3. Future technology

Fluorescence requires a fluorophore, an excitation and imaging device, and software in order
to provide real-time visualisation. Each of these technologies are continuously advancing

and will improve signal to background ratios as well as sensitivity and specificity.

7.3.1. NIR-II window

NIR fluorophores have been experimented with in this thesis. Fluorescence imaging in the
second near-infrared window (NIR-II, 1000 — 1700nm) is also possible and some argue,
more desirable than NIR-I (650-900nm) owing to a reduction in photon scattering, much
less tissue autofluorescence and deeper tissue penetration improving imaging quality and

signal to background ratio 273-?’7 (Figure 7.1).
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Figure 7.1 - Fluorescent images of cerebro-vasculature in mice in the NIR-I and NIR-
IT spectrums. The NIR-I image demonstrates significant tissue scatter and therefore less
enhancement compared with the NIR-II images. This is also reflected by the broad peak in

the signal to background ratio. Reproduced with permission from Diao et al ?73.

Until recently, the only NIR-II fluorescent agents for in-vivo imaging at present are
inorganic including carbon nanotubes, quantum dots and nanoparticles. Toxicity concerns
over these molecules have arisen as they have extremely long circulation times and are

278 Organic fluorophores are much preferred for clinical

retained in the liver and spleen
imaging as they have a rapid metabolism and low toxicity, however the design and
manufacture of these are extremely difficult hence why organic NIR-II dye synthesis is
further behind the inorganic dyes 274 278, Similarly, difficulties with constructing imaging

equipment for the NIR-II window for in-vivo use is costly and lengthy and as a result, no

commercial entities are developing such devices.
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7.3.2. Software enhancements

As fluorescence technology is now fully integrated into laparoscopic devices without the
need for any additional equipment, software must become more advanced to improve signal
to background ratios and overlay real-time image display. Novadaq (Stryker) currently hold
the patent for providing simultaneous overlay display of real-time fluorescent images ?'.
This aspect of software enhancement greatly improves the applicability, but further
developments are required to improve the frame-rate discrepancy as well as reducing the

display of background signal through contrast enhancement.

7.3.3. Hardware enhancements

Whilst the fluorescence technology outlined in this thesis is mainly laparoscope and
endoscope based, open surgery is an avenue of fluorescence surgery that is rapidly
developing. A major barrier to fluorescence guided open surgery is the need to switch off
the operating lights as the NIR light emitted from these completely flood the image. Stryker
have recently marketed the Spy-PHI portable handheld imaging system which allows
fluorescence visualisation in the open field without the need for all operating lights to be
off. A step beyond this is to have fluorescence enabled goggles which at present are bulky
and unsightly but will no doubt progress to small devices that do not interfere with the

surgeon’s vision but provide real-time overlaid fluorescence images 27°.

As briefly mentioned in section 4.4, stereotactic navigation is another technology
enhancement for fluorescence imaging. The combination of detectors of emitted light and
information from pre- and peri-operative imaging could improve anatomy delineation of

critical structures and identification of tumour.
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7.4. Summary

In conclusion, this thesis has demonstrated successful use of real-time NIR guidance to
provide anatomical delineation of the ureter during colorectal surgery and the thoracic duct
during oesophagectomy as well as the principle of urethral delineation. Highlighting the
urethra in-vivo has proven to be more difficult however and advances in technology and
perhaps the use of the NIR-II window in this area would improve its visualisation. Molecular
imaging has been explored using WFA to highlight dysplasia and cancer in the colon and
whilst this has worked ex-vivo, it failed to behave as expected in-vivo. Despite this, GPA33
was identified as another potential marker for diagnostics with suggestions for future work
using this antibody. Fluorescence guided surgery is still very much in its infancy with
expected enhancements in software, hardware and perhaps a dive into the NIR-II window is

coming.
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APPENDIX 1: ADVERSE EVENTS FOR IRDYE 800BK

AE No | Onset Days End SAE Brief Description | Severity | Relationship
post IMP Classification

IRU- 16/04/18 | 5 25/05/18 | N/A Deranged liver Mild Unrelated
CRR- function tests.
01_1
IRU- 15/04/18 | 4 08/05/18 | N/A Increased stoma Mild Unrelated
CRR- output
01_2
IRU- 24/04/18 | 0 24/04/18 | Medically Difficulty Severe Unrelated
CRR- Important ventilating after
02 1 Event intubation (before

IMP

administration)
IRU- 25/04/18 | 1 26/04/18 | N/A Rash on face and | Mild Possibly
CRR- arms resolved Related
022 with antihistamine
IRU- 27/04/18 | 3 27/05/18 | N/A Post-operative Moderate | Unrelated
CRR- ileus
02_3
IRU- 24/04/18 | 1 26/04/18 | N/A Nausea, vomiting | Mild Unrelated
CRR- and abdominal
03 1 pain
IRU- 30/04/18 | 0 05/01/18 | N/A Drowsy and poor | Moderate | Unrelated
CRR- respiratory effort
05 1 post-operatively

with CO2

retention. Thought

to be due to

opioid overdose
IRU- 06/05/18 | 6 24/05/18 | N/A Deranged liver Mild Possibly
CRR- function tests. Related
05_3
IRU- 26/05/18 | 1 18/06/18 | N/A Abdominal pain Mild Unrelated
CRR-
06_1
IRU- 20/05/18 | 2 23/05/18 | N/A Post-operative Mild Unrelated
CRR- ileus
07_1
IRU- 18/06/18 | 31 N/A Abdominal pain Mild Unrelated
CRR- & dysuria.
07_3
IRU- 24/05/18 | 6 19/09/18 | N/A Deranged liver Possibly
CRR- function tests. Related
07_4
IRU- 22/05/18 | 1 N/A Odorous urine Mild Possibly
CRR- Related
08_1
IRU- 11/06/18 | 0 11/06/18 | N/A Blood pressure Mild Unrelated
CRR- drop following
09_1 IMP

administration but

at same time as

pneumoperitoneu

m
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AE No | Onset Days End SAE Brief Description | Severity | Relationship
post IMP Classification

IRU- 12/06/18 | 1 22/06/18 | N/A Abdominal pain Mild Unrelated
CRR-
09 2
IRU- 09/06/18 | 5 N/A Right sided hip Mild Unrelated
CRR- pain
10_1
IRU- 06/06/18 | 1 06/06/18 | N/A Spike temperature | Mild Unrelated
CRR- to 38.2 degrees
111
IRU- 07/06/18 | 2 19/06/18 | N/A Vomiting Mild Possibly
CRR- Related
112
IRU- 04/07/18 | 8 N/A Dysuria, urgency | Mild Unrelated
CRR- and reduced
12 1 urinary frequency.

Testicular pain.

Abdominal pain.
IRU- 13/06/18 | 5 03/09/18 | N/A Deranged liver Mild Possibly
CRR- function tests. Related
131
IRU- 30/06/18 | 1 01/07/18 | N/A Post-operative Mild Unrelated
CRR- delirium. History
14 1 of post-operative

delirium.

Resolved on
ceasing opioids.

IRU- 05/07/18 | 6 N/A Abdominal pain Unrelated
CRR-
14 2
IRU- 27/07/18 | 28 05/06/18 | N/A Altered urine Mild Possibly
CRR- colour Related
14 3
IRU- 05/07/18 | 15 N/A Abdominal pain Mild Unrelated
CRR-
151
IRU- 24/06/18 | 6 N/A Abdominal pain, Mild Unrelated
CRR- dysuria and
16 1 frequency.
IRU- 07/0718 | 5 10/08/18 | N/A Deranged liver Mild Possibly
CRR- function tests. Related
18 1
IRU- 04/07/18 | 0 04/07/18 | Life Respiratory arrest | Severe Unrelated
CRR- Threatening following
20 1 extubation. Re-

intubated and

further successful

extubation.
IRU- 07/08/18 | 1 08/08/18 | N/A PR bleeding Moderate | Unrelated
CRR-
21 1
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AE No | Onset Days End SAE Brief Description | Severity | Relationship
post IMP Classification

IRU- 09/08/18 | 3 12/08/18 | Subject Died PR bleed, Severe Unrelated

CRR- anastomotic leak,

21 2 return to theatre

and take down of
anastomosis, post-
operative sepsis
secondary to
extensive
peristomal
necrotising
fasciitis extending
across back and
buttock, not
appropriate for

surgical

intervention.
IRU- 30/07/18 | 5 19/09/18 | N/A Urinary frequency | Mild Unrelated
CRR- and urgency.
27 1
IRU- 03/09/18 | 5 N/A Dysuria. Mild Unrelated
CRR-
29 1
IRU- 04/09/18 | 7 N/A Abdominal pain Mild Unrelated
CRR-
321
IRU- 14/08/18 | 1 N/A Back and hip Mild Unrelated
CRR- pain. Dysuria and
37 1 perianal pain on

defaecation.
IRU- 24/08/18 | 4 29/08/18 | N/A PR mucus and Mild Unrelated
CRR- dysuria
40_1
IRU- 18/09/18 | 28 N/A Urinary tract Mild Unrelated
CRR- infection
411
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