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Abstract: Fiber optic Raman spectroscopy offers label-
free identification of cancer in the bladder under in vivo
conditions. However, state-of-the-art Raman technology
does not enable to scan the entire bladder wall. Our
multidimensional approach within the project Uro-MDD
combines panoramic 3D-image reconstruction of white
light cystoscopy and fluorescence lifetime imaging to
define regions of interest for Raman-assisted diagnos-
tics. First Raman results are presented from human
control and cancer bladder specimens that demonstrat-
ed how to obtain specific molecular information. Such
Raman images can be used in a clinical setting to de-
termine cancer margins and the resection status. Fiber
probes are under development to translate the tech-
nique to in vivo screening.
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1. Introduction

Raman spectroscopy is based on inelastic scattering of mon-
ochromatic light which probes vibrations of molecular bonds.
A spectrum of all Raman-active vibrations is generated in a
label-free and non-destructive way and provides a specific
signature of analytes. Raman imaging combines the spectro-
scopic and lateral information. In the context of biomedicine,
Raman spectra have been shown to distinguish between
normal and pathological cells and tissues, and Raman images
give contrast to delineate margins between different tissues
down to the cellular level [1]. Raman spectroscopy can also
be combined with fiber-optic probes for minimal invasive
and intraoperative assessment of tissues [2,3]. One of the
main disadvantages of Raman spectroscopy for biomedical
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applications is weak signal intensities. This requires usually
exposure times in the range of seconds per spectrum which
leads to slow image acquisition. Therefore, Raman spectros-
copy is often combined with rapid pre-screening techniques
to define points of interest. Within the project Uro-MDD, the
entire bladder wall is visualized by panoramic 3D-image
reconstruction of white light cystoscopy[4] and fluorescence
lifetime imaging [5] to define regions of interest for Raman
assisted diagnostics. Coherent Raman scattering (CRS) such
as coherent anti-Stokes Raman scattering and stimulated
Raman scattering offer faster image acquisition with scan-
ning speed in the range of megapixel per second. However,
such high speed can only be achieved for single vibrational
bands, and transmission of high intensity picosecond laser
pulses for CRS excitation by fiber optics requires special
fibers which is one of the unmet needs in translational bio-
photonics [6].

Raman spectroscopy for bladder cancer identification
has already been reported in previous papers. A fiber-optic
Raman system analyzed 29 bladder tissue samples in an ex
vivo setting [7]. The authors developed a classification model
to distinguish benign specimens (normal and cystitis) and
malignant specimens (transitional cell carcinoma) with an
accuracy of 84%. Another study measured Raman maps from
cryosections of bladder tissues [8]. A classification model
differentiated average Raman spectra from cancer and non-
cancer of 15 patients with an accuracy of 93%. A high vol-
ume fiber-optic Raman probe was used to determine the
invasiveness of bladder cancer under in vivo conditions [9].
Raman spectra were collected with exposure times between 1
and 5 seconds from suspicious and non-suspicious regions.
An algorithm discriminated bladder cancer and normal blad-
der with a sensitivity of 85% and a specificity of 79%. The
authors reported that the probe collected mainly signal from
deeper tissue layers whereas early changes in the upper
urothelial layer were not detected. A recent study collected
Raman images from 67 bladder biopsies of 28 patients using
a fiber-probe system [10]. After extensive pre-processing to
suppress high tissue autofluorescence in Raman spectra, non-
cancer tissue, low-grade and high-grade cancer were classi-

This work is licensed under the Creative Commons Attribution 4.0 License.



Christoph Krafft et al., Raman Spectroscopy to Characterize Bladder Tissue for Multidimensional Diagnostics of Cancer in Urology —

fied with an accuracy of 92% for cancer identification and
84% for cancer grading.

The current work presents Raman images from cancer
and non-cancer specimens of resected bladders. The micro-
scopic setup used a water immersion objective lens to collect
high quality Raman spectra that could be analyzed without
pre-processing. Detailed molecular and morphological in-
formation were obtained from four samples of two patients to
characterize bladder tissue.

2. Methods

Panoramic imaging, stereo cystoscopy and fluorescence
lifetime imaging have been described for bladder cancer
detection in an accompanying paper by Wittenberg et al. at
this conference. The current paper focuses on sample prepa-
ration, Raman spectroscopy and statistical data analysis.

2.1 Sample preparation

Control and cancer specimens were prepared from ten human
bladder resections. Their sizes ranged from ca. 5-10 mm.
Samples were placed in a sample chamber and covered with
a calcium fluoride window to protect them from drying.
Photographs of patient samples 1 and 2 are shown in Fig. 1.
Parallel cyrosections were prepared on calcium fluoride
windows for Raman and infrared microspectroscopic imag-
ing. Consecutive sections were stained with hematoxylin and
eosin for histopathologic assessment as goldstandard. The
liquid around the samples (white in frozen state) is optimal
cutting temperature (OCT) medium in which the specimens
were immersed before storage in the tissue bank. Control
tissue appears red whereas cancer tissue has a brighter hue.
Of particular interest is cancer 2 because the bright region in
the center is surrounded by a red region.

Control 1

Cancer 1 Control 2 Cancer 2

Figure 1: Control and cancer tissue from human bladder resec-
tions of patient 1 and 2.

2.2. Raman spectroscopy

The Raman spectrometer RXN1 microprobe with a 785 nm
laser (Kaiser Optical Systems, USA) was used for data acqui-
sition. A water immersion objective lens 20x / NA 0.5 (Zeiss,

2

Germany) focussed ca. 130 mW intensity onto the sample.
Raman images were registered with an exposure time of 5
seconds per spectrum in a sequential acquisition mode at 250
pum step size. The instrument was controlled by the software
Holo-GRAMS which automatically performs laser wave-
length calibration, wavenumber calibration and intensity
calibration (Kaiser Optical Systems, USA).

2.3 Data Processing

Raman images were imported to Matlab (Mathworks, USA)
using the toolbox HoloMAP (Kaiser Optical Systems, USA).
Without further preprocessing, Raman data were decomposed
by the hyperspectral unmixing algorithm called vertex com-
ponent analysis (VCA). Briefly, VCA calculates endmember
loadings and scores that represent the spectra and concentra-
tions of the most dissimilar components. Details of the im-
plementation of in-house scripts have been described else-
where [11].

Results

Raman endmember spectra of control and cancer tissue with
the score plots as inset are shown in Fig. 2. The Raman spec-
tra coincide for each class with only small variations in back-
ground slope, total and relative band intensities. Most Raman
bands of control tissues are assigned to spectral contributions
of proteins with o helical structures as evident from bands at
934, 1270 and 1655 cm™. The other labeled bands are as-
signed to aromatic and aliphatic amino acid residues. The
score plots display that that this component is abundant in the
right part of control 1 and in the central part of control 2. The
Raman spectra of cancer tissue are also dominated by spec-
tral contributions of proteins, however with different second-
ary structures as evident from more intense and shifted bands
at 922, 938, 1246 and 1665 cm™. These changes together
with typical bands of proline and hydroxyproline at 815 and
855 cm! point to elevated content of fibrous proteins [12].
The score plots of cancer tissue show a homogeneous distri-
bution in specimen 1 and high abundance only in the upper
portion which is consistent with the photograph in Fig. 1.
More tissue components are shown in figure 3. In the
center of control specimen 1 lipid-rich regions are detected
which are evident from bands in the Raman endmember
spectrum (blue trace) at 1748 (C=0), 1656 (C=C), 1268
(C=CH) and 1440 and 1302 cm (CH, groups) typical for
fatty acid chains. Raman spectra with high lipid content were
also reported in other bladder studies [9]. The Raman
endmember spectrum (green) of cancer specimen 2 is very
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similar to the previous spectrum which indicates lipid-rich
regions next to cancer tissue.
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Figure 2: Vertex component analysis of Raman images of bladder
specimens. Endmember spectra and score plots (insets) are
shown for control (top) and cancer tissue (bottom). Trace colors of
spectra coincide with box colors of score plots. Abundances in
score plots are scaled from high (red) to low (blue).
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Spectral contributions of lipids and OCT medium overlap in
the Raman endmember spectrum (red) of cancer specimen 1
as evident from most intense OCT bands near 1121 and 851
cm’l. The VCA algorithm cannot decompose both compo-
nents because they co-localize throughout the sample. The
Raman spectrum of copper phthaloyanine only appeared at
one position. This pigment is used as drug for photodynamic
therapy (PDT). As the Raman bands are strongly enhanced
due to the resonance Raman effect (ca. 200,000 counts com-
pared to 2,000 to 4,000 counts for the other spectra), non-
resonance enhanced tissue bands are not visible anymore. As
this molecule was not expected, the Raman spectral library
Know-It-All (Bio-Rad, USA) was used for identification.
Endmember Raman spectra that were not shown for brevity
are assigned to substrate background, water between objec-
tive lens and substrate window, and OCT. These components
did not contribute to differentiation between cancer and non-
cancer. With one exception (overlap of lipid and OCT), these
confounding components were successfully separated from
the main tissue constituents proteins and lipids.
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Figure 3: Vertex component analysis of Raman images of bladder
specimens. Endmember spectra and score plots are shown for
lipid-rich tissues (top) and the PDT drug copper phthalocyanine
(bottom). Trace colors of spectra coincide with box colors of score
plots. Abundances in score plots are scaled from high (red) to low
(blue).

Discussion and Conclusion

Raman images of bladder specimens were processed by VCA
that provided molecular and quantitative information without
a priori knowledge or labels, and in an unsupervised way.
Four data sets from two patients were described here. The
autofluorescence background was remarkably low and the
signal-to-noise was exceptionally high in all spectral images
which enabled to distinguish normal from diseased tissue,
lipid inclusions and a PDT drug. The detection of the drug is
consistent with PDT treatment of bladder cancer which in-
duced necrosis. In fact, elevated Raman bands of fibrous
proteins in cancer tissues in figure 2 rather point to necrotic
tissue than to cancer when compared to another study [10].
16 additional data sets were collected from eight patients
with identical parameters and are expected to give more
details about bladder tissue features. Together with reference
information of the pathological goldstandard, the Raman-
based information constitutes the basis for supervised classi-
fication approaches. This strategy was demonstrated for
grading of glioma brain tumors [13]. In Bergner et al. hyper-
spectral unmixing defined reference Raman spectra of pro-
teins, lipids, cholesterol, cholesterol ester and nucleic acids
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that were used to quantify their abundance in Raman images
by non-negativity linear least square fitting and correlate
chemical and morphological features with the tumor grade.
Other classification algorithms are also applied in the context
of Raman tissue imaging such as linear discriminant analysis,
support vectors machines or machine learning concepts using
artificial intelligence and neural networks [1,14]. Even more
independent data are required to train and validate robust
classification models which could be achieved by a network
of research laboratories. These ex vivo results may be trans-
ferred to in vivo, intraoperative procedures after Raman in-
struments are coupled to fiber optic probes and ethical ap-
proval is obtained. The state of the art in Raman fiber optic
probes was summarized [2,15] and dedicated probes for
integration with cystoscopy are under development. The
Raman probes have a small diameter of less than 3 mm
which enable to insert them into the working channel of
cystoscopes. The video channel and the reconstructed pano-
ramic image will guide the Raman probe to points of interest
and the Raman-based assessment will guide the surgical
resection.
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