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Chapter 1

GENERAL INTRODUCTION

Bladder cancer

Bladder cancer is the ninth most frequently diagnosed malignancy worldwide. It mostly
presents itself with gross painless hematuria. Ninety percent of bladder cancers are
Urothelial Carcinomas (UC) [1-3]. Stage and grade of the tumor are important prognostic
factors for recurrence, progression and survival. Therefore, treatment is adapted to
these diagnostic parameters (figure 1 and 2). Differences exist between the diagnosis
and treatment of non-muscle-invasive bladder cancer (NMIBC) which consist of <T1
tumors compared to muscle-invasive bladder cancer (MIBC) that consist of tumors >T1
[4,5]. This is described below and depicted in table 1 and figure 1.

Non-Muscle Invasive Bladder Carcinoma (NMIBC)

Most bladder tumors, 75-80% are detected while being NMIBC. These tumors are
limited to the urothelial tissue and/or lamina propria, staged in Ta/CIS and T1 tumors,
respectively. NMIBC is treated by a transurethral resection of a bladder tumor (TURBT).
Additional chemo- or immunotherapeutic intravesical instillations are often administered
to reduce recurrences and progression [8]. One single postoperative bladder chemo
instillation will reduce the 5 year risk of recurrence with 13% [9]. In addition, series of
intravesical chemo- orimmunotherapy also reduce recurrence risks of NMIBC [10]. A 38%
reduction in one year was found using repeat chemotherapeutic installations compared
to TURBT alone [11]. For repeat immunotherapeutic instillations, a reduction of 27% in
the odds of progression on BCG was found compared to no intravesical therapy [12].
Follow up of NMIBC patients is based on cystoscopy and, in high-grade cases, cytology.

NMIBC is known for its high recurrence and progression rates of 15-70% and 7-40%,
respectively [13,14]. This results in that bladder cancer is one of the most expensive cancers
to manage, due to its consequent need for surveillance and repeat treatment [15,16]. Even
among patients whose cancer does not progress, recurrence leads to patient-centered
detriments, including loss of income, a decrease in (urinary) quality of life from resections
and intravesical therapies, and anxiety related to a patient’s cancer outcomes [17]. Therefore,

early recognition and accurate treatment is desired to prevent recurrence and progression.

Current diagnostic methods to detect NMIBC are office white light cystoscopy (WLC)
and/or urine cytology. The tumor diagnosis and stage is based on pathological
examination of the resected tissue after transurethral resection of a bladder tumor
(TURBT) which also makes use of WLC. The pathologist determines the T-stage and the
grade of the tumor. To enable correct treatment of NMIBC, cytology and WLC should
have high accuracies in NMIBC detection.
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TNM classification of urinary bladder cancer

T: Primary tumor

Tx Primary tumor cannot be assessed
T0 No evidence of primary tumor
Ta Non-invasive papillary carcinoma

Tis Carcinoma in situ: ‘flat’ tumor
T1 Tumor invades subepithelial connective tissue
T2 Tumor invades muscle
T2a Tumor invades superficial muscle (inner half)
T2b Tumor invades deep muscle (outer half)
T3 Tumor invades perivesical tissue
T3a Microscopically
T3b Macroscopically
T4 Tumor invades any of the following: prostate stroma, uterus, vagina pelvic wall, abdominal
wall
T4a Tumor invades prostate stroma, seminal vesicle uterus or vagina
T4b Tumor invades pelvic or abdominal wall

N: Lymph nodes

Nx Regional lymph nodes cannot be assessed

NO  Noregional lymph node metastasis

N1 Metastasis in a single lymph node in the true pelvis (hypogastric, obturator, external iliac or
presacral)

N2 Metastasis in multiple lymph nodes in the true pelvis (hypogastric, obturator, external iliac or
presacral)

N3 Metastasis in common iliac lymph node(s)

M: Distant metastasis
Mx Distant metastasis cannot be assessed
MO  No distant metastasis
M1 Metastasis
M1a Non-regional lymph nodes
M1b Other distant lymph nodes

Figure 1. TNM classification of urinary bladder cancer. Subepithelial connective tissue is referred to be
the lamina propria [4,6]. (Right part of the figure is reproduced with permission from MDPI)
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Figure 2. The grading stratification according to WHO 1973 and 2004/2016 classification [4,7]. (Figure
reproduced with permission from Elsevier)

Although urine cytology is non-invasive and easily applicable, it has a limited overall
specificity and, for low grade tumors, also a limited sensitivity (16%) [18,19]. Therefore, to
improve early detection of bladder cancer, urine constituents are widely being evaluated
as “liquid biopsy”, e.g. urinary biomarkers. Until now, the developed/evaluated
biomarkers show limited sensitivity to detect low-grade UC [20,21]. Therefore, multiple

efforts have been made to improve detection of bladder cancer cells in urine.

The other detection tool, WLC (office based and during TURBT) is invasive, unpleasant
for the patient and expensive. Although widely used, WLC also has several other
shortcomings. First, nonpapillary bladder cancers such as carcinoma in situ (CIS) may
be difficult to visualize or differentiate from inflammation [22]. Second, smaller or satellite
tumors may be missed. Third, with decreased vision due to hematuria, bladder cancer
may be resected incompletely and residuals occur instead of 'recurrences’. Incomplete
resection may also result in under-staging [13,23]. Taken together, these disadvantages

could lead to high recurrence rates.

Therefore, different techniques have been implemented clinically to increase the
accuracy of WLC [13]. By adding narrow band imaging (NBI) or photodynamic diagnosis
(PDD) to WLC, the sensitivity of bladder cancer detection is improved from 67% to 98%
and 71% to 92%, respectively compared to WLC alone [24-26]. Other techniques that
could reduce the risk of recurrences are under development, e.g. optical coherence
tomography, fluorescence diagnostics, vibrational spectroscopy (e.g. Raman
spectroscopy) and other optical methods. In trials, these techniques are being used
for tissue evaluation, and referred to as “non-invasive optical biopsies” ex vivo and in
vivo [26-32].

Muscle Invasive Bladder Carcinoma (MIBC)
When progression occurs, the tumor becomes MIBC, staged as =T2 tumors. MIBC can

be local (only the detrusor muscle, T2), locally advanced (including T3-T4 tumors with
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or without positive pelvine lymph nodes) or metastasized to other organs (Figure 1) [3].
Diagnosis is based on the pathologic evaluation of the resected tissue by TURBT. The
maximal detectable T stage is T2 as no biopsies are taken deeper than the detrusor

muscle. T3 or 4 can be detected on imaging or after cystectomy.

An FDG-PET or thoraco-abdominal CT scan could detect (locoregional) metastases and
involvement of adjacent organs. If no (locoregional) metastases are present, cystectomy
and a pelvic lymph node dissection is the gold standard therapy. The tissue is afterwards
pathologically evaluated. When patients have clinically T2-T4 tumor without positive
pelvic lymph nodes and metastasis, neoadjuvant chemotherapy (NAC) could be

administered. However, the overall survival rate only improves with 5-8% after 5 years.

If the tumor is pathologically staged as T3/4 and/or lymph nodes are positive on resection

while negative on imaging, adjuvant chemotherapy could be administered. [4,33]

The advantage of NAC compared to adjuvant chemotherapy is that the therapy is
delivered at the earliest time point when the burden of micro-metastatic disease is
expected to be low. There is a potential reflection of in vivo chemosensitivity and the
tolerability and patient compliance is expected to be better pre-cystectomy. However,
patients that do not respond to chemotherapy have a delay in surgical treatment and
the cancer might progress. Therefore, efforts are made to develop biomarkers that
will predict chemosensitivity and also markers to detect micro-metastasis. In several
research papers "liquid biopsies”, e.g. serum and urine biomarkers are being evaluated

to enable early micro-metastatic detection [34].

Raman spectroscopy is a technique that determines the biochemical composition of
the substance under study and therefore could be implemented for multiple purposes

to improve bladder cancer diagnosis.

Raman spectroscopy

Raman spectroscopy is based on the Raman effect, which was discovered by Sir C.V.
Raman in 1928 [35]. During a trip from India to Britain, he was interested in the blue color
of the sea which led to a series of experiments on the diffraction of light which were
published in Nature [36]. Until then, it was believed that the blue color of the sea was
due to reflection of the sky and to absorption of the light by the particles suspended
in the water. However, further research on the scattering of light led to the discovery

of the Raman effect.
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The principles of light diagnostics and the Raman effect are explained below. Light
consists of incident photons. These photons can be absorbed by, scattered from, and/or
pass through material without interaction. A molecule can be in its ground state (lowest
energy level) or in an excited state (higher energy level than its ground state). If the
energy of the incident photon matches the energy gap between the ground state and
an excited state of a molecule, the photon will most likely be absorbed. Consequently,
the molecule will be promoted to the excited state. From there, the system can relax
non-radiatively and eventually fluorescence occurs, as is illustrated in figure 3. When
the energy of the incident level does not match the energy gap between the ground
state and the excited state of the molecule, scattering can occur. In this process, the
incident photon distorts the electron clouds of the molecules. Two types of scattering
exist in the visible-light and near-infrared spectral range: Rayleigh and Raman scattering.
The more intense form, Rayleigh scattering, occurs when only the electron clouds are
distorted. Because no energy exchange occurs, this is an elastic process. In contrast,
if energy is transferred due to a change in polarizability of a molecule and its electron
clouds according to its vibration, either from the photon to the molecule or vice versa,
this process is called inelastic and referred to as Raman scattering [37]. Thus, Raman
spectroscopy is a vibrational spectroscopy that characterizes molecular vibrations and
rotations. These vibrations are based on the individual atom movement relative to
each other, within the molecule. The set of vibrations is highly dependent on the exact
structure of the molecule, often referred to as the “chemical fingerprint” of a molecule
[37]. Raman scattering is a relatively rare phenomenon and occurs approximately in only
one in every 1016 -10/8 scattered photons [38,39].

Depending on the direction of energy transfer between the photon and the molecule,
Raman scattering can be further categorized into two subtypes: Stokes and anti-Stokes.
Stokes scattering takes place when the molecule receives energy from the incident
photon leading to a lower energy state of the scattered photons compared to the
incident photons and a longer wavelength. In contrast, anti-Stokes Raman scattering
occurs when a molecule releases energy upon interaction with the incident photon and
subsequently alters to a lower energy state. This occurs when a molecule was already
in an excited state due to thermal perturbation or prior external excitation. In this case,
the scattered photons are in a higher energy state than the incident photons and a
shorter wavelength. Because at room temperature most molecules are in the ground
state, Stokes scattering typically dominates. Stokes scattering is therefore commonly

recorded for Raman spectroscopy, unless special experimental conditions are arranged.

The Raman effect is observed as Raman band shifts of the energy difference between

the incident and scattered photons. This energy difference is a color change of the
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photon and can be expressed in wavelengths in nanometers. In Raman spectroscopy,
the reciprocal of the wavelength is used; wavenumbers (cm™). Figure 3 illustrates the
Rayleigh, Stokes, and anti-Stokes scattering processes [38,39]

Electronic 0
Energy states

Virtual
Energy states

Vibrational A 4
Energy states t v h 4 ¥
Infrared Rayleigh  Stokes Anti-Stokes Fluorescence
Absorbtion Scattering Raman Raman Emission

Scattering Scattering

Figure 3. Molecular energy levels and Raman effect. In infrared absorption the energy of the photon
matches the energy-gap between the ground state and excited state of the molecule and the small
vibrational energy is absorbed. Rayleigh scattering is common, in this process the photon changes its
direction but has no energy transfer or effect on the molecule. In the process of Stokes Raman Scattering
there is an energy transfer from the photon to the molecule that results in excitation of vibrations or
rotations of the molecule and a change in direction of the photon leading to a higher wavelength. This
process is very rare. Anti-Stokes Raman Scattering is an extremely rare process, in which the energy
transfer is from the molecule to the photon, resulting in an de-excitation of pre-excited vibrations or
rotations and an change in direction of the photon leading to a shorter wavelength. In fluorescence
emission, the molecule in its excited state relaxes non-radiatively between sublevels in its singlet excited
state, after which it relaxes through fluorescence to its singlet ground state.

To implement Raman spectroscopy for biochemical detection purposes, a monochromatic
laser light is used as illumination source (figure 4). Subsequently, after interaction
of the photon with a specific molecular bond, the vibrational mode of the molecular
bond changes, resulting in an altered energy level of the molecular bond. As a result,
the wavelength of the photons is altered and when collected, this can be detected as
Raman shift. This shift is specific for that specific molecular bond. Photons interacting
with different biochemical bonds within the illuminated tissue undergo different Raman
shifts. Together these can be displayed as a spectrum on a Raman shift axis as a Raman
spectrum. In this way, a Raman spectrum is a direct representation of the molecular
composition of the material under study, a ‘fingerprint’ of the material, thereby helping
to understand its properties. Hence, Raman spectroscopy is a very specific technique to

determine the biochemical components of its measured substrate.
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Art historians have utilized Raman spectroscopy and Raman Microspectroscopy (RM)
techniques for nondestructive characterization of archaeological artefacts [40]. But, it
has also been used for exploration and characterization of the lunar surface, showing its
wide use [41]. In the last two decades Raman spectroscopy also has attracted attention
in the biological and clinical field. Within a molecularly complicated biological system,
like a cell or tissue, Raman spectroscopy carries intrinsic details and information of the
materials present and its biochemical conditions [42-44]. Therefore, this technique could
be used to obtain a non-invasive optical biopsy, for example in (pre) cancer detection
in various body organs [35,38,44-56]. The potential advantage of Raman spectroscopy
that it is a non-invasive nondestructive technique which can be used in real-time and

does not require staining or labelling [57-59].

Laser Detector

Raman Spectrum

Sample Focussing
Optics
CO—

—_—

Computer
Notch Spectograph
Filter

Figure 4. The incident laser irradiates the sample via focusing optics, in this case a probe. The Raman
scattered photons are collected in the probe and sent through a notch filter to allow passing of the Raman
signal and to block the laser line. The photons are dispersed by a diffraction grating in a spectrometer
and sent to a detector. The signal from detector can be visualized as a Raman spectrum on a computer.

One disadvantage of Raman spectroscopy is its low signal intensity. To improve signal
intensities of Raman spectroscopy, enhancement methods are being evaluated such
as Coherent anti-Stokes Raman spectroscopy (CARS) and Surface-enhanced Raman
spectroscopy (SERS) [38,60,61]. Modulated Raman spectroscopy (MRS) is being

developed to reduce the fluorescent background of Raman spectroscopy [62].

Raman spectroscopy in bladder cancer diagnosis

Raman spectroscopy is a vibrational spectroscopic technique that has been explored
in bladder cancer diagnosis for multiple purposes since 1995 [63]. One of the most
important features of Raman spectroscopy is the ability to provide quantitative molecular

information that can be translated into an objective diagnosis. This is opposed to the
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subjective interpretation in the current gold standard: histopathology. The latter is
prone to high inter-observer variability [64-66]. Raman spectroscopy is more objective,

therefore this highly specific technique may be ideal for clinical use.

Raman spectroscopy was evaluated as “optical tissue biopsy” in the evaluation of
bladder tissue ex vivo on TURBT biopsies and in vivo during TURBT. This instant optical
biopsy generates a direct available diagnosis as opposed to pathological evaluation
of the tissue that takes multiple days. Another advantage of such a technique is that
no interobserver variability occurs. When this technique is combined with WLC, the
specificity of tumor detection may improve and unnecessary biopsies of benign tissues
could be omitted. Also, surgical margins might be evaluated with a higher specificity.
Raman spectroscopy was also evaluated on liquids such as urine and serum, referred to
as "optical liquid biopsies”. To reduce the amount of cystoscopies, Raman spectroscopy
could be used to evaluate urine (constituents). Several studies evaluated detection
of UC in (artificial) urine using Raman spectroscopy. This could enable early bladder
cancer detection and this highly specific technique may reduce the amount of follow-up
cystoscopies [43,62,63,67-77]. Also, two papers evaluated detection of bladder cancerin
serum and subclassification of MIBC and NMIBC to reduce the amount of cystoscopies

and reduce the delay of curative therapy [78,79].

Two systematic reviews and meta-analyses of Raman spectroscopy in bladder cancer
diagnosis have been published [80,81]. In this introduction, an overview of the clinical
studies on the use of Raman spectroscopy in bladder cancer are being presented and
discussed. The studies of Raman spectroscopy on tissue (optical tissue biopsies) and
on Raman spectroscopy on fluids such as urine and serum (optical liquid biopsies) will

be presented and discussed separately.

Optical tissue biopsies
We found 15 studies of Raman spectroscopy on bladder tissue including ex vivo and in
vivo studies (Table 1). The major goal in these studies is improving the sensitivity and

specificity of UC detection to enable an optical non-invasive quick diagnosis.
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Biochemical composition of bladder tumors

To gain insight in the biochemical composition of bladder tumors, different studies were
performed. In 2007 Stone et al. evaluated bladder biopsies, categorized in; normal,
cystitis, CIS, UC low-grade (LG) and high-grade (HG). An increased DNA content
was found and decreased collagen content as the tissue progresses from normal to
malignant [59]. De Jong et al. and Omberg et al. evaluated the biochemical basis of
normal compared to UC [85,93]. In both studies, the ratio of total collagen content
and non-collagen content was higher in non-tumor tissue. Also, tumorous tissue was
characterized by higher lipid, nucleic acid, and protein content and glycogen expression

compared to normal tissue [85].

Raman classification: benign versus malignant

These findings are the basis of the Raman classification feasibility. Four studies evaluated
the Raman classification of benign versus malignant tissue. Sensitivities of 72%-100%
(mean 89%), specificities of 77%-100% (mean 86%) and accuracies of 77%-92% (mean
90%) were reached [82,89-91]. Raman spectroscopy combined with other methods, such
as Optical Coherence Tomography (OCT), fluorescence spectroscopy and reflectance
spectroscopy, led to increased accuracies [90,91]. These results suggest that Raman
spectroscopy can be a diagnostic tool with high potential for bladder cancer detection
and evaluation. However, Raman spectroscopy has a limited field of view. Therefore,
screening the entire bladder with Raman spectroscopy is too time consuming and its
measurements must be targeted. Visually suspicious lesions could be detected using
WLC with or without PDD or NBI. Raman spectroscopy could improve the specificity
of these highly sensitive techniques that lack specificity [?4]. Grimbergen et al. found
that when the classification algorithm was fed with spectra of bladder tissue exposed
to 5-ALA, classification of normal versus UC was still high for bladder biopsies exposed
to 5-ALA. Therefore, Raman spectroscopy is feasible when using PDD and is particularly

attractive as complementary diagnostic tool for real-time guidance during TURBT [86].

Raman classification ex vivo: bladder cancer grading and staging

Besides malignancy detection, the ability of direct noninvasive UC grading during
TURBT could enable direct customized treatment without delay and with a higher
effectivity. Two groups classified benign, LG and HG UC and reached accuracies of
92-93% [23,88]. When Raman spectroscopy is enabling direct differentiation between
LG and HG UC, the appropriate postoperative management could be applied. For
example, a chemotherapeutic bladder instillation could be given to the appropriate
patients and reduce the recurrence risk while limiting adverse-effects in patients that

would not benefit from such an instillation.
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The second clinical tumor parameter to determine its correct treatment, is staging.
Prieto et al. obtained spectra of different depths that would enable staging of bladder
tumors in future [83]. Baria et al. was the only group to evaluate UC staging and found
accuracies of 84-98% [89].

Besides an instant optical biopsy including a grade and stage during TURBT, per-
operative Raman spectroscopy could also have a role in evaluation of the lateral margins
or base of the resection plane to reduce the need for re-TURBT, which is commonly
required in regular diagnostics. However, the feasibility of measurements at the margins
or base of resection is questioned, since cauterization effects may cause problematic

artefacts. Future research will be required to evaluate this.

Raman signal improvement in bladder cancer

To increase the Raman signal and improve its classification, several ex vivo modifications
to Raman spectroscopy have been proposed. Koljenovic et al. used high wavenumbers
only, to limit the Raman signal from the probe’s fused silica. They concluded that high

wavenumber Raman spectra contain sufficient information for tissue classification [84].

Barman et al. showed that a confocal probe enables significant enhancement of
diagnostic specificity by suppressing spectral information from deeper tissue layers
beyond the region of interest [44]. A confocal probe would therefore improve tumor

grading.

In vivo applicability of Raman spectroscopy has been demonstrated in other fields
of research, e.g. the evaluation of intraoperative margins in partial mastectomy
[95], characterization of atherosclerotic plaques in vascular surgery [35] and during

colonoscopy [53].

Raman bladder cancer classification in vivo

For in vivo measurements of the bladder, small flexible fiber-optic probes compatible
with the working channel of a rigid or flexible cystoscope have been developed. For
many years the application has been hampered by many technical issues. Two papers
have been published using in vivo Raman measurements of bladder cancer and reached

similar results compared to the ex vivo studies [87,92].

Raman future perspectives in UC
The ultimate goal is that Raman spectroscopy could be available in the office, while
performing WLC. Direct grading and staging would enable direct treatment, such as

outpatient clinic fulguration or electrocoagulation which are applied more frequently
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currently especially for recurrent LG UC. One of the drawbacks of these treatments is
that no pathology specimen is obtained. Consequently, the urologist has to estimate
tumor stage and grade and has to ensure that progression has not occurred. Since this
estimation is often inaccurate, a pathologic diagnosis before fulguration is desirable.
Raman measurements of these tumors might provide this diagnosis so that office
based fulguration may become a safer treatment modality. Nevertheless, technical
issues should still be overcome, because no Raman probe compatible with a flexible

cystoscope is yet available.

Optical liquid biopsies

Urinalysis

Bladder cancer has a high recurrence rate and is in need for continued surveillance and
repeat treatment. When tumor cells can be detected in urine with a high accuracy, then
(follow-up) cystoscopies could be omitted. Raman spectroscopy on urine cytology or
supernatant has been tested and could be a valuable tool to improve the sensitivity
of non-invasive bladder cancer (recurrence) detection. In Table 2, trials are presented
that evaluated Raman spectroscopy on urothelial cells or on biomarkers from voided

or artificial urine as a 'liquid biopsy’, to detect UC [3].

Different forms of Raman spectroscopy were examined on urine (cytology and supernatant)
and on cells from different cell lines, including regular Raman spectroscopy, RM, MRS,
SERS and Raman Molecular Imaging (RMI). Due to the larger sample size and testing
on biological fluids (urine supernatant or sediment) instead of cell lines, the articles by
Shapiro, Cui and Hu et al. provide most information about the Raman spectroscopic
detection of bladder cancer in urine [67,75,76]. These groups also provide specific Raman
bands of interest for discrimination between benign and malignant urine, however none
of them found a single band or a specific set of bands on which a classifier could be based

for a sensitive bladder cancer detection.

In discriminating samples containing UC from benign, sensitivities of 82.4%-100% (mean
96.5%), specificities of 79.5%-100% (mean 92.4%) and accuracies of 80.4%-100% (mean
93.3%) were reached [43,62,67-77]. Also, LG UC could be discriminated form HG UC using
MRS which limits the fluorescent background, with a maximal accuracy of 99.4% [77].
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General introduction and outline of this thesis

Thus, Raman spectroscopy urinalysis already has shown an advantage compared
to regular pathologic urine cytology in its sensitivity and accuracy. Huttanus et al.
developed Ramemetrix as chemometric urinalysis for bladder cancer screening and
performed a proof-of concept study [74] and ‘O Dwyer et al. provide a freely available
automated process of nuclear targeting and using different classifiers and the open

source Micro-Manager platform [77].

There are many advantages of Raman spectroscopy on urine; It is a is label free technique
and sample collection is noninvasive as opposed to serum. Raman spectroscopy requires
minimal sample preparation and chemical composition data is returned in near/real
time. Another advantage of Raman spectroscopy is that there is minimal interference
from water, as opposed to infrared methods and scanning through glass is possible.
This technique is nondestructive to the sample and can easily be scaled for larger
number of samples (through automation) [74]. Thus Raman spectroscopy is promising,
however there are obstacles in the development of clinical Raman applications. The
strong fluorescence background could (partly) obscure the weak Raman signals, making
detection of useful spectra difficult and limit the diagnostic accuracy and sensitivity
of clinical Raman measurements [62]. An obstacle for clinical application Raman
Microscopic Imaging for bladder cancer diagnosis is the need for specialized, expensive
equipment and training of laboratory personnel [67]. Raman spectroscopy has yet a
limited reproducibility due to its weak signal, research with low sampling sizes and
clinical preparation and system setup [77]. Although the results of Raman spectroscopy
urinalysis are promising, there are still plenty of obstacles before this may become a

standardized analytical tool that can be used clinically.

Blood serum analysis

UC could possibly also be detected in blood serum samples. Taking a blood sample
is much less invasive then performing a TURBT which is an invasive procedure with the
possibility of complications e.g infection or perforation of the bladder wall. Therefore,
two groups tested (SE)RS on blood samples as serum liquid biopsies. Sensitivities of
90.9% - 98.3% and specificities of 96.7% - 100% were reached [78,79].

It is important to differentiate NMIBC from MIBC because in the first case, only the
tumor itself needs to be treated by resection, while in the latter case, the entire bladder
requires treatment (cystectomy or trimodality treatment). Currently, only pathological
evaluation after TURBT enables differentiation between these two, and more research
focusses on less invasive diagnostic tools to differentiate NMIBC from MIBC. The
hypothesis of one group in case of MIBC is, that tumor cells could be detected in blood

serum samples. Therefore, they evaluated blood serum and discriminated NMIBC from
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MIBC using SERS. The sensitivity, specificity and accuracy were 90.6%, 96.3% and 93.2%,
respectively [79]. These are promising results which possibly could also be translated into
the setting of detecting metastasis in blood serum using Raman spectroscopy before,

or in the follow-up after treatment of MIBC.

In my opinion, it would be more logical to search for Raman characteristics in serum of
metastasized bladder tumor patients. Cancer cells are spreading though the lymphatic
system and though serum, thus when the tumor is metastasizing we might detect these
characteristics in serum. We are still searching for methods to detect micro-metastasis
in bladder cancer, because these patients would have more benefit from neo-adjuvant
chemotherapy (NAC) as opposed to patients that do not have micro-metastasis. When
no micro-metastasis are present, NAC can be omitted and surgical delay is eliminated.
This is most important because the NAC has many side-effects that lead to increased

morbidity and the overall survival improves only 5-8% at five years [33].

OUTLINE OF THIS THESIS

Chapter 2 compares two fibre optic Raman probes in a phantom model. The superficial
probe is compared to a non-superficial probe regarding depth-response function and
signal-to-noise ratio. In Chapter 3 Raman Spectroscopic measurements are taken in
vivo using the superficial Raman probe, of UC and benign tissue and each location
is pathologically analyzed. Chapter 4 evaluates spatial tissue analysis using Raman
spectroscopy and histopathology of three cystectomy specimen. Raman spectroscopy
might be used to follow up specific lesions in time. To enable re-assessment of specific
locations in the bladder using Raman spectroscopy, a bladder navigation tool was
developed, as spin-off of the Raman spectroscopy research. In this study bladder
lesions were 3D registered. Using a cystoscope, navigation to that lesion was performed
(without using the camera) in a phantom model in Chapter 5. A general discussion is

presented and a summary is given in Chapter 6.
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ABSTRACT

A novel clinical Raman probe for sampling superficial tissue to improve in vivo detection
of epithelial malignancies is compared to a non-superficial probe regarding depth
response function and signal-to-noise ratio. Depth response measurements were
performed in a phantom tissue model consisting of a polyethylene terephthalate disc
in an 20%-Intralipid® solution. Sampling ranges of 0-200 and 0-300 pm were obtained
for the superficial and non-superficial probe, respectively. The mean signal-to-noise ratio
of the superficial probe increased by a factor of 2 compared with the non-superficial
probe. This newly developed superficial Raman probe is expected to improve epithelial

cancer detection in vivo.

32



Phantom model results of a superficial Raman probe

INTRODUCTION

Raman spectroscopy is a highly specific optical technique that has been proven to
non-invasively detect epithelial tissue malignancies. It uses molecular-specific inelastic
scattering of photons to assess the molecular contents of biological tissue. Photons of
monochromatic light (usually from a laser) interact with molecular bonds of biological
tissue, which results in an energy shift of the incident photons. Different molecular
bonds create different energy shifts that can be visualized as intensity peaks at specific
wavenumbers. This allows to obtain information on the molecular composition of the

studied tissue and may enable differential diagnosis of (pre-) malignancies in tissues [1-5].

To use Raman spectroscopy for cancer diagnosis it must be incorporated in the current
diagnostic approach for suspicious lesions. Our group has special interest in urothelial
cell carcinoma diagnosis which is currently based on visual inspection during white light
endoscopy. After cystoscopic detection of a suspicious lesion in the outpatient clinic
that lesion is endoscopically resected in the operating theater. The resected tissue is
then analyzed by the pathologist to obtain the diagnosis. To use Raman spectroscopy
in a clinical situation and improve the diagnostic accuracy of urothelial carcinoma, an
endoscopic approach is required. Therefore, the Raman probe should have a sufficiently
small diameter to allow passage through the endoscopic channel. Furthermore, as part
of the clinical Raman system the Raman probe should also meet the requirements of
the Medical Device Directive (MDD) as well as other clinical functional requirements.
Industrial Raman probes with excellent specifications in the Raman domain are available;
however, these are usually not suitable for clinical application because of their limiting
factors e.g. the spot-size, sampling volume, acquisition time and the MDD requirements
such as the biocompatibility. The biocompatibility demanded by the MDD entails the
use of biocompatible materials and application of strict hospital hygiene requirements

including (re)sterilization without damaging the Raman probe.

According to the clinical and functional requirements, the probe should be suitable for
endoscopic use, as well as providing good signal quality, i.e. have a high signal-to-noise
ratio (SNR). However, clinically, a collection time of longer than 5 s is not feasible as probe
displacement during a measurement results in meaningless data. Furthermore, some
materials used in probe designs (e.g. sapphire) might interfere more than others with
the tissue Raman signal; use of such materials should (ideally) be avoided in a clinical
probe design. Finally, the probe optics should be optimized to obtain an adequate clinical
sampling range because epithelial carcinoma originate superficially (100-200 pm below

the surface) on top of the underlying stromal tissue [6].
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During the last 20 years, several groups have constructed probes that suffice with respect to
most of the criteria [7-13]. Nevertheless, to our knowledge, a superficial Raman probe that
complies with both the Medical Device Directive and the clinical/functional requirements
is not yet available. Using gathered information from our previous clinical study with a
non-superficial Raman probe [3], a more superficial probe has been designed to meet
these requirements. This new probe was designed for a clinical trial in which our group
investigates in vivo Raman spectroscopy for the diagnosis of bladder cancer. The probe
is constructed of biocompatible materials that result in minimal interference with tissue
Raman signals; it can be sterilized and its physical shape allows endoscopic application.
At the same time it is designed to provide an ample SNR at clinically acceptable laser
exposure and collection times. The aim of the present study is to compare the sampling
range and SNR of the superficial Raman probe with those of a non-superficial probe [3]

in a phantom tissue model.

MATERIALS AND METHODS

Raman system

For all measurements a portable Raman spectroscopy system was used as described
by Draga et al. [3]. The system consists of a 785 nm diode laser (DFB-0785-1000, Sacher
Lasertechnik, Marburg, Germany), a Raman probe (EmVision LLC, Loxahatchee, Florida,
USA), a spectrograph (HoloSpec Imaging Spectrograph /1.8i (HSG-785-LF), Kaiser
Optical Systems, Ecully, France), a charge-coupled device camera (PIXIS 256 BRDD,
Princeton Instruments, Trenton, New Jersey, USA) and a personal computer. The system
has been approved for clinical research by the Dutch Health Care Inspectorate (IGZ)
allowing a multicenter trial within the European Union.

Probe designs

For the present study, the newly developed clinical superficial Raman probe was compared
with the non-superficial Raman probe which was used in an earlier clinical study by our
group [3,13]. Both probes enable efficient excitation and collection of Raman excited light

from a 785 nm laser; they are described below and illustrated in figure 1.

Non-superficial Raman probe

The non-superficial Raman probe is a standard bundle-style probe. It contains seven
low hydroxyl (OH) content Raman collection fibers (300 pm core/0.22 NA) which are
incorporated surrounding a central excitation fiber (400 pm core/0.22 NA). A small band
pass filter is positioned in front of the delivery fiber and a donut-shaped long pass filter is
positioned in front of the seven collection fibers, which rejects the laser light and passes

the Raman signal from the sample. All parts of the probe are bound together with an
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epoxy-based glue and placed inside a stainless steel needle tube, with an outer diameter

of 2.1 mm. This allows easy passage through the channel of urological endoluminal scopes.

Superficial Raman probe

The design of the superficial Raman probe (EmVision LLC, Loxahatchee, USA) uses
the same external dimensions as the above-mentioned non-superficial Raman probe;
however, the seven collection fibers surround a stainless steel tube which (on the inside)
has a central excitation fiber of a smaller diameter (200 pm core/0.22 NA). To enable
sampling of superficial tissue layers, an overlap of the focus of the excitation beam and
the collection region is created by incorporation of a unique two-component converging
lens. This lens consists of a distal element (2-mm diameter) which is a 1-mm thick flat
window of fused silica and a proximal element of a plano-convex sapphire lens (Fig. 1B.).
The high refractive index of the lens bends the light sharply. This configuration allows
overlap of the excitation and collection light at the sample without interference from
the sapphire Raman signal and an approximate 0.5 mm surface diameter of the region

sampled. The superficial Raman probe design is described in detail in its patent [14].

Figure 1. Top left (A) and right (B) are exploded views of the distal probe tip. The Raman laser excitation
region and the direction of the Raman collection cone(s) create an overlap with the laser cone at the surface
of the lens and is illustrated for the non-superficial Raman probe (A) and the superficial Raman probe
(B) (1 =7 times collection fibers, 2 = excitation fiber, 3 = Raman laser cone, 4 = Raman collection cone,
5 = two component front lens). Bottom left (C) and right (D) are Zemax ray traces of the non-superficial
and the superficial Raman probe, respectively, using the refractive index of water, which is comparable to
the 20%-Intralipid ® that was used in the phantom tissue model. The Raman excitation light and only one
collection fiber cone is illustrated; however, all the collection light is altered in the same way as this one.
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Phantom tissue model and measurements

The phantom tissue model consists of two layers in order to determine the depth
response function of the probes, referred to here as ‘sampling depth’ (figure 2). The
top layer, with an adjustable thickness, consists of a 20%-Intralipid® solution that is
widely used to simulate scattering of the 785 nm light of epithelial tissue [15-18]. A
polyethylene terephthalate (PET) slide, 170-um thick, was used as a sub layer to mimic
the stromal tissue as this material has specific Raman peaks (e.g. 732.5 cm™). Accordingly,
each Raman spectrum from the phantom tissue model contains signal from both layers
(the top layer and the sub layer). Aluminum foil was used as shielding material to prevent
the Raman signal from being acquired from the cup itself (figure 2A). In the model, by
increasing the top layer thickness, the signal intensity of the sub layer decreases as the
probe moves relatively further away from the sub layer (figure 2B). The sampling depth
is defined as: the top layer thickness where the normalized signal intensity of the top
layer meets the normalized signal intensity of the sub layer. To determine the specific
top layer and sub layer Raman signal contributions in each spectrum, top layer-only and
sub layer-only spectra were obtained, respectively, at a top layer thickness of 1.5 cm and
directly on the sub layer with no top layer in between (without 20% Intralipid®). From
these spectra a specific top layer peak (1439.5 cm™) with minimal signal interference
of the sub layer material and a specific sub layer peak (732.5 cm™) with minimal signal
interference of top layer material were determined. Sets of 10 Raman spectra (acquisition
time of 500 ms) were taken at increasing top layer thicknesses from 0-1,500 ym, with

incremental steps of 50 pm.

Spectral calibration was performed for each probe using a neon-argon lamp to calibrate
the spectral dispersion of the detection system and acetaminophen to standardize the
Raman shift axis. The spectra were processed for background fluorescence subtraction
using a modified polyfit algorithm based on an iterative fitting procedure that converges
the spectrum to its baseline [19]. Furthermore, each spectrum was normalized towards

its mean spectral intensity to account for variations in absolute spectral intensity.

For all Raman spectra sets at each top layer thickness, the mean intensity of the top
layer (1,439.5 cm™) and sub layer (732.5 cm™") peaks was obtained. Eventually, these mean
top layer and sub layer peak intensities were normalized to their maximal intensity,
to account for the difference in absolute top layer and sub layer peak intensity. The
sampling depth was determined regarding at which top layer thickness the intensities

of both peaks were equal.
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Figure 2. Top (A) shows a schematic depiction of the phantom tissue model based on two layers i.e.
20%-Intralipid® (top layer) and PET (sub layer). The Raman probe is vertically fixed perpendicular to
the PET slide (1 = Raman probe, 2 = 20%-Intralipid®, 3 = PET slide, 4 = 30 cc cup, 5 = Aluminum foil,
6 = Hollow tube). Bottom (B) shows a schematic depiction of the probe volume in the phantom tissue
model that mimics epithelial tissue (top layer) and its stromal tissue (sub layer) below. The top layer is
variable in thickness as opposed to the sub layer which has a constant thickness of 170 pm. By increasing
the top layer thickness, the specific top layer and sub layer contributions can be compared and the
sample depth is determined at which top layer thickness both contributions are equal.
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Signal-to-noise ratio comparison

To compare the spectral quality of the two probes one measurement set from the above
sampling depth experiment of both probes was used, i.e. 10 spectra of each probe at
a top layer thickness of 200 pm, which is similar to the urothelial tissue thickness. The
mean SNR over the spectral range (SNRmsr) is used to assess the quality of the entire
spectrum for both probes. The SNRmsr was determined by using the mean of two
consecutive spectra and the standard deviation (SD) of the difference between those
two consecutive spectra within the same set [20]. To identify the possible difference of
Raman activity for both substances used in the sampling depth experiment, the SNR at
the specific sub layer peak (732.5 wavenumbers) and at the top layer peak (1,439.5) was

also determined from that SNRmsr spectrum.

RESULTS

General performance
In figure 3 the mean raw spectra of both probes without correction are depicted.
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Figure 3. Mean raw Raman spectra of all measurements per probe, before correction.
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Figure 4 shows the mean spectra of both probes after fluorescence subtraction to the

baseline using the modified polyfit method [19].

9000 T T T T

I
Non-superficial probe
Superficial probe
8000 i

7000 - _

6000 —

o
o
o
o
T
1

Intensity

4000 ,

3000 - *

2000 _

1000 B

0
400 600 800 1000 1200 1400 1600 1800
Raman shift (cm™)

Figure 4. Mean Raman spectra of all measurements per probe after background fluorescence subtraction
and noise smoothing.

Specific sub layer and top layer intensities

Mean spectra of the top layer-only and sub layer-only measurements show unique
spectral peaks at 1,439.5 cm™ (top layer peak) and 732.5 cm™ (sub layer peak). This is
depicted in figure 5.

Sampling depth measurements

The mean peak intensities of the top layer (1,439.5 cm™) and sub layer (732.5 cm™)
after correction for excitation intensity were calculated at each incremental top layer
thickness. To correct for the absolute intensity difference between both peaks, these
intensities were normalized to their maximal intensity per probe (figure 6). The maximal
intensity for the top layer and sub layer peaks were found at a 1,500 pm and a O um top
layer thickness, respectively. When the top layer thickness was increased, the top layer
and sub layer peak intensities showed an increase and decrease, respectively. In figure 6,

the intersection of these normalized top layer and sub layer peak intensities determines
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the sampling depth for each probe. The sampling depth of the non-superficial Raman
probe was approximately 300 um and that of the superficial Raman probe approximately
200 pm.
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Figure 5. Mean Raman spectra after normalization to their mean intensity of top layer-only and sub
layer-only measurements. The main peak of the top layer (light blue) was found at a wavenumber shift
of 1,439.5 cm-1 and the main peak of the sub layer (dark blue) was found at 732.5 cm-1.

Signal-to-noise ratio comparison

Table 1 presents the SNRmsr of both probes in the phantom tissue model with a top
layer of 200 um. The SNRmsr of the superficial Raman probe has increased by a factor of
2 compared with the non-superficial Raman probe. Similarly, at the specific sub and top
layer peaks the SNR was also increased by a factor 2 for the superficial probe compared

to the non-superficial probe.
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Figure 6. Raman peak intensities at 1,439.5 cm™ and 732.5 cm™ and (top layer and sub layer peak) as a
function of top layer thickness in the phantom tissue model for the non-superficial and the superficial
Raman probe with their standard deviation. The intersections of the non-superficial Raman probe and the
superficial Raman probe at approximately 300 pm and 200 pm, respectively, indicate that the sampling
depth is closer to the distal probe tip for the superficial Raman probe.

Table 1. Signal-to-noise ratio over the mean spectral range (SNRmsr) measured in the phantom tissue
model at 200 ym probe distance from the sub layer and specific SNRmsr of the sub layer and top layer
peaks.

Non-superficial Superficial Factor
Raman probe Raman probe
SNR_ 90.5 181.7 2.0
SNR ., (sub layer peak 732.5 cm) 3151 596.7 1.9
SNR__ (top layer peak 1439.5 cm™) 779 166.5 21
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DISCUSSION

A clinical superficial Raman probe that meets the MDD and clinical/functional
requirements is presented. The superficial Raman probe is constructed of biocompatible
materials. Moreover, it has shown to withstand repeated (>15 for multiple probes) plasma
(STERRAD®) sterilization (results not shown). Furthermore, the short collection time of 5
s (10 x 500 ms) minimizes probe movement during the measurement, while the probe’s

diameter of 2.1 mm allows endoscopic use as required for urothelial tissue diagnosis.

In this study, the sampling depth of the superficial Raman probe was compared with the
non-superficial Raman probe in a phantom tissue model. In this model the intersection
of the sub layer and top layer peak intensities indicate a sampling depth which allows
comparison of the two probes. The optimal sampling range of the superficial probe
is 0-200 pm and for the non-superficial probe 0-300 um. The depth setting error was
maximal 5 pm and the SD of the intensity at the intersection was 0.02 and 0.08 for
the non-superficial and the superficial probe, respectively. The superficial probe more
closely approximates the sampling range of the origination of urothelial carcinoma
(100-200 pm from the surface). Accordingly, this probe should enable better urothelial
cancer diagnosis because the Raman signal is mostly obtained from the urothelial cell
layer and is less clouded by signal from its underlying stromal layer (figure 7). However,
because this test was performed to compare the probes, these results cannot be used
to indicate the exact sampling range in tissue because the model is a simplification of
tissue composition. As opposed to tissue, the model contains materials with uniform
consistency, and has a straight transition of materials and constant thicknesses. It also

has different optical properties.

To determine the SNR, raw spectra without background subtraction and noise smoothing
were used. The measurement sets with a top layer thickness of 200 um for both probes
were chosen for SNR determination, because this thickness is similar to the normal
urothelial thickness overlying its stromal sub layer. Therefore, these measurement sets

are most similar to the in vivo situation.

In general, the SNRmsr of the superficial probe is twice as high compared with the
previously used non-superficial probe in the phantom tissue model with a top layer
thickness of 200 um. This is also the case for the specific top layer and sub layer peaks.
Accordingly, to obtain the same signal quality, a clinical Raman measurement of 5s
with the new superficial probe would take up to 20 s with the old non-superficial probe,

which is a clinical challenge. Furthermore, as the SNR does not linearly increase with
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longer integration times, an even longer integration time than 20 s might be required

to obtain the same signal quality.

These results allow to conclude that the SNR of the superficial probe is improved
compared to the non-superficial probe. However, the absolute SNRmsr outcomes only
allow comparison of the two probes; these data are not suitable for comparison with
other SNR experiments because of the specific Raman contributions of the phantom

tissue model substances (as described above).

Superficial Non-
probe superficial

Urothelium

100200 um || 500 m

Stromal
Tissue

Figure 7. The sampling range of both Raman probes are illustrated in urothelial tissue. The superficial
probe has a sampling range of approximately 0-200 um, which is similar to the total urothelium thickness.
The non-superficial Raman probe has a less pure urothelium signal, as the stromal tissue is part of the
sampling range which was 0-300 pm. The stromal layer may blur the urothelial signal.

Since the mid-1990s several Raman probe designs have been developed for cancer
diagnosis (table 2). Mahadevan-Janssen et al. were the first to construct a clinical probe
in 1998; they also attempted to miniaturize this design to enable clinical endoscopic
use [10]. Shim et al. constructed a miniature Raman probe which focuses on superficial
layers using a beam steering technique with beveling of the collection fibers [13]. Their
sampling range was 0-600 pm with a 10° beveled probe; however, this probe was not
qualified for clinical use with respect to biocompatibility as required by the MDD.
Furthermore in their probe design, the filters are placed approximately 3 cm from the

distal end of the needle tube which limits flexible endoscopic application. Although,
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Hattori et al. produced an endoscopic probe, the integration time of 50 s would not
have been practical as probe movement might occur during urological endoscopy.
Furthermore, with a focal depth of 10 mm the contribution of the stromal tissue signal
might obscure the Raman signal of the thin urothelial cell layer where urothelial cancer
originates [8]. Several groups have constructed superficial Raman probes using ball
lenses. [7,11,12,21,22] The sampling range of these probes is minimized to 40-300 pm
and focuses on the urothelial cancer origin. Unfortunately, ball lenses are generally
composed of sapphire which generates high fluorescence background signals that might
interfere with the urothelial tissue Raman signal. Consequently, we aimed to design a
probe using silica, which has a lower fluorescence background compared with sapphire
[13,23].

In conclusion, to our knowledge the superficial Raman probe presented here is the first
clinically applicable urological endoscopic probe with a shallow sampling range and with
minimal signal interference from the materials used. Although, it has a sampling range
of 0-200 pm, this absolute determination of sampling range only allows comparison of
the two probes described here. No comparison can be made with the probes described
in table 2 as these research groups might have used different definitions of sampling

range and measuring methods.

The sampling range and SNR results of this new superficial Raman probe are improved
compared with the non-superficial probe in the phantom tissue model. Nevertheless,
the clinical diagnostic sensitivity, specificity and accuracy of this new probe needs to be
examined in a clinical situation, because the materials used in the phantom model are a
simplification of real tissue. Our group is currently investigating this in an ongoing clinical
trial on in vivo Raman spectroscopy for bladder cancer diagnosis. To date, monitoring of
the probe performance (80 patients) has shown acceptable variations in the constancy
test and mechanical integrity during each new procedure after sterilization. For

commercial acceptability, additional sterilization contamination tests are required.
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CONCLUSION

Since the 1990s, substantial research led to the design and development of several
Raman probes for real-time clinical cancer diagnosis. However, a probe meeting MDD
and functional requirements for clinical urothelial carcinoma diagnosis has not yet been
developed. A superficial clinical Raman probe design, approved for investigative use,
is presented. It has a superficial sampling range of 0-200 pm which should improve the
diagnosis of (superficial) urothelial carcinoma, and has an improved SNR compared with
the non-superficial probe used in the our earlier clinical feasibility study. The ultimate
goal is to detect urothelial (pre) carcinoma with high accuracy in real-time using an
optical non-invasive Raman measurement in the outpatient clinic, rather than an invasive

biopsy in the operating room.
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ABSTRACT

Raman spectroscopy is promising as a non-invasive tool for cancer diagnosis. A superficial
Raman probe might improve classification of bladder cancer, because information is
gained solely from the diseased tissue and irrelevant information from deeper layers
is omitted. We compared Raman measurements of a superficial to a non-superficial
probe, in bladder cancer diagnosis. Two hundred sixteen Raman measurements and
biopsies were taken in vivo from at least one suspicious and one unsuspicious bladder
location in 104 patients. A Raman classification model was constructed based on
histopathology, using a Principal-Component fed Linear-Discriminant-Analysis and
Leave-one-person-out cross-validation. The diagnostic ability measured in Area Under
the Receiver Operating Characteristics Curve, was 0.95 and 0.80, the sensitivity was 90%
and 85% and the specificity was 87% and 88% for the superficial and the non-superficial
probe, respectively. We found inflammation to be a confounder and also an indication
of a gradual transition from benign to low-grade to high-grade urothelial carcinoma.
Raman spectroscopy provides additional information to histopathology, and the use of

a superficial probe the diagnostic value.
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INTRODUCTION

Bladder cancer is the tenth most common malignancy worldwide [1,2], and urothelial
carcinoma is the most prominent subtype. Generally, detection of bladder cancer is
performed using white light cystoscopy, which has a limited sensitivity (62-82%) and
specificity (43-98%) [3-5]. Subsequently, transurethral resection of a bladder tumor
(TURBT) using white light cystoscopy is performed for pathologic assessment, but it is
also therapeutic. Because recurrence and progression rates are high, up to 55% after
non-muscle-invasive bladder cancer (NMIBC) resection, patients are being exposed to
an extensive follow-up program [6]. Recurrence and progression could result from tumor
residual after incomplete resection, or from malignant tissue that was not recognized

as such, as occurs with flat lesions like carcinoma in situ (CIS).

To improve urothelial carcinoma detection and to avoid residual tumor after resection,
novel diagnostic techniques are being investigated and some have been recently
implemented. Photodynamic diagnosis (fluorescence cystoscopy) has been introduced
supplementing white light cystoscopy during TURBT. This optical technique enhances
the contrast between benign and malignant tissue using violet-blue light after pre-
operative instillation of the bladder with a photosensitive dye. Photodynamic diagnosis
has a sensitivity of 92%, compared to 71% of white light cystoscopy alone [7]. This
technique offers improved tumor detection, resulting in reduced residual tumor rates
after TURBT and superior detection of CIS compared to white light cystoscopy. However,
photodynamic diagnosis has a limited specificity that leads to up to 26% false positive
biopsies [7]. This results in unnecessary tissue resection, stress to the patient with a
burden of unnecessary care and corresponding complications. Therefore, a more

specific diagnostic optical technique could improve the overall diagnostic value.

Raman spectroscopy is a well-established, highly specific optical technique that allows
biochemical cancer diagnosis in various organs, without removing any tissue [8-15].
This technique is based on an inelastic interaction of monochromatic light photons
with molecular bonds of biological tissue. As a consequence, the scattered photons
are frequency-shifted. The frequency shift depends on the particular molecular bond
that the photons interact with. By obtaining a spectrum of these frequency-shifted
photons, a distinct biochemical fingerprint is acquired. It makes label free biochemical

identification possible.
There are several publications describing Raman spectroscopy in bladder cancer

diagnosis [16-18]. Chen et al. showed that it is possible to identify and characterize
bladder cancer by a fiber-optic Raman probe ex vivo in 32 bladder tissue samples [19].
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Our group previously reported results of using a Raman system in vivo during clinical
practice for bladder cancer diagnosis [20,21]. We used a non-superficial Raman probe,
that collected spectra from multiple tissue layers, i.e., high volume, and reached a
sensitivity of 85% and specificity of 79% [10]. It was hypothesized that the sensitivity and
specificity for bladder cancer detection and grading ability would increase if a superficial
Raman probe would be used, because information is gained solely from interaction of
photons in the superficial diseased tissue and irrelevant information from deeper layers
is omitted. Ideally, the sampled volume should match the volume of the investigated
tissue layer. Therefore, a measuring depth of 0-200 um would be adequate for NMIBC
diagnosis, as the thickness of benign urothelial tissue is 3-7 cell layers thick (100-200
um) covering an underlying stromal tissue layer that yields minimal information. In a
phantom study, we demonstrated the feasibility of a clinical superficial Raman probe
with a measuring depth of 0-200 um [22]. Other groups also have published results on
confocal Raman probes [23,24].

In this study we calculated the Area Under the Receiver Operating Characteristic Curve
(AUROCQ), sensitivity and specificity of urothelial carcinoma detection and grading in
vivo, using the superficial probe measurements compared to the non-superficial probe
measurements with the Raman setup used in the previous study [10]. We also present
the in vivo signal-to-noise ratio differences of these probes. Furthermore, we investigate
the confounding influence on the classification of inflammation of the tissue. Finally,
we present the gradual progression from benign to low-grade and high-grade in the

principal component space.

MATERIALS AND METHODS

Data collection was conducted at the St. Antonius Hospital, the Netherlands. Ethical
approval was obtained to perform in vivo Raman measurements from suspicious bladder
lesions and locations not suspect for malignancy before biopsy/resection (MREC
UMC Utrecht). Informed consent was obtained from all patients. The data processing

algorithms were developed in GNU octave version 6.1.0. [25].

Patient inclusion
Patients of at least 18 years old with a scheduled TURBT were included after informed
consent, from March 2013 until December 2014. Patients with excessive hematuria, that

hindered direct visualization of lesions during the procedure, were excluded.
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Sixty-six new patients (156 unique biopsy sites) were included in this study alongside 38
patients (60 unique biopsy sites) from the dataset of Draga et al. [10].

Raman system

The used Raman system has been described by Draga et al.[10]. The system consists
of a 785 nm diode laser (DFB-0785-1000, Sacher Lasertechnik, Marburg, Germany),
a spectrograph (HoloSpec Imaging Spectrograph fl1.8i (HSG-785-LF), Kaiser Optical
Systems, Ecully, France), a charge-coupled device camera (PIXIS 256 BRDD, Princeton
Instruments, Trenton, New Jersey, USA), a personal computer and a superficial and non-
superficial probe (EmVision LLC, Loxahatchee, Florida, USA) that have been described
by Agenant et al. [22]. The non-superficial Raman probe is a standard fiber bundle style
probe with collection fibers surrounding an excitation fiber. The superficial probe uses
the same external dimensions, however to enable sampling of a superficial layer, an
overlap of focus of the excitation beam and collection region is created by a convergent

lens as is shown in figure 1.

Figure 1. Top left (A) and right (B) are exploded views of the distal probe tip of the non-superficial and
superficial Raman probe with a sampling depth of 300pm and 200um, respectively. The Raman laser
excitation region and the direction of the Raman collection cone(s) create an overlap with the laser cone
at the surface of the lens and is illustrated for the non-superficial Raman probe (A) and the superficial
Raman probe (B). (1 = collection fibers, 2 = excitation fiber, 3 = Raman laser cone, 4 = Raman collection
cone, 5 = convergent lens). Bottom left (C) and right (D) are Zemax traces by EMVISION of the non-
superficial and superficial Raman probe using the refractive index of water, respectively [22].
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Raman spectroscopy procedures

In the operating room, a white light cystoscopy was performed and the location and
number of lesions was determined. Subsequently, a Raman measurement and a tissue
biopsy of one to four locations suspect for malignancy were performed as well as from

one normal appearing location from the posterior bladder wall.

During the procedure, the Raman probe and the biopsy forceps were advanced parallel
to each other through an angled cystoscope, into the bladder. After minimizing the
ambient light and, disconnecting the light cable, the Raman probe was placed in
gentle contact to the lesion for a Raman measurement (10 consecutive spectra with
an acquisition time of 500 ms each). After this, the light cable was reconnected and a
corresponding biopsy was taken. Each biopsy was separately fixated in formalin and
sent for pathology analysis as in standard care. After the patient left the operating room,
the calibration measurements were performed in the same lighting conditions as the
in vivo measurements. All biopsies were evaluated using the WHO 2004 classification
system for malignancy grading of bladder cancer, by a pathologist specialized in uro-

oncology (G.N. Jonges).

Spectra exclusion and pre-processing

Spectra of biopsy samples that could not be classified by the pathologist due to limited
or damaged tissue were excluded. Some spectra were excluded due to saturation of
the CCD camera. After excluding these spectra, 5-10 spectra were included per biopsy
location. Depending on the number of remaining spectra there was a difference in
acquisition time. To correct for this inequality in total acquisition time, the spectra per
biopsy specimen were summed and divided by their total acquisition time. The Raman
signal was collected in the 400-1800 cm™ spectral region with spectral resolution of 4
cm™. Using Raman measurements of specific calibration substances, the spectra were
calibrated: spectral dispersion of the detection system was corrected using a neon-

argon light, standardization of the Raman shift axis was performed using acetaminophen.

The following preprocessing steps were executed in order:

Calibrate wavelengths

Reject overexposed spectra

Sum spectra at each tissue sample/biopsy

Separate noise with Savitsky-Golay filter (order 3, frame length 13)
Normalize measurement by exposure time

Subtract autofluorescence [26]

Divide by total autofluorescence

© N O G A W N

Perform extended multiplicative scatter correction (EMSC) [27]
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Signal-to-noise ratio

To determine signal-to-noise-ratio we separated the measured spectrum in a Raman
signal component and a noise component (step 4 of preprocessing). First, we obtained
the Raman signal by applying a digital filter to smooth the measurement data (Savitzky-
Golay filter, order 3, width 13 points, or 18.2 wavenumbers). Then, we took the noise
to be the absolute value of the difference between this Raman component and the
measured spectrum. For a given spectrum we defined the signal-to-noise ratio as the
sum over wavenumbers of the Raman signal, divided by the sum over wavenumbers of
the noise. We have verified that the noise obtained in this manner is proportional to
the square root of the fluorescence signal, which is characteristic of photon shot noise.
To compare SNR between measurements with differing acquisition times we made a

correction by dividing by the square root of the acquisition time.

Classification

For the classification we excluded all biopsies that contained inflammation to enable
comparison to the dataset of Draga et al., as we only had access to the biopsies of Draga
et al. that do not contain inflammation. The preprocessed data were used to train a
diagnostic classification model. The diagnostic classification model was based on the
Principal-Component fed Linear-Discriminant-Analysis (PCA/LDA) as described by Crow
et al. [9]. To reduce the class imbalance, synthetic minority oversampling (SMOTe) was
applied [28]. A classification is an average over 10 runs with SMOTE. A leave-one-person-
out cross-validation model was used. As a performance metric the AUROCC is reported.
The number of principal components was obtained by optimizing the AUROCC. Using
the optimized number of principal components we repeated the classification 100 times.
This resulted in a mean and standard deviation of the sensitivity and specificity and

AUROCC as performance metrics, generated from 100 confusion matrices.

RESULTS & DISCUSSION

Patient characteristics

Spectra were taken from 156 unique biopsy locations, in 66 patients. The patient and
pathologic characteristics are described in table 1 and are equally distributed in each
pathology groups. Due to saturation, 15 out of 1560 spectra were excluded, which
resulted in 1445 spectra of 156 biopsy locations. We excluded biopsies that contained
inflammation according to the histopathologic analysis resulting in 57 non-inflamed

biopsies and performed the same 5 preprocessing steps and analysis on their data [10].
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Table 1. Patient and pathology characteristics. In the non-superficial data set, information about tumor
grade and whether the tissue was suspected for malignancy was not documented and is therefore
absent.

Patient parameters Superficial probe  Superficial probe = Non-superficial
data set data set excluding data set
inflammation

Number of included patients 66 37 38

e 156 7 0

Mean age (years) 64.6 64.8 70

Pathology groups

Benign 109 38 28
Benign not suspect for malignancy 58 29 -
Benign suspect for malignancy 51 9 -

Malignancy 47 19 32
Low grade malignancy 25 11 -
High grade malignancy + CIS 17+5 8 -

Signal-to-noise ratio
The median signal-to-noise ratio of all Raman spectra (benign and malignant together,
including inflammation) for the superficial probe was 12.5, compared to 6.5 for the non-

superficial probe, an increase with a factor 1.92 (figure 2).

Classification

The average spectra of the three pathological groups are presented in figure 3. Specific
band intensities that differed between pathology groups are more clearly shown in figure
4. This figure presents the difference spectra of two out of the three determined pathology
groups. Figure 3 and 4 show bands that might be able to distinguish benign from
malignant tissue, such as at 492, 1082, 1264, 1304 and 1444 cm™. Also, high-grade urothelial
carcinoma could be distinguished from benign or low-grade urothelial carcinoma e.g.
at the 1656 cm™ band, which might be valuable in the classifier to distinguish the three
pathology groups from each other. Nevertheless, the difference between low-grade and

high-grade urothelial carcinoma is limited as is shown in figure 4.
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Figure 2. Histogram of signal-to-noise ratio of the superficial and non-superficial probe. The determined
signal-to-noise ratios are set against the number of Raman spectra (after preprocessing).
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Figure 3. Mean Raman spectra of each pathology group of the superficial probe (inflammation excluded).
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Figure 4. Difference of mean spectra and the standard deviation between every 2 pathology groups
(inflammation excluded): (green) low-grade minus benign, (orange) high-grade minus low-grade and
(purple) high-grade minus benign.

Analysis

After the preprocessing, PCA was implemented for dimensional reduction of the
datasets of the superficial and non-superficial Raman probes, separately. Our dataset
consisted of superficial Raman spectra of 156 biopsy locations. The dataset from the
previous study (Draga et al.) consisted of non-superficial Raman spectra of 60 biopsy
locations that were dimensionally reduced using principal components. The number of
principal components was chosen to optimize the AUROCC of the classification model

per measurement set, to enable probe comparing.

The confusion matrices after the linear discriminant analysis and the leave-one-person-
out cross validation of both probes are presented in table 2. The sensitivity, specificity
and AUROCC for the superficial probe was 90% (+ 4%), 87% (+ 4%) and 0,95 (+ 0.01),
and for the non-superficial probe 80% (+ 2%), 85% (+ 3%) and 0.88 (+ 0.01), respectively.
The number of principal components necessary to optimize the AUROCC was 18 for
the non-superficial probe and 10 for the superficial probe. For correct comparison of
our clinical study to the clinical study of Draga et al. the same exclusion criteria and
preprocessing was used on both data sets. As a consequence, slightly different values

are reported compared to the ones published by Draga et al. [10].
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Table 2. Mean and standard deviation over 100 confusion matrices using the optimized number of
PC's for leave-one-person out cross-validation of logistic regression-based Raman decision algorithm
compared to the histopathologic assessment which is the “gold standard” describing benign and
malignant tissue for the superficial probe and the non-superficial probe, excluding inflamed biopsies.

Histopathology (“gold standard”)
Malignant Benign
Superficial probe Malignant 17.2+0.7 51+14
§: Benign 1.8+0.7 329+ 14
§ AUROCC: Sensitivity: Specificity:
£ 0.95 +0.01 90% + 4% 87% + 4%
@
& Non-superficial probe Malignant 255+0.6 41 +09
c
£ Benign 65+06 239 +09
5l
& AUROCC: Sensitivity: Specificity:
0.88 = 0.01 80% + 2% 85% + 3%

Figure 5 presents the ROC curve of the superficial and non-superficial Raman probe
(compared to Random 1). The area under the curve of the superficial and non-superficial
probe is 0.95 and 0.88, respectively. This indicates that the performance of the superficial
probe is better than the non-superficial probe. In addition, the ROC curve of the superficial
probe with inflammation in the biopsy is shown. In this situation the performance of
the probe is reduced which could be explained by different Raman signals that will
be obtained from an inflamed biopsy location, as a range of different cells that will be
present in an ongoing inflammation. Nevertheless, as inflammatory cells will be present
as a reaction of the immune system to a tumor, this might be unavoidable and it would
be better to include the inflamed biopsy locations. Maybe, the amount of inflammation
could be prognostic for the progression of the tumor or the response to immune therapy,

which is under development by others. More research will be needed to evaluate this.

Finally, we performed the PCA-LDA analysis with leave-one-out cross validation for
the three pathology groups; benign, low-grade and high-grade urothelial carcinoma.
In this analysis only 2 PC's were used. The confusion matrix is listed in table 3 and the
total accuracy was 63%. The biopsies that contained CIS were limited in number and
therefore we combined them with the high-grade urothelial carcinoma because CIS

shows high-grade histopathological characteristics.

Unfortunately, it was not possible to compare the probe performance for grading
between both probes precisely, as the data of Draga et al. was pathologically assessed
using the WHO 1997 grading classification in grade 1, 2 and 3, as opposed to the
assessment in the current study, using the 2004 WHO grading classification in low-grade

and high-grade urothelial carcinoma.
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Figure 5. ROC curve of the diagnostic accuracy for the superficial and non-superficial Raman probe.

Table 3. Confusion matrix for leave-one out cross-validation of logistic regression-based Raman decision
algorithm compared to the histopathologic assessment which is the “gold standard” describing benign
urothelium, low-grade urothelial carcinoma and high-grade urothelial carcinoma, resulting in an accuracy
of 59%. The numbers are calculated from the database without inflammation, and in parentheses are
the numbers including biopsies that contained inflammation.

Histopathology (“gold standard"”)
Benign Low-grade High-grade
2 Benign 22.3(59.0) 1.2(3.7) 0.7(3.9)
2
2
Y | Low-grade 10.3 (24.7) 5.4 (9.1) 13(4.6)
-y
g
E High-grade 5.4 (25.3) 4.4(12.2) 6.0 (13.5)
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Figure 6. The left part shows a histogram, representing the separation of the 3 classes (excluding
inflammation) along the first principal component (for the ternary classification excluding infections).
It indicates that progressive evolution from benign to low-grade to high-grade urothelial carcinoma
is contained in the Raman spectra. The right part of the figure shows the loadings for the 1 principal
component.

The limited accuracy is due to the small differences between the low-grade and high-
grade urothelial carcinoma spectra that could be explained by the relevant differences,
which may cover just a small percentage of the total signal and may therefore not
always come to light. Alternatively, there might be a sampling error in the measurement
because only a small volume of the tumor is sampled by the Raman probe. This small
volume might not be of the highest grade in the total lesion that has been biopsied
because a tumor can be heterogeneous. Another hypothesis is that the small difference
might be explained by a distribution of molecular biochemical characteristics within one
pathology group. In our opinion, there is no clear biochemical cut-off value between
low-grade and high-grade urothelial carcinoma, but it is probably a continuum of
malignant biochemical characteristics that gradually increase when becoming more
malignant in the development of urothelial carcinoma. Figure 6 indicates this progressive
evolution from benign to low-grade to high-grade urothelial carcinoma. This progressive
trend in Raman signal from benign to low-grade to high grade urothelial carcinoma
was also proposed by Chen et al. [19]. If there is a gradual change, this might explain
the high inter- and intra-observer variability of the histopathologic assessment [29].
Raman spectroscopy measures quantitative biochemical changes as opposed to
histopathologic analysis, which assesses morphologic and histopathologic differences.
Maybe the poor reproducibility of the histopathologic analysis could be solved using
Raman spectroscopy. To empower this hypothesis, future research should be performed
using Raman spectroscopy in a higher resolution and larger data set, to develop an

improved diagnostic algorithm.
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CONCLUSION

This study investigated the in vivo clinical potential of our superficial probe in diagnosis
of NMIBC. The signal-to-noise ratio was improved with a factor 1.92, compared to the
non-superficial probe, used by Draga et al. [10]. This is a confirmation our group's earlier
phantom model results with this new probe [22]. The sensitivity, specificity and AUROCC
for the superficial probe were 90%, 87% and 0.95, and for the non-superficial probe 80%,
85% and 0.88, respectively in discriminating benign from malignant tissue. Therefore, the
performance of the superficial probe is superior to the non-superficial probe. This might
be due to the improved signal-to-noise ratio. However, we think that the decreased
measuring depth of the probe is also responsible, as the tissue information is expected
to be solely from the diseased depth and deeper unaffected tissue do not cloud the
result. We have not been able to quantify this yet. As a next step, it would be interesting
to link our Raman shift findings at specific wavenumbers and to its biochemical bonds
where the Raman signals originates from. We also found an indication that there exists a
progressive evolution from benign to low-grade to high-grade UC. Tissue inflammation
leads to a worse classification performance, but cannot be excluded as the immune

system responds with inflammation to tumor development.

Further research needs to be performed to differentiate low-grade from high-grade
urothelial carcinoma. In our opinion, the transition between benign, low-grade and high-
grade urothelial carcinoma in different patients should be evaluated with a higher spatial
resolution, e.g., ex vivo in cystectomy specimens over a grid of locations, generating a
larger data set. This will provide us with more information about the biochemical nature

of the malignancy leading to an improved diagnostic algorithm for Raman spectroscopy.
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ABSTRACT

Purpose
To investigate spatial urothelial carcinoma (UC) distribution in cystectomy specimens
by Raman spectroscopy. We focus on regions surrounding malignant tissue, to enable

accurate resection during transurethral resection of a bladder tumor.

Materials & method

Raman measurements and pathologic evaluation were performed throughout the
urothelial surface of 3 cystectomy specimens. The sensitivity, specificity and area
under the curve (AUC) were projected onto 2D Raman-maps. Finally, we present the
malignancy distribution with different probability thresholds for classification as being

malignant.

Results
The sensitivity, specificity and AUC were 93%, 86% and 92%, respectively. A gradual
spatial transition from benign to malignant was observed, which could be explained by

tissue heterogeneity and/or a biochemical transition into malignancy.

Conclusion
Spatially applied Raman spectroscopy gives insight in the spatial UC distribution.
Detection of transition into malignancy might lead to more accurate resections, less

residuals and/or lower recurrence rates of bladder malignancy after TURBT.
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INTRODUCTION

Bladder cancer is worldwide the ninth most frequently diagnosed malignancy [1]. When
a malignancy is suspected during white light cystoscopy of the bladder, a transurethral
resection of a bladder tumor (TURBT) is performed to enable pathological evaluation
of the suspected tissue. Urothelial carcinoma (UC) of the bladder is known to have
high recurrence and progression rates, up to 15-70% and 7-40%, respectively [2,3]. To
minimize those rates, early detection, adequate treatment including complete resection
and intensive monitoring is essential. New techniques have been implemented clinically
to reduce the amount of recurrence. Examples are a single post-operative intravesical
instillation of chemotherapy in low-grade UC that reduces the risk of recurrence by
35% [4]. Another example is photodynamic diagnosis (PDD), which has been proven to
increase the sensitivity of white light cystoscopy from 62-82% to 79-100% [5-8]. Despite
these measures, recurrences are frequent. Previous studies have shown heterogeneity
of malignant tissue [9,10]. We hypothesize that pathologically determined benign
tissue surrounding a malignancy, might be heterogeneous as well and/or partially
(pre-)malignant, while these changes are yet unrecognized as such by the pathologist.
Thus, tumor margins might be wider than optically visible; and not recognizing these
might lead to inadequate resections during TURBT and recurrences. Accordingly, new
techniques are required to evaluate the tumor margins adequately to improve the quality

of bladder tumor resection, such as clinically applied Raman spectroscopy.

Raman spectroscopy is an optical technique that uses molecular-specific, inelastic
scattering of light photons to interrogate biological tissues [11]. When tissue is
illuminated by laser light, photons interact with the intramolecular bonds. The photon
then donates energy to, or receives energy from the bond. This leads to a change in
the bond'’s vibrational state. When it subsequently exits the tissue, the photon has an
altered energy level, hence a different wavelength compared to the original laser light.
This wavelength change is called a Raman shift. Raman peaks in many cases can be
associated with the specific vibration of a particular chemical bond in a molecule. Thus,
Raman spectroscopy is a molecular specific technique that can be used as a biochemical
tool for study of various materials [12]. It has shown a high sensitivity and specificity
in tumor detection in various tissues [13-17]. Raman spectroscopy could be used to
generate an "optical non-invasive biopsy” that represents the chemical composition
of biological tissue. Raman spectroscopy has been investigated in bladder UC both ex
vivo and in vivo [18-25]. In some studies, microscopic Raman was applied spatially to
generate 2-dimensional (2D) map of healthy and malignant bladder tissue[9,20]. Using
Raman, De Jong, et al. presented the chemical composition of different bladder layers

from a frozen section compared to its pathological assessment [21]. In 2D-maps from

71




Chapter 4

microscopic Raman measurements, Cordero, et al. showed that some malignant tumors

are molecularly heterogeneous [9].

In this study, we investigate tissue heterogeneity surrounding malignant bladder
tissue using Raman spectroscopy and pathologic evaluation (gold standard) in three
cystectomy specimens. We provide a detailed description of the used data processing
and classification model. Sensitivity, specificity and Area-Under-the-Curve (AUC) were
calculated as performances metrics. We present 2D-maps of all cystectomy specimens
according to different analysis: pathologic assessment and Raman classifier output
(prediction) and Raman probability. Finally, we present the Raman prediction per
location for decreasing the malignancy thresholds to evaluate whether changing the

threshold could eventually lead to a more accurate resection.

MATERIALS & METHOD

The data used in this study was collected at the University Medical Center Utrecht, The
Netherlands. Ethical approval was obtained via Biobank protocol by standard hospital
agreements. The data processing was done using algorithms developed in MATLAB
2017b (The Mathworks Inc., Natick Massachusetts).

Data inclusion

Three Freshly resected cystectomy specimens (49, 89 and 53 measurement locations,
respectively) were included. These specimens were derived from patients suffering
from bladder cancer who had undergone therapeutic radical cystectomy, conform the
guidelines of the European Association of Urology. Specimens with less than three

pathological entities were excluded.

Measurement protocol

Over a grid of locations, three independent Raman measurements were taken from each
urothelial location of freshly resected cystectomy specimens (stretched on paraffin block
after ventral incision as in standard pathology assessment, before formalin fixation). Each
measurement consisted of ten consecutive Raman spectra (500 ms acquisition time,
each). A colored pin was placed as a location marker to ensure corresponding pathology
assessment. This is shown in figure 1. The probe was positioned with the intention to

avoid movement or pressure change during the measurements.
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Figure 1. All measurement locations are precisely localized by pins (a different color for each row). After
the Raman measurements were taken, the pin was inserted and the tissue was prepared for pathological
assessment per pin location.

The used Raman system setup was described by Draga et al. [19]. It includes a 785 nm
diode laser (DFB-0785-1000, Sacher Lasertechnik, Marburg, Germany) and the superficial
probe with a sampling depth of 200 pm (EmVision LLC, Loxahatchee, Florida, USA)
described by Agenant et al. [26]. After the Raman measurements, the specimen was
formalin-fixed and each location was pathologically analyzed by a uro-pathologist (GJ),
according to the WHO 1974 classification system.

Pre-Processing

The Raman shift axis was standardized by calibration using acetaminophen. Saturated
spectra were excluded from the measurements. Subsequently, the measurements were
normalized based on the total exposure time. For noise reduction, a 3-order Savitzky-Golay
filter was used (window width 18.2 cm). The autofluorescence background was removed
using a 4™-order iterative polynomial fit [27]. After removal of the autofluorescence, the
Raman signal was divided by the autofluorescence to normalize the spectra.

Classification model

Classification of the Raman measurements according to the pathological assessment

per specimen was performed using Linear Discriminant Analysis with a leave-one-out

73




Chapter 4

cross-validation. Partial Least Squares was used for reduction of the dimensions. Per
specimen was the number of PLS components optimized for AUC (between 4 and 7).
Classification in two and in three pathology-sets was performed (table 1). Synthetic
Minority Over-sampling Technique (SMOTE) was used to correct the imbalance in the
data set [28]. To correct for the small difference between the synthetic spectra per cycle,
the whole classification loop was performed with ten iterations. The results presented

are the averages of these iterations.

Performance evaluation

For the performance evaluation, a benign and a malignant set were constructed based
on the pathology results. The benign set includes normal tissue, reactive atypia and
dysplasia and the malignant set includes UC and carcinoma in situ (CIS) (table 1).
Although CIS is a pre-malignancy, we chose to assign CIS to the malignant set because
it requires active treatment. Grade 1 UC was not present in any specimen. Sensitivity,

specificity and AUC are used as metrics for performance evaluation of the classification.

Table 1. The pathological classification for the performance (two-set classification) and for the spatial
distribution (three-set classification) evaluation.

WHO grading 1974  Performance: Spatial evaluation:
Two-set-classification Three-set-classification
Benign Normal . benign . benign — normal
Reactive atypia . benign benign —abnormal
Dysplasia benign benign —abnormal

CIS . malignant . malignant

Grade 2 UCC . malignant . malignant

Malignant | Grade 3 UCC . malignant . malignant

Spatial tissue evaluation

For spatial tissue evaluation we have created 2D-Raman maps using a three-set-
classification. The benign set was divided into normal and abnormal. Reactive atypia
and dysplasia were assigned to the benign abnormal set, whereas normal tissue was
assigned to the benign normal set (table 1). An example of the Raman spectra we

generated and its classification into three pathology-sets is shown in figure 2.
2D-maps are constructed per specimen based on the pathological classification and

the Raman classification. The definition of the different 2D-maps is described below.

Although, classification is performed on all three independent measurements in each
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location, only the mean results of these independent measurements are presented in

the 2D-maps.
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Figure 2. The mean Raman spectra of the three pathology-sets of specimen 2.

Histopathology

Pathological 2D-maps are created per specimen. These maps show the location and
the pathology-set according to pathologic evaluation. Each pathology-set is depicted
in a primary color. Hence, the pathological distribution of benign normal (blue), benign

abnormal (yellow) and malignant (red) is mapped (table 1).

Prediction

In the 2D-maps underneath, each location is assigned to a primary color (consequent
to the used colors for each pathology-set in the pathological 2D-map), based on the
prediction of the Raman classification. The predicted class is determined according to the
class with the highest probability (figure 3). The differences and agreement of the Raman

prediction and the pathological classification can be observed in the first two 2D-maps.
Probability

To show the certainty of the Raman prediction, the underlying probabilities are presented

in the 2D-maps below. Figure 3 demonstrates how each color on the probability 2D-maps
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is derived from the Raman classification. A transitional or blended color is determined per
location, based on the mean classification probability of the three independent Raman
measurements. The contribution of each primary color is proportional to the corresponding
probabilities per pathology-set. The summed probabilities of each pathology-set always
add up to 1. Measurements that have a more distinctive probability for one pathology-
set will be presented in the 2D-map by a color close to that corresponding primary color.

Less distinctive probabilities are presented more blended colors.

Malignant classification using different thresholds

To evaluate whether tissue bordering malignant areas has Raman characteristics of a
malignancy, 2D-maps were created using lowered threshold for Raman classification. If the
probability for belonging to the malignant set exceeds the threshold, the predicted class
is depicted as malignant (red). Otherwise, the set with the highest probability for either
benign - normal (blue) or benign - abnormal (yellow) is depicted. 2D-maps are created using
thresholds of 0.3, 0.1, and 0.05. That is, 30%, 10% and 5% probability of being malignant.

Benign - abnormal

Benign - normal Malignant

Benign — normal Malignant

Measurement, 0.1 0.6 0.3
Measurement, 0.2 0.2 0.6
Measurement; 0 01 0.9
Probability 0.1 03 0.6
Prediction . Malignant

Figure 3. The Raman classification model classifies the three independent measurements at one location
independently. This results in a probability of each pathology-set per measurement. Only the average
of these three independent measurements is presented in a 2D-map. For the (mean) probability, the
colorin the 2D-map is determined based on the probability for each set of the pathology classification
as is visualized in the triangular in this plot.
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RESULTS

Table 2 shows the number of included measurements in this study and their pathological
classification. In total 569 measurements were taken at 191 location in three bladders. At
five locations, only two measurements were taken instead of three as was required per
protocol. At one location, an additional measurement has been taken. These missing
and added measurements are not corrected for, because only the average of the

measurements is presented per location.

Table 2. Number of Raman measurements and their pathological classification. The number of
measurement locations is shown between brackets.

Specimen 1 Specimen 2 Specimen 3 Accumulated
Normal 111 (37) 150 (50) 61(21) 322 (108)
Reactive atypia 29 (10) 57 (19) 89 (30) 175 (59)
Dysplasia - 31 - 31
CIS - 27 (9) - 27 (9)
UC Grade 2 6(2) - - 6(2)
UC Grade 3 - 30(10) 6(2) 36 (12)

Performance evaluation
The classification model was validated by the sensitivity, specificity and AUC, for all three

specimens using the two-set classification. The results are shown in table 3.

Table 3. The classifier performance of all three specimens using the two-set-classification.

Specimen 1 Specimen 2 Specimen 3 Mean
AUC 098 0.84 0.95 0.92
Sensitivity 1 0.79 1 093
Specificity 0.91 0.77 0.90 0.86

Spatial tissue evaluation
Figure 4 represents the spatial tissue evaluation in 2D-maps of the pathological and

Raman classifications.
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Specimen 1 Specimen 2 Specimen 3

A. Histopathology

B. Raman prediction 8 .I 7

Figure 4. 2D-maps for spatial tissue evaluation per specimen; In row A and B, primary colors are allocated
to each specific pathology-set: benign normal (blue), benign abnormal (yellow) and malignant (red). Row
A shows the pathological classification and row B the Raman prediction. Row C depicts the underlying
probability for the prediction, which is displayed in blended colors.

Histopathology
Row A shows the pathological classification per location in each specimen. The three-
set-classification is used and the different sets are represented by a primary color;

benign normal (blue), benign abnormal (yellow) and malignant (red).

Prediction

The Raman classifier output (prediction) is presented in row B in the corresponding
primary colors according to the sets of the 2D-maps in row A. In line with the two-set-
classification performance presented in table 3, large similarities are observed between

the pathological evaluation (figure 5A) and the Raman prediction (figure 5B).

Probability

The prediction in row B is derived from the underlying classification probability, which is
presented in row C. The 2D-Raman-maps in this row show a gradual transition from one
pathology-set to another. We found that surrounding malignant areas the probability
is less distinctive, hence a less distinctive presence of primary colors (more blended

colors) and a higher prediction uncertainty.
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Malignant classification using different thresholds

In figure 5, the 2D-maps of Raman predictions are presented using different thresholds for
classification into malignancy. The malignant areas expand at malignant margins, as the
threshold is lowered. Vice versa, benign-(ab)normal locations are not randomly depicted
as malignant, even for a low threshold of 5% probability on being malignant (figure 5C).

Specimen 1 Specimen 2

A. Threshold malignant
>=30%

B. Threshold malignant
>=10%

C. Threshold malignant
>=5%

Figure 5. 2D-maps of the Raman prediction per specimen with a lowering threshold for the malignant
set; The thresholds are 30%, 10%, and 5% for row A, B and C, respectively. The primary colors are
allocated to each specific pathology-set: benign normal (blue), benign abnormal (yellow) and malignant

(red).
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DISCUSSION

To our knowledge, this is the first presentation of 2D-maps of the pathological and
biochemical constitution of therapeutic radical cystectomy specimens containing
bladder cancer. Three cystectomy specimens were included in this experiment; all of
which contained UC, and one specimen also contained CIS. In all specimens, normal

tissue was present.

Performance evaluation

To evaluate the general performance of the Raman classification system, a two-set
classification was performed. The results are equivalent to the performance of other
systems [14-17]. This Raman system is therefore adequate in discriminating tissue of
being benign or malignant. In specimen 2, the specificity was limited compared to
the other specimens; this could be explained by the higher number of pathological
entities in the pathology-sets (5) compared to only three pathological entities in the
other two specimens. Combining different pathological entities, that may have different

biochemical compositions, in one pathology-set makes classification more complex.

Spatial evaluation

From the 2D-Raman-maps in figure 4, less distinctive probabilities and higher prediction
uncertainty were found mostly surrounding pathologically assessed malignant areas.
There are two theories that could explain this observation: Firstly, the higher prediction
uncertainty could be explained by the presence of tissue heterogeneity [29,30]. Multiple
cells in one tissue location are evaluated in a Raman spectrum. Therefore, the generated
spectra include information of multiple biochemical compositions, which might belong
to different pathology-sets. Furthermore, we consider that the measured tissue could
slightly differ between the three independent Raman measurements in one location.
Also, tumor heterogeneity with diverse characteristics within one tumor, could be of
importance. This has been investigated before [9]. In future, when using Raman clinically,
multiple independent measurements might be required for the definitive classification of
the tissue. The second theory is based on the presence of a smooth transition of normal
tissue into malignant tissue [31]. Raman spectroscopy enables detection of biochemical
transitions, which might not yet be detectable by the pathologists (using cut-off values
for classification). Therefore, Raman spectroscopy could be used as an early indicator

for progression or recurrences.
The 2D-maps in figure 5 endorse these theories. By setting a threshold for malignant

allocation, risk-based resection margins are visualized and might be of added value

in clinical practice. When using spatial Raman spectroscopy clinically and changing

80



Spatial Raman spectroscopy in radical cystectomy specimens

the threshold of malignancy detection, more accurate tumor resections could result
that would lead to less residuals and/or recurrence. To define the correct threshold
more clinical (prospective) research should be performed. Especially the margins of
malignant areas should be of focus in further research for clinical application of Raman

spectroscopy.

In future, it would also be valuable to evaluate the Raman characteristics of the
disagreeing Raman and pathologically classified locations. This could give insight in
the biochemical substrate that might be responsible for a transition into malignancy.
Furthermore, it could be interesting to further explore the spatial application of Raman
spectroscopy. E.g. micro-Raman in cystectomy specimens using a measurement grid

that contains more measurement location in the same surface.

CONCLUSION

In this study we have investigated the spatial application of Raman spectroscopy ex vivo,
resulting in 2D-Raman-maps of cystectomy specimens. We observed a discrepancy in
Raman classification compared to the pathologic classification, especially at malignant
margins. We hypothesize that this is due to tissue heterogeneity and/or a biochemical
transition into malignancy. This was supported by the increased malignant classification
surrounding pathological malignant margins when lowering the classification threshold.
Either of the hypotheses could pose an explanation for inaccurate resections during
TURBT and subsequent UC and/or CIS recurrences. Further development of clinically
applied spatial Raman spectroscopy could create a valuable supportive technique
in bladder cancer diagnosis to enable accurate resection and less residuals and/or

recurrences of UC.
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ABSTRACT

Background
Bladder cancer is the fourth most common malignancy in men, with a recurrence rate
of 33-64%. Tumor documentation during cystoscopy of the bladder is suboptimal and

might play a role in these high recurrence rates.

Objective
In this project, a bladder registration and navigation system was developed to improve
bladder tumor documentation and consequently increase reproducibility of the

cystoscopy.

Materials/Methods

The bladder registration and navigation system consists of a stereo-tracker that tracks
the location of a newly developed target, which is attached to the endoscope during
cystoscopy. With this information the urology registration and navigation software is
able to register the 3D position of a lesion of interest. Simultaneously, the endoscopic
image is captured in order to combine it with this 3D position. To enable navigation,
navigational cues are displayed on the monitor, which subsequently direct the
cystoscopist to the previously registered lesion. To test the system, a rigid and a flexible
bladder phantom were developed. The system’s robustness was tested by measuring the
accuracy of registering and navigating the lesions. Different calibration procedures were
compared. It was also tested whether system accuracy is limited by using a previously
saved calibration, to avoid surgical delay due to calibration. Urological application was
tested by comparing a rotational camera (fixed to the rotating endoscope) to a non-
rotational camera (dangling by gravity), used in standard urologic practice. Finally, the

influence of volume differences on registering and navigating was tested.

Results/Conclusion

The bladder registration and navigation system has an acceptable accuracy for bladder
lesion registration and navigation. Limitations for patient determinants included changes
in bladder volume and bladder deformation. In vivo studies are required to measure the
effect of these limitations, and functionality in urological practice as a tool to increase

reproducibility of the cystoscopy.
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INTRODUCTION

In western countries, bladder cancer is the fourth most common malignancy in men [1,2].
Most bladder tumors are confined to the mucosa (stage Ta or CIS) or submucosa (T1).
These are defined as non-muscle-invasive bladder cancer (NMIBC) and are diagnosed by
inspection of the entire bladder wall during a cystoscopy, mostly using a 30° endoscope
[3]. Treatment consists of transurethral resection of the bladder tumor (TURBT) in which
most of the tumors are completely resected. Nevertheless, recurrence and residual
tumors are common issues that can lead to disease progression, even with additional
intravesical (chemo- or immuno-) therapy [4-7]. For T1 or high-grade NMIBC, recurrence
rates of 33-64%, residual tumor rates of 28-37% and progression rates of 11-27% have
been reported [2,8-10]. If there is a high risk for recurrence or residual tumor after initial
resection, a re-TURBT is performed after 6 weeks to evaluate the completeness of
resection or to define the total tumor invasion [3,11]. There are two problems associated
with the current diagnostic approach. First, there is no certainty that the whole bladder
has been inspected during a cystoscopy as the urologist might overlook a small part of
the bladder that contains a suspect lesion. Second, conventional tumor documentation

is suboptimal, which is a major limitation for patient follow-up and treatment.

The tumor location is currently registered in the patient’s medical record by making a
provisional hand-made drawing of lesions on a bladder schedule. Subsequent follow-up
cystoscopy, or cystoscopy during TURBT, is then performed with specific attention paid
to these marked areas on the schedule. However, this approach lacks documentation
accuracy because of the inter- and intra-urologist variability related to the drawing and
interpretation. In addition, information on the size and shape of the tumor is inadequate.
Although, endoscopic images containing that information can be saved, they still lack

information on the location of the lesion.

To overcome these problems, we developed a bladder registration and navigation
system. This system registers which parts of the bladder have been inspected during a
cystoscopy. Furthermore, it allows to capture the 3D position of endoscopic images to
generate a panoramic bladder wall overview. This enables a cystoscopic comparison
of new and previously performed inspections. This serves to improve patient follow-up

and increases the reproducibility of the cystoscopy.

The aim of this study is to demonstrate the first concept of the bladder registration
and navigation system. It is a stage O preclinical study, according to the IDEAL
recommendations [12-14]. Tests are performed to analyze the technical determinants of

the system, i.e. the stability of registering a location, navigating back to that location, how
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and when to calibrate the system and the influence of the dangling endoscopic camera.
Secondly, as navigation in the bladder places extra demands on the system, (e.g., the

deformable nature of the bladder), additional tests are performed to study these effects.

MATERIALS & METHODS

Bladder navigation system

The bladder navigation system consists of a conventional cystoscopic system equipped
with 3 extra components, to register and navigate positions in the 3D space inside the
bladder (figure 1). The first component is a tracking target connected to the endoscope
which moves together with the scope. The second component is a stereotracker which
can be placed above the standard endoscopic monitor and subsequently measures the
3D position of the tracking target. The third component is a computer that converts
analogimaging data of the endoscopic camera to digital data and combines it with the
3D position information of the endoscope tip, which is generated from the stereotracker

and tracking target.

Tracking target

First, we experimented with conventional tracking targets, where near-infrared reflecting
spheres are mounted on a frame (figure 1). Although conventional tracking targets are
easily clamped to an endoscope, two problems arose which severely hampered their
use for a urological application. First, while rotational movement is essential during
cystoscopy and TURBT, the tracking camera lost sight of the conventional tracking target
when the endoscope was turned upside down. Secondly, the target was easily lost by
the system because the sight path from the camera to the tracking target was often
disturbed by aspects required in the urological application i.e., the light cable, the head

of the surgeon, and the legs of the patient that are placed in stirrups.

To overcome these two problems, we devised two new tracking targets i.e., the butterfly
target and the foil target (figure 1). Both of these are equipped with retro-reflective
patches instead of the reflecting spheres. In addition to being constantly visible by the
tracking camera, we stipulated that the target could be clamped to the endoscope in
one unique way. In this way, a previously obtained calibration can be loaded into the

software, avoiding surgical delay due to calibration.
In a dedicated test (results not shown), the foil target outperformed the conventional

and butterfly design in overall visibility and user friendliness; therefore, this foil target

was used for all subsequent tests.
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The stereotracker

For this project we used a PS-Tech stereo-tracking camera, which is a motion-based
tracker that determines the position and orientation (POSE) of arbitrary objects in a
coordinate system relative to a known origin. In this stereotracker two major components

can be distinguished:

e The infrared lighting panel illuminates the workspace with near-infrared light.

e Two infrared cameras observe the tracking space with a frequency of 55 Hz, each
from a slightly different viewpoint. This infrared illumination is synchronized with the
cameras enabling capture of the reflected near-infrared light from the retro-reflective

patches of the target.

Stereotracker

Conventional device

computer

Butterfly device

Light source

Foil device

Figure 1. Schematic bladder navigation system; the typical position of a patient during cystoscopy or
TURBT, with the legs in stirrups. The cystoscope set is connected to the light source, endoscopic camera
and a tracking target (conventional, butterfly or foil) The camera sends image data to a computer that
converts the analogous imaging data to digital imaging information. This is combined by a computer
with positional information of the tracking target, which is read by the stereo-tracking camera. Standard
endoscopic images edited with navigational directions are displayed on the monitor.

Computer software

For registration, 3D positions are captured by a medically-approved computer during
cystoscopy in a shared coordinate system, which indicates the relative 3D distance to
each other in space. To enable navigation, the cystoscopist is guided to the registered
3D positions by multiple directional cues, i.e. arrows and point markers. The arrows

indicate the 3D direction in which the cystoscopist should direct the scope, and the
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point markers are virtual representations of the registered points that increase in size
when the tip of the scope approaches the registered 3D location. To achieve this, the
endoscopic video stream is captured by the computer and the navigation cues are
superimposed over the digitized endoscopic video stream. Subsequently, the combined
video stream is transferred to a second endoscope monitor that shows the augmented
reality view. This monitor is placed next to the original endoscopic monitor, so that both
monitors are shown during cystoscopy. To enable this, the entire endoscopic imaging
and tracking chain is modeled. First, the 3D position of the endoscope and attached
target is determined with the use of triangulation methods and by measuring the 3D
Euclidean transformation of the target [15]. Second, to achieve the augmented reality
view, it is necessary to model the projective properties of the endoscope using two

parts.

e The intrinsic part is based on the pinhole camera model and contains the parameters

that are invariant under motion [16,17]. It is represented by the 3 by 4 matrix, which

is called K :
X X ﬁ 0 o 0
Y
S|y =K 7 5 K=|0 ﬁ, o 0
1 ) 0 0 10

X, Y and Z are elements of a 3D point defined in camera space, x and y are the
coordinates of the projected 3D point and s is an arbitrary scale factor. The elements
f.and f in matrix K, describe the focal length in pixels along the x- and y-axes and

¢, and ¢, indicate the location of the principal point.
y

® The extrinsic part describes the transformation from world space coordinates to
camera space coordinates. In our model it is defined by two matrices: A and T. Matrix
A is a4 by 4 Euclidean transformation matrix that is completely defined by the POSE
of the tracking target which is attached to the endoscope in real-time. This results
in a change of parameters, when the endoscope is moved through the workspace.
Because the coordinate frame of the tracking target and the coordinate frame of the
endoscope camera do not align, we have to incorporate an offset transformation
into our model: a 4 by 4 Euclidean transformation matrix T. This matrix transforms the
3D coordinates from the coordinate space of the tracking target to the endoscope’s

camera coordinate space.
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The full cystoscopic projection model is defined as:

X
Ay
S)li ~K(rA") f

Matrix T and K are fixed and matrix A is updated every frame, using parameters that

are retrieved from the stereo-tracking camera.

Calibration method

All parameters of the cystoscopic projection model are determined using one integrated
calibration method. Several snapshots (at least two) are taken by pointing the endoscope
to a planar checkerboard-patterned calibration board, which itself is tracked using retro-
reflective patches. The POSE of the calibration board and the tracking target are saved,
together with a set of 2D points extracted from the endoscopic camera image. From
the entire set of 2D points the intrinsic parameters are calculated; simultaneously, the
extrinsic camera parameters are determined for every snapshot, both by using Zhang's
calibration method [17].

In addition to the linear pinhole model, the optics of the endoscope show significant
amounts of non-linear distortion. For this reason we modeled the non-linear distortion
using a 5-parameter version of the Brown distortion model (3 for radial distortion and 2
for the tangential distortion) [18]. Offset matrix T can easily be calculated as the relation
between the pose of the calibration board, tracking target and the endoscopic camera,

and is known from Zhang's calibration procedure.

Registering locations

To register locations of interest, the user moves the endoscope until the tip is touching
the location of interest. By pushing a pedal or a key on the computer, the 3D position
of the tip of the endoscope that allocates a lesion of interest is stored in the system. At
the same time the endoscopic image is captured and stored as digital image (PNG) to
enable generation of panoramic overviews and comparison with previously obtained

cystoscopy information.
Navigating locations

The cystoscopist effectuates navigation by moving the tip of the endoscope to a

previously registered 3D position, by navigation cues that denote the direction and
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distance to that position. To enable that, the 3D position of the location is transferred

to the current image space.

Phantoms

Because no commercial functional phantom was available to measure the accuracy
of registering and navigating lesions without fluid leakage during introduction of the
scope, we designed two phantoms. The first is a dry ‘box phantom’ with graph paper
on the inside (figure 2A) and the second a ‘balloon phantom’ which can be filled with
different volumes of water (figure 2B and 2C). The endoscope is introduced through
openings in the phantom that simulate the bladder neck, which connects the 'bladder’
(box or balloon, respectively). The 'balloon phantom’ contains a luer lock trocar holder
connection in the opening, which provides a fluid-filled balloon without leakage. Similar
to the original anatomy where bony structures and the rectum surround the bladder,
the balloon expands specifically to the ventral side because sponge material surrounds
the other parts of the balloon. Adjusting the volume of water in the balloon simulates
bladder content increase/decrease, and deformation. In both 'bladders’, four ‘lesions’
were drawn (on the floor, right wall, left wall and back wall), to facilitate 3D position
registering and navigation. A lesion in the dome of the balloon was omitted, because
the thin balloon wall deformed very easily at the ventral side when the scope touched
the wall, due to the surrounding air instead of sponge material. Therefore, these
measurements are incomparable to the stiffer real bladder. An example of registering

the lesions and which hints are shown for navigation is shown in figure 3AB.

Figure 2. Both phantoms; A is the box phantom with four lesions drawn on the inside; B and C are the
balloon phantom with four lesions drawn inside the balloon, coupled to the trocard holder.
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a b

Figure 3. Endoscopic balloon phantom; Views through the endoscope before and after registering
lesion number 68 and 33. Note that one lesion is mirrored in the air bubble.

Tests

Technical determinants
All technical determinant tests were performed in the box phantom to test the

robustness of the system itself.

The registering-accuracy of the system was evaluated after conventional calibration
with 24 snapshots. By registering each lesion 16 times, 64 3D positions in the bladder
were recorded. The mean position per lesion was calculated. Then, Euclidean distance

between each registered 3D point and the mean 3D point was calculated, per lesion.

Navigation feasibility was tested in the box phantom after conventional calibration with
24 snapshots. Each registered 3D position (one per lesion) was navigated 16 times by the
cystoscopist, based on navigation cues on the monitor in the absence of endoscopic
images. At the same time, the researcher observed another monitor that displayed
both the navigation cues and the endoscopic imaging. When the cystoscopist finished
navigation, the researcher subsequently documented whether the navigation was

successful by designating whether the lesion was ‘on’ or ‘off’ screen.

To determine the minimum number of snapshots required for a functional calibration
procedure, the registration-accuracy test was repeated 4 times; the first after standard
calibration with 24 snapshots, which was then compared to calibrations using 18, 12
and 6 snapshots in the box phantom, respectively. We call this the snapshot-calibration

test. The mean 3D position of each lesion of the standard calibration (24 snapshots) was
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calculated and the Euclidean distance between each registered 3D point and the mean

standard 3D position was measured, per lesion.

To test whether a previously obtained calibration can be loaded into the software to
avoid surgical delay due to calibration, the robustness of the target clamp is tested in
the calibration-requirement test in the box model. After calibration using 24 snapshots,
the back lesion was registered 16 times, then the cystoscope set and target were
disassembled and reassembled 19 times and, each time, the registration was repeated
16 times. The mean 3D position of the set just after calibration, without taking the
cystoscope set and target apart, was calculated and the Euclidean distance between

each registered 3D point to that mean 3D point was calculated.

To assess whether an endoscope camera dangling to gravity was properly modeled
by the software, the rotation-correction test was performed by repeating the
navigation-feasibility test twice. First with the camera fixed to the endoscope (i.e. the
conventional navigation system) and secondly with a dangling camera as in standard
urological practice and, subsequently, a software correction, the rotation correction

was investigated.

Patient determinants

Both of the patient determinant tests were performed in the balloon phantom, to enable
analyses of the influence of volume differences in the bladder. The influence of changing
volume on the registering accuracy was verified (registering-volume-influence test).
The registering-accuracy test was repeated 7 times using different volumes of water as
follows: first the volume was stepwise decreased in increments of 60 cc (i.e. 480-420-
360-300 cc) and then stepwise increased (i.e., 360-420-480 cc). A mean 3D position for
the balloon filled with 300 cc water was calculated and the Euclidean distance between

each registered 3D point and that mean 3D point was calculated, per lesion.

Finally, the influence of changing the volume was also tested on navigation, by repeating
the navigation-feasibility test (navigation-volume-influence test). Lesions were registered
in a balloon filled with 420 cc water and the registered 3D positions were navigated, as
described in the navigation-feasibility test. Navigation was first performed within the

same volume and then again after reducing the volume to 300 cc.
General conditions

All tests were performed in an operating room on a surgical table with clinical cystoscopic

instruments (Storz). The test phantoms were strapped to the table, to prevent movement
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of the phantom itself. All registration and navigation characteristics were recorded and

the mean and spread of measure sets were calculated.

RESULTS

Technical determinants

The mean Euclidean distances and standard deviations of all registration tests are
depicted in table 1 for each location and for all the locations together. Table 1 also
includes the percentages of the correctly navigated lesions for the navigation-feasibility

test, the rotational-correction test and the navigation-volume-influence test.

The registering-accuracy test shows that the overall mean Euclidean distance to the
mean position was 3.0 mm. The minimal and maximal mean distances were 2.4 mm for

the left wall lesion to 3.8 mm for the floor lesion (table 1 and figure 4).
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Figure 4. Registering-accuracy test; Mean and spread of the Euclidian distance of registered 3D points
to the mean 3D point, per lesion.

The results of the navigation-feasibility test indicate that navigation within the box
phantom is feasible (table 1), with successful navigation in 93.8%. There was no clear

difference between the lesions for navigation success.

The results of the snapshot-calibration test, show that on average the registration error
decreases when 18 or more calibration snapshots are used. The mean Euclidian distance
for all lesions using 18 snapshots was 1.0 mm and standard deviation was 0.8 mm (table

1 and figure 5).
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Figure 5. Snapshot-calibration test; to determine how many snapshots are minimally required to
calibrate the urology navigation system. Errors clearly decrease using 18 or more snapshots.

The calibration-requirement test shows that there is no trend of differences in accuracy
after disassembling and reassembling the instrument parts and target up to 19 times
(table 1 and figure 6). Compared to the registrations of not taking apart the set with
an Euclidian distance to the mean of the same set of 0,6 mm, the maximal Euclidian
distance (8.9 mm) was measured after the set was taken apart the fourth time and the
minimal Euclidian distance (2.3 mm) was measured after the set was taken apart the

eleventh time.
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Figure 6. Calibration-requirement test; to assess whether a previously obtained calibration can be
loaded into the software, to avoid delay in surgery due to calibration. The accuracy did not decrease
after disassembling and reassembling the cystoscopy set and target several times.
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The rotational-correction test reveals no clear difference in navigation accuracy when
using the rotational software correction in the standard urologic system (dangling
camera), compared to no rotational software correction in the conventional navigation
system (fixed camera). Using the non-rotational setting, one lesion out of 64 navigations
was off screen, whereas all lesions of the 64 navigations were on screen using the

rotational setting.

Patient determinants
The registering-volume-influence test shows a decrease in Euclidian distance when the
balloon volume decreases (table 1 and figure 7). In contrast, the Euclidian distances were

not increased after increasing the volume again.

The navigation-volume-influence test showed no significant difference between navigation
success in the 300 cc compared to the 420 cc filled balloon (table 1).
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Figure 7. Registering-volume-influence test; to determine the influence of volume differences on the
registering accuracy in the balloon phantom. For each measurement set per volume, the Euclidian
distance between the registered 3D points and the mean registered 3D point of the 300 cc filled balloon
were calculated per lesion.
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Table 1. Results overview; all tests results are shown numerically summarized. The mean and standard
deviation of the Euclidean distance to the reference positions are depicted (of every 16 registrations
per lesion and per variable). The navigation tests (including the rotational-correction test) do not show a
mean distance, but a percentage of the correctly navigated lesions, that were ‘on screen’ after navigation
(also of every 16 navigations per lesion and variable).

Variables Floor Right Left Back Total
wall wall wall

Mean Std Mean Std Mean Std Mean Std Mean Std

Registering-accuracy

3.8 3.0 2.6 1.0 2.5 2.6 3.0 2.2 3.0 2.3
test (box/mm)

Navigation-feasibility

100% 100% 100% 75% 93.8%
test (box/%)

Snapshot-calibration /(oo 35 13 45 15 29 05 52 08 40 14
test (box/mm)
12 snapshots 3.1 0.3 2.4 0.3 2.9 1.0 3.6 0.8 3.0 0.8
18snapshots 09 02 0.6 04 1.8 10 08 06 1.0 08

24 snapshots 0.5 0.4 0.8 0.4 1.4 1.0 0.4 0.2 0.8 0.7

Calibration-

requirement test 0 x taken apart 0.6 0.3

(box/mm)
1 x taken apart 6.3 1.7
2 x taken apart 31 0.2
3 x taken apart 4.9 0.4
4 x taken apart 8.9 0.2
5 x taken apart 4.9 0.4
6 x taken apart 3.5 0.1
7 x taken apart 4.5 0.2
8 x taken apart 4.6 0.2
9 x taken apart 5.0 0.2
10 x taken apart 3.9 0.2
11 x taken apart 2.8 0.7
12 x taken apart 3.5 0.2
13 x taken apart 3.4 0.2
14 x taken apart 5.5 0.2
15 x taken apart 4.5 0.8
16 x taken apart 4.8 0.4
17 x taken apart 3.1 0.6
18 x taken apart 3.2 0.2
19 x taken apart 2.6 0.1
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Table 1. (Continued)

Variables Floor Right Left Back Total
wall wall wall

Mean Std Mean Std Mean Std Mean Std Mean Std

Rotational-correction

Fixed 100% 100% 94% 100% 99%
test (box/%)
Rotation 100% 100% 100% 100% 100%
Registering-volume-
influence test 480 cc 0.9 0.4 2.9 0.5 41 0.7 4.3 0.2 31 1.5
(balloon/cm)
420 cc 0.8 0.4 1.9 0.3 29 0.5 3.7 02 23 1.2
360 cc 0.5 0.2 0.7 0.2 0.8 0.3 1.5 0.4 0.9 0.5
300 cc 0.3 0.3 0.3 0.2 0.4 0.2 0.5 0.2 0.4 0.3
360 cc 0.4 0.3 0.5 0.1 0.5 0.2 0.5 0.2 0.5 0.2
420 cc 0.5 0.1 0.9 0.3 0.6 0.3 0.5 0.1 0.7 0.3
480 cc 0.6 0.2 1.2 0.2 1.0 0.4 0.5 0.4 0.8 0.4

Navigation-volume-
influence test 420 cc 81% 56% 50% 100% 72%
(balloon/%)

300 cc 94% 100% 81% 100% 94%

Registering-accuracy

3.8 3.0 2.6 1.0 2.5 2.6 3.0 2.2 3.0 2.3
test (box/mm)

Navigation-feasibility

100% 100% 100% 75% 93.8%
test (box/%)

Snapshot-calibration

6 snapshots 3.5 1.3 4.5 1.5 2.9 0.5 5.2 0.8 4.0 1.4
test (box/mm)

12 snapshots 31 0.3 2.4 0.3 2.9 1.0 3.6 0.8 3.0 0.8
18 snapshots 0.9 0.2 0.6 0.4 1.8 1.0 0.8 0.6 1.0 0.8

24 snapshots 0.5 0.4 0.8 0.4 1.4 1.0 0.4 0.2 0.8 0.7

Calibration-

requirement test 0 x taken apart 0.6 0.3

(box/mm)
1 x taken apart 6.3 1.7
2 x taken apart 34 0.2
3 x taken apart 4.9 0.4
4 x taken apart 8.9 0.2
5 x taken apart 4.9 0.4
6 x taken apart 3.5 0.1
7 x taken apart 4.5 0.2
8 x taken apart 4.6 0.2
9 x taken apart 5.0 0.2
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Table 1. (Continued)

Variables Floor Right Left Back Total
wall wall wall
Mean Std Mean Std Mean Std Mean Std Mean Std

10 x taken apart 3.9 0.2

11 x taken apart 2.8 0.7

12 x taken apart 3.5 0.2

13 x taken apart 3.4 0.2

14 x taken apart 5.5 0.2

15 x taken apart 4.5 0.8

16 x taken apart 4.8 0.4

17 x taken apart 31 0.6

18 x taken apart 3.2 0.2

19 x taken apart 2.6 0.1
Rotational-correction .
test (box/%) Fixed 100% 100% 94% 100% 99%

Rotation 100% 100% 100% 100% 100%
Registering-volume-
influence test 480 cc 0.9 0.4 2.9 0.5 41 07 4.3 0.2 341 1.5
(balloon/cm)

420 cc 0.8 0.4 1.9 0.3 29 05 3.7 0.2 23 1.2

360 cc 0.5 0.2 07 0.2 0.8 0.3 1.5 0.4 0.9 0.5

300 cc 0.3 03 0.3 0.2 0.4 0.2 0.5 0.2 0.4 0.3

360 cc 0.4 03 0.5 0.1 0.5 0.2 0.5 0.2 0.5 0.2

420 cc 0.5 0.1 0.9 0.3 0.6 03 0.5 0.1 0.7 0.3

480 cc 0.6 0.2 1.2 0.2 1.0 0.4 0.5 0.4 0.8 0.4
Navigation-volume-
influence test 420 cc 81% 56% 50% 100% 72%
(balloon/%)

300 cc 94% 100% 81% 100% 94%
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DISCUSSION

This study shows that our developed system is robust enough to register and navigate
lesions. A 10 mm cut-off value for registering accuracy was determined based on the
minimal field of view visible on screen during cystoscopy. The registration-accuracy
test is representative of the system accuracy, which should be below or comparable
to other errors in the system. The overall accuracy of 3 mm is therefore adequate. The
outliers of this test (distances of 10 mm and 9.6 mm on the floor and 11.5 mm on the left
wall) might be caused by interference of the light cable that might have changed its
position with respect to the cystoscope set and target, as we have observed during the
tests. The light cable consequently might block the retro-reflection of some patches to
the stereotracker and if other patches reflect onto the stereo-tracking camera, the 3D

position might deviate more than the characteristic spread of the system.

The navigation-feasibility test showed that navigation was successful, even in the worst-
case scenario: navigation on navigational cues only, in the absence of endoscopic
imaging. This is comparable to limited visibility in the bladder of patients with severe
hematuria. Navigation of the back wall lesion was probably worse due to the smaller
field of view (= 1 cm) when the 30° endoscope is held against that lesion, compared to

the side lesions that show a field of view of > 2.5 cm.

To operate correctly, the system requires calibration that enables tracking by correctly
assigning the visual tools on the augmented overlay. We showed that the overall tracking
and image modeling can be calibrated in one step using several captures of a checker
board. In practice, special care is required to capture snapshots from as many different
angles as possible, to avoid extrapolation errors when a specific position has not been
covered during calibration. Based on this assumption, 24 snapshots are sufficient for

adequate calibration, which may be reduced to 18 snapshots to save time.

We also investigated whether a previously obtained calibration could be loaded into
the software to avoid the need for calibration during surgery. As the tracking target can
be remounted with considerable precision, no additional errors were introduced after
disassembling and reassembling. As a result, calibration may be performed outside the
surgical flow. However, figure 6 suggests that firmly connecting the cystoscope set and
target is influenced by a learning curve of re-mounting and registering by the cystoscopist
using the system. Furthermore, it should be mentioned that different scopes have different
optical characteristics and consequently, that calibration should be performed for each
endoscope separately. Finally, to make the registration reproducible, special care is

required because the cystoscope set has some flexibility in assembly.
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Furthermore, rotational corrections do not negatively affect navigation of registered

lesions.

In contrast, the first patient determinants test shows that decreasing the balloon volume
does affect the registering accuracy; this was expected because the 3D position of
a lesion changes when the balloon volume decreases. Nevertheless, increasing the
balloon volume showed no change in the registered 3D position of the lesion. This might
be explained by the surrounding sponge material and the non uniform stretching of
the balloon: i.e. when reducing the balloon volume the walls shrink and slide along the
sponge material; conversely when increasing the volume again the balloon might stick
to the sponge material and only extents to the ventral side where no sponge material
is present. A limitation of this test is that the extension of the ventral side could not be
proven because no lesion was drawn on that side. Furthermore, volume reduction did
not affect navigation accuracy. This was expected because during navigation, arrows
indicate the direction to the registered 3D position, which is unchanged when using a
smaller volume. Therefore, either way, the tip of the scope will reach the lesion. Influence

of volume increase on navigation was not tested.

We present a newly developed system to register and navigate bladder lesions.
Furthermore, we show that bladder tumors can be registered and subsequently navigated
with acceptable accuracy in phantom models based on urologic conditions. This system
has additional diagnostic value and can be used together with other advanced optical
techniques to improve tumor detection, e.g. photodynamic diagnosis (PDD) , narrow
band imaging (NBI) and optical coherence tomography (OCT) [19]. Because small lesions
can be diagnosed by cystoscopy, this system allows to register the location and to
navigate lesions of all sizes. This is in contrast to the virtual cystoscopy techniques
(currently being developed) that detect and register only those tumors measuring =
5 mm using CT [20-27], MRI [20,28] and sonography [29,30]. An advantage of these
latter techniques is that invasion can be distinguished and therefore (in the future) a
combination of both advantageous properties for bladder registration and navigation
may be preferable. In addition, unlike CT or MRI-based navigation techniques, no pre-
operative imaging or anatomical or artificial landmarks (fiducials) are required [31].
Furthermore, the system allows direct feedback to the cystoscopist. The augmentation
of endoscopic imaging results has only a few milliseconds time delay, which is very
short compared to the mosaicking algorithms that are being developed to construct

panoramic images of the bladder wall [32-37].

Other applications for navigation are cases with severe hematuria, where lesions can

be easily found and quickly treated. During PDD, the endoscope is held closer to the
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bladder wall due to the blue light, which has low illumination power. Consequently,
diagnosing multifocal tumors is improved because the system avoids the limitation of
the small field of view. The translation from the balloon phantom to the real bladder
remains uncertain. Other studies have analyzed the influence of volume differences on
the bladder structure and found bladder deformation [38,39]. In our model, expansion
of the bladder wall due to an increase in volume was not proportionate for all sides,
probably due to pressure of the surrounding ‘tissues’. Therefore, predicting the 3D
position changes of lesions due to volume changes in the bladder remains difficult.
Furthermore, the ease of use and duration of the surgical time, needs to be evaluated

using this system.

We will perform an in vivo pilot study to test the feasibility of the bladder navigation and
registration system, focusing on the 3D position change of different lesions (including
the dome) after volume increase/decrease and bladder deformation. To analyze this
using the current system, the bladder registration and navigation accuracy will be tested
and compared using different fixed bladder volumes. This is a challenge during TURBT
because the bladder is rinsed to prevent blood in the urine that limits vision. In the
future, some analytical software adjustments might be developed when creating the

bladder map for different volumes.

Registering the inspected parts of the bladder during cystoscopy will reduce the
concern related to possibly overlooking a small part of the bladder that might contain
a suspect lesion. Therefore, this system can be used as a quality control during urologic
procedures; once feasibility has been demonstrated this should be tested. A prospective
multi-center study is needed to measure the clinical feasibility of the bladder registration
and navigation in urological practice and its inter-user variances. This proposed study
will investigate whether the bladder registration and navigation system improves the
reproducibility of the cystoscopy. Consequently, a reduction of residual and recurrent
tumors due to better registration, follow up and more complete surgery of bladder
lesions might be expected as a result. An improvement of disease-free survival will be

the ultimate goal of implementing this clinical tool.

CONCLUSION

The bladder registration and navigation system was developed to improve the
reproducibility of the cystoscopy by improved bladder tumor documentation according
to tumor size, number, shape and especially location, in real-time during a cystoscopy.

It is hoped that this will lead to a reduction in residual and recurrent tumors and,
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consequently, to an improved disease-free survival. Because the system successfully
functioned in its form for urological purposes in phantom models, it can now be used
in clinical trials. In vivo tests will be performed at our department to examine feasibility
for the urological clinic, focusing on the effects of volume differences and bladder
deformation. Future studies are required to evaluate the ultimate goal: reduction in
the number of residual and recurrent tumors and consequently improved disease-free

survival.
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Chapter 6

RAMAN SPECTROSCOPY
IN BLADDER CANCER DIAGNOSIS

SUMMARY AND GENERAL CONCLUSION

The main aim of this thesis is to understand the value of Raman spectroscopy for bladder
cancer diagnosis and to find ways to improve its application. We evaluated a newly
developed Raman probe in a phantom model and in vivo. We also used this probe to
evaluate tissue heterogeneity in cystectomy specimens. As a spin-off to enable repeat
Raman measurements of specific locations, a bladder registration and navigation tool

was developed and we evaluated this in a phantom model.

In the introduction (Chapter 1) the standard diagnostic and treatment practice of
bladder cancer (mostly urothelial carcinoma (UC)) is described. The background of
Raman spectroscopy is explained and publications on the use of Raman spectroscopy
in bladder cancer diagnosis are reviewed. In Chapter 2 two different fiber optic probes
are compared to each other in a phantom model. A superficial and non-superficial
Raman probe are evaluated regarding depth response function and signal-to-noise ratio.
As the urothelial layer is only 3-7 cell layers thick, which is about 200 micron, a probe
should be aimed at this superficial layer in order to reduce the irrelevant response of
deeper layers. The sampling range of the superficial probe was 0-200 micron and of the
non-superficial probe 0-300 micron. In addition, the superficial probe had a two-times
increased signal-to-noise ratio at a measurement depth of 200 micron. Therefore, this
newly developed superficial Raman probe is expected to improve the urothelial cancer

detection in vivo.

In Chapter 3, the superficial probe was compared to the non-superficial probe for in
vivo measurements. In vivo Raman measurements were acquired during transurethral
resection of a bladder tumor (TURBT) before resection and pathological evaluation.
Newly acquired superficial probe measurements were compared to previous in vivo
measurements obtained with the non-superficial probe [1]. The performance of the
superficial probe for urothelial carcinoma detection was improved compared to the non-
superficial probe; the area under the curve of the receiver operating characteristic curve
increases from 0.88 to 0.95, the sensitivity from 80% to 90% and the specificity from 85%
to 87%. This may partly be due to the improved signal-to-noise ratio of the superficial
probe with a factor of 1.92 compared to the non-superficial probe, also described in
chapter 2. Another explanation for this superior performance could be the limited

measuring depth of the superficial probe in which the spectrum is not ‘contaminated’
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by Raman signals from deeper tissue layers. Although we observed clearly a qualitative
improvement, we were not able to quantify this; further research is required to confirm
this hypothesis. In chapter 3, the superficial probe was also evaluated in its capacity to
distinguish different grades of UC. The ability to distinguish high-grade from low-grade
UC was limited. We think that this might be due to tissue heterogeneity (sampling error),
or due to a continuum of biochemical tumor characteristics that gradually increase when

becoming more malignant in the development of UC.

Chapter 4 describes a spatial evaluation of bladder cancer using Raman spectroscopy
in cystectomy specimens. A representation consisting of a 2D-map was created of the
entire surface of three cystectomy specimens according to both the histopathologic
analysis and its Raman spectrum for each measurement location. For tumor detection
an AUC of 93%, sensitivity of 86% and specificity of 92% were obtained. The regions
surrounding tumorous tissue showed to have a higher prediction uncertainty than the
tumor itself and also the tissue further away from the tumor. Therefore, the Raman
spectroscopy data suggested a gradual spatial transition from benign to malignant
tissue. This may be explained by two theories; first tissue heterogeneity (sampling error),
in which multiple cells in one tissue location are evaluated in one Raman spectrum and
different biochemical compositions can be measured that belong to different pathologic
entities. The second theory is based on the presence of a smooth transition of normal
tissue into malignant tissue, meaning no hard cut-off between tumor and healthy tissue.
Some (pre-)malignant changes were detected by Raman spectroscopy while not being
obvious in the pathologic evaluation (using cut-off values for classification). Therefore,
Raman spectroscopy may be used as an early indicator for progression or recurrence,
and also as a more accurate way to describe the tumor boundary. If Raman spectroscopy
could detect these (pre-) malignant changes, more accurate tumor resections could be

performed, that could result in less residuals and recurrences.

A spin-off of this Raman spectroscopic research is presented in Chapter 5. Current
diagnostic tools such as photodynamic diagnosis (PDD) can be used for screening an
entire bladder for bladder malignancies. Techniques like this have a high sensitivity
but lack specificity [2]. This means that many lesions are detected, and false positives
are frequent, resulting in unnecessary resections of benign tissue in current standard
practice. Raman spectroscopy can be used in combination with such a diagnostic
screening tool to acquire optical biopsies at specific suspect locations, with a high
specificity. To follow up specific lesions by Raman spectroscopy, we developed a
real-time registration and navigation system. A repeat measurement at the exact
location could possibly indicate a transition into malignancy in time and its need for

resection at the right time. In this chapter, we present a phantom study of a real-time
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bladder registration and navigation process. The newly developed system showed an
acceptable accuracy for bladder lesion registration and navigation. The advantage
of the developed system is that detection is not limited to lesions of >5 mm as in CT,
MRI and/or sonography [3-13]. Also, no pre-operative imaging or artificial landmarks
(fiducials) are required. This system can also be used in patients with severe hematuria
that limits vision during cystoscopy or when the light is reduced as in PDD. We found
some limitations such as limited accuracy due to volume changes of the model. In
vivo studies are required to measure the feasibility of navigation with different bladder

volumes and with different rectal filling statuses.

DISCUSSION, FUTURE PERSPECTIVES AND CONCLUSION

Instant optical biopsies in bladder cancer diagnosis

Diagnosing bladder cancer takes time. When a patient suffers from hematuria, a
cystoscopy is performed in the outpatient clinic. A suspect lesion is detected, and
then the patient is planned for a transurethral resection of a bladder tumor (TURBT).
After approval of the anesthesiologist, the operation is performed, mostly within a
few weeks. The resected tissue or biopsies are evaluated by the pathologist, which
takes about 10 days. Eventually the patient has a doctor's appointment and starts the
appropriate follow up and/or treatment scheme after about a month or more. When
an instant biopsy is performed at the outpatient clinic, a lot of time and costs are
saved and possibly unnecessary treatments are avoided. Obtaining a direct diagnosis
at the outpatient clinic enables decisions such as following up lesions instead of direct
resections, planning postoperative chemotherapeutic instillations or direct upstaging to
cystectomy without TURBT. Such an instant biopsy should be highly specific and easily
tolerated by the patient in that specific office setting.

Endoscopic Raman spectroscopy is such a technique, that is both non-invasive and
highly specific by revealing the biochemical substrate of lesions. The biggest obstacle
in the utilization of Raman spectroscopy in clinical practice is that the signal from
Raman scattering is very weak, one in 10"¢-10" scattering photons. This inefficient
scattering requires a high laser power and long acquisition times [14]. Translation and
implementation into the clinic is consequently hampered. Compromises to reduce
acquisition times can decrease the diagnostic accuracy. Nevertheless, new strategies
are being developed to address this limitation. Hardware developments to improve
collection of the Raman signal but also software developments such as different
analytical methods are being evaluated to improve the diagnostic ability of Raman

spectroscopy. Imaging modalities based on non-linear Raman scattering, multimodal
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integration of Raman spectroscopy and selective-sampling Raman Microscopy (RM),
are tools to empower Raman spectroscopy. In addition, the use of nanomaterials and
photonic structures to enhance the Raman signals are being evaluated. New analysis
methods that are being explored include Artificial Intelligence techniques such as Deep
Convolutional Neural Networks and Spatial bagging [15,16]. All these accomplishments
are important steps toward maximizing the diagnostic accuracy and speed of Raman
spectroscopy. Further improvement will lead to more cost-effective solutions that are
likely to be adopted into clinical practice [17].

In this thesis, a hardware design to improve signal collection is evaluated. A new
superficial Raman probe was developed that is biocompatible, complies with the
Medical Device Directive requirements and is suitable for endoscopic evaluation. This
superficial probe is aimed at the required measurement depth and with an increased
signal-to-noise ratio, compared to a non-superficial probe. Also, signals generated from
the probe, silica in this case, do not interfere with the Raman signal of urothelium, as
opposed to the substance of other beveled or ball lens probes that have a limited field
(and depth) of view. The measurement depth and increase in signal-to-noise ratio were
confirmed in both the phantom model and the in vivo evaluation (chapter 2 and chapter
3). The use of Raman spectroscopy to discriminate benign from malignant tissue was
shown to be adequate in chapter 3; however, discrimination between different grades
of UC was limited in the in vivo study. This could be explained by tissue heterogeneity
or a transition into malignancy. To adopt this technique into the outpatient clinic,
adjustments should be made to enable use of the Raman probe through a flexible

cystoscope.

To improve the diagnostic ability of Raman spectroscopy, more than just hardware
and software improvements are required. Sufficient data is necessary to improve the
Raman spectroscopic knowledge on bladder cancer. In future, a spatial micro-Raman
analysis using a more dense measurement grid with automated placement of the
probe on a cystectomy specimen, could evaluate the impact of tissue heterogeneity
in UC. Generation of a larger multi-center database of Raman measurements and
biopsies of different UC entities (more power) could increase the diagnostic accuracy
of Raman spectroscopy, because the diagnostic algorithm is based on prior Raman
measurements. Knowledge about specific Raman contributions of certain biochemical
tumor compositions, linked to their corresponding biochemical alterations, provides

information about tumor biology.

Raman characteristics of disagreeing Raman and pathological classification in one tissue

location gives insight into the biochemical substrate responsible for a transition into
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malignancy. These findings could consecutively lead to more therapeutic targets in
bladder cancer treatment or be the basis of research on bladder cancer (recurrence
or progression) prevention. Because Raman spectroscopy determines a biological
fingerprint of tissue without necessity of human interpretation, this technique could
possibly overcome some inter- and intra-observer variability of the pathologist. Raman
spectroscopy measures biochemical characteristics as opposed to the histopathologic
analysis, which assesses morphologic and histopathologic characteristics. Maybe the
poor reproducibility of the histopathological analysis could be resolved by adding

Raman spectroscopy to this analysis.

Finally, if Raman spectroscopy generates an instant optical biopsy with high accuracy
and is applicable in the outpatient clinic, immediate treatment decisions could be made
as described above. When a lesion requires follow up, the exact same location should
be evaluated again at follow-up. Bladder registration and navigation would enable such
repeat measurements. In combination with deep learning augmented bladder tumor
detection, the accuracy of the navigation systems and reproducibility of cystoscopy
can be improved. Also, quality verification of cystoscopies could be accomplished
by improving the documentation of findings during cystoscopy by such a system.
Nevertheless, this registration and navigation system is still in its infancy. Combinations

of techniques should be explored in future clinical studies.

Other Raman spectroscopic applications in bladder cancer

As described in chapter 1, more implementations of Raman spectroscopy in bladder
cancer diagnosis are under development, such as evaluation of urine or serum
constituents. Raman spectroscopy on urine samples is being evaluated to detect early
recurrences. Alternatives to urine cytology and repeat cystoscopy in the follow up of
UC, are being searched for. High sensitivities, specificities and accuracies of Raman
spectroscopy on urine have been presented [15,16,18-23]. However, none of these has
been implemented in standard care. All these cystoscopies are invasive and not cost-
effective and the patient waiting lists are increasing. A paradigm shift is required in favor
of the diagnostic costs, time and complications of cystoscopy and cytology that may
cause a few more false negative findings which could be registered to avoid unnecessary

biopsies.

Alternative applications of Raman spectroscopy are being investigated in basic research.
Several studies were designed to evaluate bladder tumor specific biomarkers by (Surface
Enhanced) Raman spectroscopy (SERS). For example, anti EGFR antibody, circulating
cancer-derived small extracellular vesicles, Alfa-1-Antitrypsin antigen and Hyaluronic

acid-ase and telomerase activity were investigated to enable tumor detection in urine.
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In the future, detection of these biomarkers by Raman spectroscopy could be used
as an alternative to urine cytology [24-29]. In search for alternatives to urine cytology,
other biomarkers are also being investigated. For example Circulating Tumor Cells,
urinary long non-coding RNA's (prognostic marker for Non Muscle Invasive Bladder
Carcinoma (NMIBC)), neutrophil-to-lymphocyte ratio (prognostic prediction marker
in primary TTHG UC), and systematic inflammatory biomarkers that are related to the
oncological outcomes in patients with high-risk NMIBC, are being explored [30-34]. In
the future, Raman spectroscopy could be used as a tool to enable detection of such

markers.

Raman spectroscopy was also used to evaluate bladder cancer detection in serum,
another form of liquid biopsy [35,34]. Interesting is that these groups evaluated whether
serum samples could detect NMIBC and Muscle-Invasive Bladder Cancer (MIBC), while
logically when the disease is limited to the bladder, no cancerous characteristics would
be detectable in serum. In contrast, when (micro) metastasis are present these would be
detectable in serum as they can be spread by serum. This indicates another application
for Raman spectroscopy; a detection tool of (micro-)metastasis that are not detectable
by regular imaging, which is vital for the appropriate treatment. The 5-year overall
survival rate after cystectomy is about 50% and has not improved in the last decades
[37,38]. Many patients die because of preoperatively undetected micro-metastasis.
Therefore, more research should be performed on detection of micro-metastasis in

serum pre-cystectomy, and Raman spectroscopy is an adequate tool.

To improve outcomes of this patient group, a response prediction to (neo-)adjuvant
therapy (chemo- or immunotherapy) is important. When patients are unresponsive
to neo-adjuvant therapy, cystectomy is delayed while the tumor has more time to
advance and metastasize. Raman spectroscopy might enable detection of specific
tumor characteristics that predict an adequate response to (neo-)adjuvant therapy to
choose the correct (neo-)adjuvant therapy or omit this therapy. One point of interest
is the amount and kind of inflammation present in the tumor and serum. This might be
related to the response of the immune system to tumorigenesis. Maybe the kind and
amount of inflammation, detectable by Raman spectroscopy could be prognostic for

the progression of the tumor, or the response to immunotherapy.

Raman spectroscopy is also being investigated for detection of biochemical processes
in bladder tumor development. Raman spectroscopy enables detection of Green
Fluorescent Protein in bladder cancer cell lines. The corresponding gene is used as
tool in gene engineering for determining changes in function or expression to evaluate

cellular biology, especially of gene silencing [39]. In another study, SERS was used
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to evaluate leak-resistance DNA hybridization chain reaction in urine samples. This
detection is an important tool in DNA nanotechnology studies to gain information about
DNA breakage in tumor development [40]. Also, SERS was used to detect an enhanced
surface permeability and retention effect in human bladder cancer tissue [41]. Finally,
preliminary results have been published on using Raman spectroscopy for detection of
intracellular nano-transporters that could contain therapeutic and/or imaging agents,

to enable targeted drug delivery in the field of oncology [42].

CONCLUSION

In this thesis improvements for the clinical application of Raman spectroscopy are being
evaluated. The way is being smoothed for the use of Raman spectroscopy in bladder

cancer diagnosis in vivo.

Non-invasive bladder cancer diagnosis is an ongoing challenge, because the gold
standard cystoscopy and TURBT are invasive procedures and are timely and costly.
Raman spectroscopy is a powerful analytical method that enables measurements
of chemical compounds in complex biological samples, such as cells, tissues and
biological fluids. The equipment for in vivo measurements has been developed, but
the system is not yet applicable in the outpatient clinic with flexible cystoscopes. When
discriminating malignant from benign tissue or cells, high accuracy rates are achieved.
For liquid biopsies, Raman spectroscopy outperforms the current standard pathologic
urine cytology. Furthermore, Raman spectroscopy has an added value in basic research.
Thus, Raman spectroscopy has many opportunities and more research is required to
increase the ease of clinical use and applicability in order to improve the quality of

bladder cancer diagnosis.
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SAMENVATTING EN ALGEMENE CONCLUSIE (DUTCH)

Het belangrijkste doel van dit proefschrift is de waarde van Ramanspectroscopie in
blaaskanker diagnostiek te begrijpen en manieren te vinden om de toepassing te
verbeteren. Wij evalueerden een nieuw ontwikkelde Ramanprobe in een fantoommodel
en in vivo. We gebruikten deze probe ook om weefselheterogeniteit te onderzoeken
in cystectomiepreparaten. Als spin-off, om herhaalde Ramanmetingen te kunnen doen
op specifieke locaties, ontwikkelden we een blaasregistratie en navigatiesysteem en

evalueerden we dit systeem in een fantoommodel.

In de introductie (Hoofdstuk 1) wordt de standaard diagnostiek en behandeling
van blaaskanker (urotheelcarcinoom (UC)) beschreven. De achtergrond van
Ramanspectroscopie wordt besproken en we beoordeelden de publicaties over het
gebruik van Ramanspectroscopie in blaaskankerdiagnostiek. In Hoofdstuk 2 worden
twee verschillende fiber-optische probes geévalueerd en vergeleken met elkaar in een
fantoommodel. Een oppervlakkige en een niet-oppervlakkige Ramanprobe worden
geévalueerd met betrekking tot de signaaldiepte en signaal-ruis verhouding. Omdat
de urotheellaag maar 3-7 cellagen dik is, ongeveer 200 micron, zou een probe gericht
moeten zijn op de oppervlakkige laag, om het irrelevante signaal van diepere lagen te
beperken. De signaaldiepte van de oppervlakkige probe was 0-200 micron, terwijl de
signaaldiepte van de niet-oppervlakkige probe 0-300 micron was. Hiernaast had de
oppervlakkige probe ook een tweemaal zo hoge signaal-ruis verhouding bij meting
op 200 micron diepte. Om deze reden verwachten we dat de nieuw ontwikkelde

oppervlakkige Ramanprobe een betere in vivo urotheelcarcinoom detectie zal hebben.

In Hoofdstuk 3 wordt de oppervlakkige probe met de niet-oppervlakkige probe
vergeleken bij in vivo metingen. In vivo Ramanmetingen werden verricht tijdens een
transurethrale resectie van een blaastumor (TURBT) voorafgaand aan de resectie en
pathologische evaluatie. Nieuw verkregen oppervlakkige probe metingen werden
vergeleken met eerder verkregen in vivo metingen van de niet-oppervlakkige probe
[1]. De kwaliteit (performance) van de oppervlakkige probe voor UC detectie was beter
in vergelijking met de niet-oppervlakkige probe op verschillende kwaliteitsparameters;
de oppervlakte onder de curve van de receiver operating characteristic curve (wat is
een maat berekend uit het aantal echte-positieven en vals-positieven) verbeterde van
0.88 naar 0.95, de sensitiviteit van 80% naar 90% en de specificiteit van 85% naar 87%.
Dit kan deels verklaard worden door de verbeterde signaal-ruis verhouding van de
oppervlakkige probe met een factor van 1.92 vergeleken met de niet-oppervlakkige
probe, vergelijkbaar met de resultaten van hoofdstuk 2. Een andere verklaring voor

deze superieure prestatie kan de beperkte signaaldiepte van de oppervlakkige probe
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zijn, waarbij het spectrum niet “vervuild” wordt door Ramansignalen van diepere
weefsellagen. Ondanks dat we een duidelijke kwalitatieve verbetering zagen, konden
we dit niet kwantificeren; verder onderzoek is nodig om deze hypothese te bevestigen.
In hoofdstuk 3 wordt de oppervlakkige probe ook geévalueerd in zijn capaciteit om
verschillende graden UC te kunnen onderscheiden. Hooggradig UC was niet duidelijk
van laaggradig UC te onderscheiden op basis van de Ramanmetingen. Wij denken
dat dit te verklaren is door weefselheterogeniteit (sampling error), of doordat de
biochemische karakteristieken van weefsel geleidelijk van benigne naar maligne

veranderen in de ontwikkeling van UC.

Hoofdstuk 4 beschrijft een ruimtelijke evaluatie van blaaskanker met het gebruik van
Ramanspectroscopie op cystectomiepreparaten. Een representatie van het gehele
oppervlakte van drie cystectomiepreparaten wordt gepresenteerd in een 2D-kaart
overeenkomstig met de histopathologische diagnose en de Ramanuitkomst voor elke
meetlocatie. Voor tumordetectie werden een AUC van 93%, sensitiviteit van 86% en
specificiteit van 92% behaald. De regio’s rondom tumorweefsel lieten een hogere
Ramandiagnose-onzekerheid zien dan de tumor zelf en weefsel verder weg van de
tumor. Daarom suggereert deze Ramanspectroscopiedata een geleidelijke ruimtelijke
verandering van benigne naar maligne weefsel. Dit kan verklaard worden door twee
theorieén; De eerste is weefsel heterogeniteit (sampling error), waarbij meerdere cellen
in een weefsel locatie worden geévalueerd in een Ramanspectrum. Hierbij worden
verschillende biochemische composities gemeten die toebehoren aan verschillende
pathologische entiteiten. De tweede theorie is gebaseerd op de aanwezigheid van
een geleidelijke overgang van normaal weefsel naar maligne weefsel, wat betekent
dat er geen harde afkapwaarden zijn tussen tumor en normaal weefsel. Sommige (pre-)
maligne veranderingen worden dan gedetecteerd door Ramanspectroscopie, terwijl ze
nog niet duidelijk zijn in de pathologische evaluatie (die harde afkapwaarden gebruikt
voor de classificatie). Daarom zou Ramanspectroscopie gebruikt kunnen worden als een
vroege indicator voor progressie of recidief, en ook als een meer accurate manier om de
tumorgrens te markeren. Als Ramanspectroscopie deze (pre-) maligne veranderingen
detecteert, kunnen meer accurate resecties worden verricht welke kunnen leiden tot

minder residuen en recidieven.

Een spin-off van dit Ramanspectroscopie onderzoek wordt gepresenteerd in Hoofdstuk
5. Huidige diagnostische hulpmiddelen zoals phothodynamische diagnostiek (PDD)
worden gebruikt om een gehele blaas te beoordelen om blaaskanker te detecteren.
Technieken zoals deze hebben een hoge sensitiviteit maar hebben een beperkte
specificiteit [2]. Dit betekent dat veel afwijkingen worden gedetecteerd, maar dat

vals positieven vaak voorkomen wat resulteert in onnodige resecties van benigne
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weefsel in de huidige urologische praktijk. Ramanspectroscopie kan worden gebruikt
in combinatie met zulke technieken als diagnostisch screeningtool om een optisch
biopt te verkrijgen op specifieke verdachte locaties, met een hoge specificiteit. Om
specifieke locaties te vervolgen met Ramanspectroscopie is een real-time registratie
en navigatie systeem ontwikkeld. Herhaalde metingen op specifieke locaties zouden
een verandering naar maligniteit in tijd kunnen aantonen zodat deze gereseceerd kan
worden op het juiste moment. In dit hoofdstuk presenteren we een fantoom studie
met dit real-time blaasregistratie en navigatieproces. Het nieuw ontwikkelde systeem
liet een acceptabele nauwkeurigheid zien voor blaasafwijkingregistratie en navigatie.
Het voordeel van het ontwikkelde systeem is dat de detectie niet wordt gelimiteerd
tot afwijkingen van >5 mm, zoals bij CT, MRI en/of echografie [3-13]. Tevens zijn er
geen pre-operatieve beeldvormingstechnieken of kunstmatige oriéntatiepunten
nodig. Dit systeem zou eventueel ook kunnen worden gebruikt in patiénten met
ernstige hematurie, die het zicht belemmert tijdens cystoscopie of als het licht wordt
gereduceerd zoals tijdens PDD. We constateerden beperkingen zoals verminderde
nauwkeurigheid bij volumeveranderingen van het model. In vivo studies zijn nodig
om de haalbaarheid van navigatie te beoordelen met verschillende blaasvolumina en

verschillende rectale vullingsstadia.

DISCUSSIE, TOEKOMSTPERSPECTIEVEN EN CONCLUSIE

Directe optische biopten in blaaskanker diagnostiek

Blaaskankerdiagnostiek kost tijd. Als een patiént bloed plast (hematurie heeft) wordt
een cystoscopie verricht op de polikliniek. Wanneer een verdachte afwijking wordt
gedetecteerd tijdens cystoscopie, wordt de patiént ingepland voor een transurethrale
resectie van de blaastumor (TURBT). Na akkoord van de anesthesioloog wordt de
operatie uitgevoerd, meestal binnen een aantal weken. Het gereseceerde weefsel of
de biopten worden beoordeeld door de patholoog, wat ongeveer 10 dagen tijd kost.
Uiteindelijk komt de patiént bij de uroloog voor de uitslag en wordt het vervolg plan
opgesteld, dat kan bestaan uit follow up of aanvullende behandelingen. Vanaf het
eerste polikliniek bezoek tot de definitieve therapie zal het in totaal ongeveer een
maand of meer duren. Als een direct biopt op de polikliniek afgenomen zou kunnen
worden, worden veel tijd, kosten en mogelijk onnodige behandelingen bespaard. Een
direct optisch biopt op de polikliniek kan leiden tot een langer afwachtend beleid,
voorafgaand inplannen van de juiste blaasspoelingen postoperatief of directe up-
staging naar cystectomie, waarbij een TURBT niet meer nodig is. Zo een biopt zal
moeten voldoen aan bepaalde eisen zoals hoge specificiteit en goede tolerantie voor

de patiént op de polikliniek.
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Endoscopische Ramanspectroscopie is een dergelijke techniek, die niet-invasief is met
hoge specificiteit waarmee van de biochemische achtergrond van een afwijking bepaald
kan worden. Het grootste obstakel voor het gebruik van Ramanspectroscopie in de
klinische praktijk is dat het signaal van Raman scattering erg zwak is, een van de 10°26-10/8
verstrooide fotonen. Deze inefficiénte scattering zorgt ervoor dat een hoog laservermogen
en lange acquisitietijden nodig zijn [14]. Hierdoor wordt de translatie en implementatie
naar de klinische praktijk gehinderd. Compromissen om de acquisitietijden te verkorten,
resulteren in een verlaagde diagnostische nauwkeurigheid. Nieuwe strategieén om
deze beperkingen tegen te gaan, zijn in ontwikkeling. Hardware ontwikkelingen voor
verbeterde ontvangst van het Ramansignaal, maar ook softwareontwikkelingen zoals
verschillende analytische methoden, worden door verschillende groepen geévalueerd
om de diagnostische mogelijkheden van Ramanspectroscopie te verbeteren.
Beeldvorming modaliteiten gebaseerd op niet-lineaire Raman scattering, multimodale
integratie van Ramanspectroscopie en selectieve sampling van Raman Microscopie
(RM), zijn hulpmiddelen om Ramanspectroscopie te verbeteren. Hiernaast worden
ook nanomaterialen en fotonische structuren geévalueerd om het Ramansignaal te
vergroten. Nieuw analysemethoden worden verkend waaronder artificiéle intelligentie
technieken zoals Deep Convolutional Neural Networks en Spatial Bagging [15,16]. Al deze
ontwikkelingen zijn belangrijke stappen op weg naar verbetering van de diagnostische
nauwkeurigheid en snelheid van Ramanspectroscopie. Verdere verbeteringen moeten
ook leiden tot betere kosteneffectiviteit, waardoor Ramanspectroscopie gemakkelijker

in klinische praktijk geimplementeerd kan worden [17].

In dit proefschrift wordt een nieuw hardware ontwerp geévalueerd, met als doel
verbeterde signaalontvangst. Een nieuwe oppervlakkige Ramanprobe voor klinisch
gebruik werd ontwikkeld die voldoet aan de Medical Device Directives vereisten en
geschikt is voor endoscopisch gebruik. Deze oppervlakkige probe is gericht op de
benodigde signaaldiepte en heeft een hogere signaal-ruis verhouding dan de niet-
oppervlakkige probe. Hiernaast interfereren de componenten (waaronder silica) niet
met het Ramansignaal van urotheel, in tegenstelling tot de componenten van andere
probes met afgeschuinde of bal lenzen ten behoeve van een oppervlakkige meting. De
signaaldiepte en verbeterde signaal-ruis verhouding werden bevestigd in de evaluatie
met het fantoom model maar ook in vivo (hoofdstuk 2 en 3). Het was goed mogelijk om
met behulp van Ramanspectroscopie benigne van maligne weefsel te onderscheiden in
hoofdstuk 3; maar onderscheiden van verschillende graderingen van UC was beperkt in
de in vivo studie. Dit kan worden verklaard door weefsel heterogeniteit of een transitie
naar maligniteit. Om deze techniek toe te passen op de polikliniek zullen aanpassingen

nodig zijn om de probe door een flexibele cystoscoop te kunnen laten passeren.
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Om de diagnostische mogelijkheden van Ramanspectroscopie te verbeteren zijn meer
dan alleen hardware- en softwareverbeteringen nodig. Voldoende data is nodig om de
Ramanspectroscopische kennis van blaaskanker te ontwikkelen. De impact van weefsel
heterogeniteit van UC kan in de toekomst geévalueerd worden middels een ruimtelijke
micro-Ramananalyse. Hierbij wordt gebruikt gemaakt van een meetrooster waarbij de
verschillende metingen dichter op elkaar worden verricht met automatische plaatsing
van de probe op een cystectomie preparaat. Ontwikkeling van een grote multicenter
database van Ramanmetingen en biopten van verschillende UC entiteiten (meer power)
kan de diagnostische nauwkeurigheid van Ramanspectroscopie verbeteren omdat
het diagnostische algoritme is gebaseerd op eerdere Ramanmetingen. Kennis over
specifieke Raman eigenschappen van bepaalde biochemische tumor samenstellingen,
gelinkt aan de bijpassende biochemische veranderingen, geeft informatie over de

tumorbiologie.

Raman karakteristieken van weefsel locaties waarbij de classificatie tussen Raman-
spectroscopie en de pathologische evaluatie niet overeen komt, kunnen inzicht geven
in het biochemische substraat dat verantwoordelijk is voor de verandering in maligniteit.
Hieruit zouden therapeutische aangrijpingspunten voor blaaskankerbehandeling
afgeleid kunnen worden. Tevens kan dit de basis zijn voor onderzoek naar preventie
van blaaskanker recidieven of progressie. Omdat Ramanspectroscopie de biologische
vingerafdruk van weefsel bepaalt, waarbij geen menselijke interpretaties nodig zijn, heeft
deze techniek geen last van de inter- en intra-observer variabiliteit die inherent is aan
de pathologische evaluatie. Ramanspectroscopie meet biochemische eigenschappen,
in tegenstelling tot pathologische analyse die gebaseerd is op morfologische en
histopathologische eigenschappen. De reproduceerbaarheid van de pathologische
analyse zou mogelijk kunnen verbeteren als Ramanspectroscopie geincorporeerd wordt

in de pathologische analyse.

Tenslotte, als een direct optisch biopt mogelijk zou zijn op de polikliniek met een
hoge nauwkeurigheid, zoals we verwachten van Ramanspectroscopie, kunnen
directe behandelingsbeslissingen genomen worden zoals hierboven beschreven.
Als een blaasafwijking vervolgd dient te worden, moet de exact zelfde locatie steeds
beoordeeld worden. Een navigatie systeem voor blaasafwijkingen, zou in combinatie
met deep learning augmented blaas tumor detectie, de nauwkeurigheid van navigatie
systemen en de reproduceerbaarheid van cystoscopie kunnen verbeteren. Tevens kan
de kwaliteit van cystoscopieén geverifieerd worden door middel van navigatie systemen
en deze systemen zouden een rol kunnen spelen in de documentatie van cystoscopie

bevindingen. Echter het beschreven registratie en navigatie systeem staat nog in de
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kinderschoenen. Combinaties van verschillende navigatie technieken moeten worden

verkend in verdere klinische studies.

Andere Raman spectroscopische toepassingen voor blaaskanker

Zoals beschreven in hoofdstuk 1, worden er in de huidige literatuur meer toepassingen
van Ramanspectroscopie in blaaskanker diagnostiek onderzocht zoals de evaluatie
van urine of serum bestanddelen. Ramanspectroscopie op urinemonsters wordt
onderzocht om vroege recidieven op te sporen. We zoeken alternatieven voor
urinecytologie en follow-up cystoscopieén. Hoge sensitiviteit, specificiteit en
nauwkeurigheid van Ramanspectroscopie op urinemonsters worden gepresenteerd
[15,16,18-23]. Echter is Ramanspectroscopie nog niet geimplementeerd in de standaard
blaaskankerdiagnostiek. De vele cystoscopieén zijn invasief en niet kosteneffectief en
bovendien nemen de wachtlijsten toe. Een paradigma verandering is nodig om de
diagnostische kosten, tijd en complicaties van cystoscopieén en cytologie te beperken,
zodat ook niet klinisch relevante, vals positieve bevindingen geregistreerd kunnen

worden en niet onnodig opnieuw gebiopteerd worden.

Alternatieve toepassingen worden geéxploreerd in basaal onderzoek. Verschillende
studies zijn uitgevoerd om blaastumor specifieke biomarkers middels (Surface
Enhanced) Raman spectroscopy (SERS) te detecteren. Voorbeelden van specifieke
biomarkers om tumoren te detecteren in urine zijn: anti-EGFR antilichaam, circulating
cancer-derived small extracellular vesicles, Alfa-1-Antitrypsin antigen en Hyaluron acid-
ase en telomerase activiteit. In de toekomst zou cytologie vervangen kunnen worden
door detectie van deze biomarkers [24-29]. In de zoektocht naar alternatieven voor
urinecytologie, worden ook andere biomarkers onderzocht. Voorbeelden van deze
biomarkers zijn; Circulating Tumor Cells, urinary long-coding RNA's (prognostische
marker voor niet-spier-invasief blaascarcinoom (NMIBC)), neutrofiel-lymfocyt ratio
(prognostische marker voor primair T1 hooggradig UC) en systemische inflammatie
biomarkers die worden gerelateerd aan de oncologische uitkomsten van patiénten met
hoog risico NMIBC [30-34]. In de toekomst zou Ramanspectroscopie ingezet kunnen

worden om dit soort biomarkers te detecteren.

Ramanspectroscopie voor blaaskankerdetectie, wordt in bepaalde onderzoeken ook
toegepast op serum, een andere vorm van een vloeibaar biopt [35,36]. Interessant is
dat deze groepen NMIBC en spier invasief blaas carcinoom (MIBC) konden detecteren
in het bloed, terwijl logischerwijs, als de ziekte beperkt is tot de blaas, geen kanker
karakteristieken gevonden zouden moeten kunnen worden in het bloed. Omgekeerd,
als (micro-)metastasen aanwezig zijn, zullen deze ook detecteerbaar kunnen zijn in serum

omdat ze worden verspreid via het serum. Hierdoor ontstaat een nieuwe toepassing van
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Ramanspectroscopie in blaaskankerdiagnostiek; als detectiehulpmiddel voor (micro-)
metastasen, die niet te detecteren zijn middels reguliere beeldvormingstechnieken.
Dit is belangrijk voor het kiezen van de juiste behandeling. De 5-jaars mortaliteit na
cystectomie is ongeveer 50% en is onveranderd gedurende de laatste tientallen jaren
[37,38]. Veel van deze patiénten overlijden door preoperatief niet-gedetecteerde (micro-)
metastasen. Om deze reden is het nodig om meer onderzoek te doen naar detectie van
(micro-) metastasen in serum vooraf aan cystectomie, wat middels Ramanspectroscopie

mogelijk zou zijn.

Om de uitkomsten van deze patiéntengroep te verbeteren, is het ook belangrijk
om te kunnen voorspellen wat de respons zal zijn op (neo-)adjuvante chemo- of
immunotherapie. Als patiénten geen respons hebben op neo-adjuvante therapie,
wordt de cystectomie ongewenst uitgesteld omdat de tumor dan meer tijd heeft om te
verspreiden en metastaseren. Ramanspectroscopie zou bepaalde tumor karakteristieken
kunnen detecteren die kunnen voorspellen wat de respons zal zijn op de (neo-)adjuvante
therapie waardoor een keuze gemaakt kan worden voor het soort (neo-)adjuvante
therapie of afgezien kan worden van de therapie. Een aangrijpingspunt kan het soort
inflammatie in de tumor of serum zijn. Dit kan gerelateerd zijn aan de respons van het
immuunsysteem op tumorgenese. Het soort en de kwantiteit van de inflammatie die
gedetecteerd zou kunnen worden door Ramanspectroscopie kan een prognostische

factor voor tumorprogressie zijn of voor de respons op immunotherapie.

Ramanspectroscopie wordt ook gebruikt om biochemische processen in blaastumor
ontwikkeling te evalueren. Green Fluorescent Protein kan door Ramanspectroscopie
worden gedetecteerd in blaaskanker cellijnen. Het corresponderende gen wordt
gebruikt in gene engineering om bepaalde veranderingen in functie of expressie te
kunnen detecteren binnen de celbiologie, speciaal voor gene silencing [39]. In een
andere studie wordt SERS gebruikt om leak-resistance DNA hybridization chain reaction
in urinemonsters te evalueren. Deze detectie is een belangrijk hulpmiddel in DNA
nanotechnologie studies, om meer informatie te genereren over DNA breakage in
tumorontwikkeling [40]. SERS wordt ook gebruikt om een enhanced surface permeability
en retention effect in menselijk blaaskankerweefsel te detecteren [41]. Ten slotte, zijn
er eerste resultaten gepubliceerd over het gebruik van Ramanspectroscopie voor de
detectie van intracellulaire nano-transporters, die bestanddelen kunnen bevatten voor
therapeutische targeted drug delivery of voor beeldvormende doeleinden binnen de

oncologie [42].
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CONCLUSIE

In dit proefschrift worden verbeteringen voor de klinische toepassing van Raman-
spectroscopie geévalueerd. Belangrijke stappen worden gemaakt voor het
gebruik van Ramanspectroscopie bij blaaskankerdiagnostiek in vivo. Niet-invasieve
blaaskankerdiagnostiek is een voortdurende uitdaging omdat de gouden standaarden,
cystoscopie en TURBT, invasieve procedures zijn die veel tijd en geld kosten.
Ramanspectroscopie is een veelbelovende analytische methode die de chemische
bestanddelen in complexe biologische samenstellingen kan meten, zoals cellen, weefsel
en biologische vloeistoffen. Wij hebben faciliteiten voor in vivo metingen ontwikkeld,
maar het systeem is nog niet bruikbaar op de polikliniek met flexibele cystoscopen. Bij
het onderscheiden tussen benigne en maligne cellen wordt een hoge nauwkeurigheid
behaald. Voor vloeistofbiopten, zijn de resultaten beter dan de huidige standaard
pathologische urinecytologie. Tevens heeft Ramanspectroscopie een rol in basaal
onderzoek. Concluderend kan Ramanspectroscopie op vele manieren een rol hebben in
onderzoek naar blaaskanker. Verdere studies zijn nodig om de klinische toepasbaarheid

te verbeteren ten behoeve van de verbetering van blaaskankerdiagnostiek.
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LIST OF ABBREVIATIONS

ALA 5-AminoLevulinic Acid

AUC Area Under the Curve

AUROCC Area Under the Receiver Operating Characteristic Curve
BCG Bacillus Calmette-Guerin

CARS Coherent Anti-stokes Raman Spectroscopy
CIS Carcinoma In Situ

EMSC Extended Multiplicative Scatter Correction
HAL HexAminoLevulinic acid

HG High Grade

IGZ Dutch Health Care Inspectorate

LG Low Grade

MDD Medical Device Directive

MIBC Muscle Invasive Bladder Carcinoma

MRS Modulated Raman Spectroscopy

NA Not Available

NAC Neo Adjuvant Chemotherapy

NBI Narrow Band Imaging

NMIBC Non-Muscle-Invasive Bladder Carcinoma
OCT Optical Coherence Tomography

PDD Photodynamic Diagnostic

PC Prostate Cancer

PCA/LDA Principal Component fed Linear Discriminant Analysis
PET Polyethylene Terephthalate

RM Raman Microspectroscopy

RMI Raman Molecular Imaging

SD Standard Deviation

SERS Surface Enhanced Raman Spectroscopy
SMOTe Synthetic Minority Oversampling

SNR Signal-to-Noise Ratio

SNRmsr The mean SNR over the spectral range
TURBT Transurethral Resection of a Bladder Tumor
ucC Urothelial Carcinoma

WLC White Light Cystoscopy
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