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Abstract:

In the framework of urologic oncology, mini-invasive procedures have increased in the last few
decades particularly for urothelial carcinoma. One of the essential elements in the management of this
disease is still the diagnosis, which strongly influences the choice of treatment. The histopathologic
evaluation of the tumor grade is a keystone of diagnosis, and tumor characterization is not possible
with just a macroscopic evaluation. Even today intraoperative evaluation remains difficult despite the
emergence of new technologies which use exogenous fluorophore. This study assessed an optical
multimodal technique based on endogenous fluorescence, combining qualitative and quantitative
analysis, for the diagnostic of urothelial carcinoma. It was found that the combination of two photon

fluorescence, second harmonic generation microscopy, spectral analysis and fluorescence lifetime
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imaging were all able to discriminate tumor from healthy tissue, and to determine the grade of tumors.
Spectral analysis of fluorescence intensity and the redox ratio used as quantitative evaluations showed
statistical differences between low grade and high grade tumors. These results showed that multimodal
optical analysis is a promising technology for the development of an optical fiber setup designed for

an intraoperative diagnosis of urothelial carcinoma in the area of endourology.

1. Introduction

With more than 79,000 new cases and a projection of 16,390 deaths in 2017 in the US[1], bladder
cancer is one of the deadliest cancer worldwide. For urologists, bladder cancer (BC) and upper urinary
tract transitional cell carcinoma (UUT-TCC) are principal issues in urologic oncology. It is therefore
critical to diagnose these tumors during endoscopy procedures (cystoscopy or ureteroscopy depending
of the tumor localization) in order to confirm lesions macroscopically and to collect a tissue sample to
confirm histopathologic characteristics. For specific cases of urothelial carcinoma (BC and UUT-
TCC), determination of the histopathological grade of urothelial tumors is one of the keystones in the
oncological management. The tumor grade impacts the treatment strategy at various levels, from the
type of surgery, to the role of chemotherapy, to the chronological steps in management. In the case of
a high grade tumor a total ablation of the organ (radical surgery) may be necessary whereas
conservative treatment can be a valid option for low grade tumors associated with bladder cancer and
upper urinary tract transitional cell carcinoma (UUT-TCC) [2], [3]. A critical step is proper resection
of lesions due to a high risk of recurrence[4] particularly for low grade urothelial carcinoma. This is
achievable if both lesion detection and diagnosis are optimal. In this framework, peri-operative
screening of tumor characteristics could be a valuable support to the surgeon to adapt the surgery and
to plan postoperative cares.

With the development of minimally invasive surgery, the use of miniaturized technology has become a
standard procedure, especially for UUT-TCC and BC. For UUT-TCC, flexible ureteroscopy with laser

photovaporization allows a reduction in both surgical morbidity and renal function impairment [5],



[6]. New technologies have been developed to help the surgeon with intraoperative discrimination of
urothelial carcinoma[7], [8]. Enhanced imaging techniques such as Photodynamic diagnosis (PDD)
with 5-ALA[9], Narrow Band Imaging system(NBI)[10], real time optical coherence tomography
(OCT)[11] and confocal laser endomicroscopy (CLE)[12] are now proposed for diagnosis. However,
all of these technologies have limitations including low specificity (NBI), or difficulty of
interpretation by the doctors (OCT, CLE), compared to the gold standard histological diagnosis, due
to the lack of multimodality and database images.

After two decades of becoming increasingly popular, two photon microscopy (TPM) has now become
an important technique for biological tissue imaging. The development of miniaturized high-numerical
aperture optics[13], lasers with optimized pulse delivery [14], and miniaturized scanning system[15],
[16] has opened the way for clinical applications. Nonlinear microscopy, as classical confocal
imaging, can provide an analysis of tissue using only endogenous labels, and thus eliminates the need
for exogenous fluorescence labeling. Second Harmonic Generation (SHG) can access characteristics
of tissue structure which have a non-centrosymmetric geometry, such as extra-cellular matrix, muscle
fibers, walls of blood vessels, while two photon endogenous fluorescence (TPEF) measurements can
detect and show the presence of endogenous fluorophores associated with cellular metabolic activity
(reduced nicotinamide adenine dinucleotide: NADH and flavin adenine dinucleotide: FAD).

TPM offers several advantages such as intrinsic sectioning, lower photobleaching, lower and localized
phototoxicity, higher penetration depth into the tissues, and an absence of overlap between excitation
and emission [17]-[20]. Above all, it provides a different endogenous contrast analysis compared to
standard microscopy and confocal endomicroscopy. Although the heterogeneity of tissue structure can
lead to complex signal interpretation, endogenous fluorescence analysis of urothelial tissue could be a
promising way to avoid metabolic alteration related to external markers[21], [22]. The multimodal
technique is an improved alternative to the unimodal one since it highlights tumors characteristics
more specifically and precisely.

Nevertheless, non-linear flexible endoscopy imaging development remains a challenge. Although

some modalities such as SHG have already been evaluated in-vivo[23] and multiphoton microscopy



evaluated on urothelial and prostate samples[24], [25], only one study so far has explored the potential
of multimodal optical analysis in the area of uro-oncology[26].

This preliminary study was conducted to establish the efficiency of a multimodal imaging process
based on endogenous fluorescence analysis to discriminate grades of urothelial tumours as done in
histopathologic grading. For that reason, we conducted a qualitative and quantitative study, using
different contrasts to define optical markers of tumours grade. This study show that optical imaging
and analysis could provide reproducible and reliable clinical results.

To the best of our knowledge, this preliminary study assesses for the first time the ability of
multimodal optical analyses to identify pathological features and histopathological grades associated

with urothelial carcinoma, in a manner consistent with classical histopathological evaluation.

2. Material and Methods

2.1 Sample management
This prospective monocentric study had included a collection of samples from patients suspected to
have an urothelial carcinoma at fibroscopy or on imagery. The institutional review board (IRB) of the
Tenon Hospital center — University Pierre-Marie Curie approved the study (IRB-00003835), all the
following methods were performed in accordance with the relevant guidelines and regulations issue in

this protocol and informed consent were signed by the patients.

After endoscopic biopsy or resection, urothelial samples were fixed in a formalin zinc solution.
Immediately after, the samples were transferred on a specific nonlinear multimodal set-up to perform
the acquisitions. After the multimodal optical analysis, the samples were conditioned and analyzed by
the pathologist. Detailed clinical data including age at diagnosis, past medical history including

urothelial carcinoma and previous treatment were recorded, such as histopathological data.

2.2 Confocal, two-photon microscopy and fluorescence lifetime imagingJon a microscopic
multimodal setup



A Mai Tai DeepSee Ti:sapphire laser with automated dispersion compensation (Spectra-Physics,
Santa Clara, USA) was used as the source for a TCS SP8 MP microscope (Leica Microsystems,
Wetzlar, Germany) to perform two-photon microscopy. The set-up allows us to record imaging,
emission spectra and lifetime fluorescence. The laser cavity had over 2.4 W of average power at 800
nm and was tunable from 690 nm to 1040 nm. Two supersensitive Leica hybrid nondescanned (HyD
NDD) detectors recorded the faintest structures from deep-tissue sections. For two-photon imaging
experiments, fluorescence was collected after the microscope objective via a dichroic beamsplitter,
transparent to wavelengths greater than 680 nm. The collected visible spectrum was split by another
dichroic cube (FF495-Di03-25 x 36, Semrock, New York, USA) into two channels toward the HyD
NDD detectors. This configuration minimized loss in the fluorescence collection. The presence of two
additional filters (FF01-448/20-25 and FF01-520/35-25, Semrock, New York, USA) on the dichroic
cube set the detection band, respectively one to collect Second Harmonic Generation(SHG) signal and

the other one to collect the endogeneous fluorescence.

A hybrid detector was used to perform the spectral acquisition. A prism dispersed the fluorescence and
the spectral detected band was selected with a specific motorized split mirror placed before the hybrid
detector. The spectral resolution was 10 nm, covering the range from 380 nm to 780 nm. Spectral
acquisition and single-photon counting technology fluorescence lifetime imaging were couples by a
unique system which integrated hardware and software (PicoQuant GmbH, Berlin, Germany) with the

high-end confocal system Leica TCS SP8 MP.

A spectral mosaic was acquired on a 3x3 images area selected with the microscope software: a spectral
measurement was made for each image of the mosaic then the software merged the information to give
a mean spectrum of the mosaic. For fluorescence lifetime imaging measurements, a mosaic of 9
images per sample were analyzed using appropriate excitation wavelengths. The image size was 512x

512 pixels, at 100 Hz and represented the average of 10 frames.

Four different optical signals on the region of interest (ROI) were recorded with our multimodal setup:

1) one and two-photon spectral analysis, 2) two-photon fluorescence lifetime imaging measurement,



3) SHG imaging, and 4) fluorescence imaging under one- and two-photon excitation.

2.3 Histopathology analysis

All the samples were analyzed by the same senior uropathologist using hematoxylin-eosin-saffran
(HE) staining without prior knowledge of the two-photon analysis status. Results were given
according to the WHO 2016 classification for urothelial carcinoma[27]. Correlation between point-to-
points optical indexes, imaging abnormalities and pathological examination of biopsy samples in each
particular tumor type and grade was performed. All samples were categorized and classified as healthy

urothelium or high grade or low grade tumor by the pathologist.

2.4 Data Analysis
24.1 Spectral analysis

Five circular Regions of interest (ROI) of 200um diameter were placed on each spectral
mosaic stack at the 870nm excitation wavelength. A spectrum was generated for each ROI using
Image J to calculate the mean intensity of each image of the stack. This spectrum was then fitted using
a Matlab script developed in the lab and previously used in rat and human brain tumors[28], [29]. The
script was readapted to urothelial tissue, two components where identify in the emitted response: the
nicotinamide adenine dinucleotide (NADH) and the flavin adenines dinucleotide (FAD). Indeed, the
absence of oxygen or a need to increase glucose catabolism cause an increase in NADH fluorescence.
Hence, the redox ratio is already well-known to be associated with malignant transformation[30]-[32].
Different excitation wavelengths were used. For each excitation wavelength a fit was applied to
extract the contribution of the different molecules. Figures 1.a.b. show the response of endogenous
molecules using two different excitation wavelengths. As shown, 810 nm excitation wavelength don’t
give access to the SHG. Exciting with 870 nm could be reasonable to collect the metabolic molecules
as well as SHG. Consequently, to avoid experimental bias and propose the fastest method to analyze
tissue only the 870nm wavelength was used in all our analysis. We extracted from this fit the
maximum intensity at the max emission wavelength of each component (IuxNapH, Imaxrap) to then

calculate a redox ratio, see Figure 1.c.



Figure 1. Spectral fluorescence response emitted by the tissue using 810nm (a) and 870nm (b) excitation
wavelengths. The redox ratio was done under 870nm excitation wavelength, using the NADH and FAD fitted

intensity (c).

The redox ratio was then calculated from this value with the most used formula in the literature:

Redox — Imax—FAD ~lmax-NADH 26]
Imax-FAD+lmax-NADH

242 Lifetime

The data were collected using the external hybrid dedicated to the fluorescence signal with the
filter centered at 520+35nm and analyzed via the software SymphoTime (PicoQuant, GmbH,
Berlin, Germany). On each fluorescence lifetime mosaic of nine images, 5 ROI of a 200um
diameter were selected on the cells structures and fitted by bi-exponential decay to extract the
fluorescence lifetime. The criteria for an acceptable fit were: 1) a ¥2 value less than 1.0 and 2)
residuals randomly distributed around O within the interval +4 and —4. The average amplitude
lifetime is extracted from fit of each ROI using the following equation:
Tavg = M
2ia
24.3 Hatistical analysis
The Chi2 test (or Fisher test) were used to compared qualitative variables, the Student t-test were used
for quantitative variables. Redox ratio and average fluorescence lifetime results were evaluated using
t-test. A probability value (p) < 0.05 was considered statistically significant. All statistical analyses

were performed using R software.



3. Results

3.1 Samples characteristics:

In our study, fourteen patients were enrolled prospectively, including sixteen samples of normal and
tumoral urothelium. Among them, fifteen samples were of bladder origin and one from the upper-
urinary tract. Amongst them, ten represented urothelial carcinoma (five reported as low grade tumors

and five as high grade tumors). Six samples of non tumoral urothelium were also examined.

32 Co_rr_elation between two-photon fluorescence images and Hematoxylin and Eosin
staining

To highlight the performances of non-linear microscopy in tissue diagnosis, we compared our images
with the histological analysis, considered as gold standard. Results are shown in Figure 2.
Three major urothelial aspects were identified by fluorescence and compared with the
histopathological morphology. First a healthy layer of urothelial cells, second low grade tumor
architecture displaying exophytic growth with a fibrovascular core and increased layers of urothelial
cells without major atypia or necrosis, and third an invasive high grade tumor, with major atypia and
also with exophytic features and a fibrovascular core, typical for pTa tumours (pathologically staged
non invasive papillary carcinoma). Moreover, the SHG signal gave us access to the architecture and
characteristics of the stroma and the lamina propria and could also be compared with the histological
features.
The TPF images were collected through the whole sample, from the epithelial surface to the deepest
part, mostly to the detrusor muscle. After the determination of the grade by the multimodal optical
analysis, the histopathological images (see Figure 2) were chosen by the pathologist for a better
correlation to the TPF images, in order to highlight the specific structures.
Normal urothelium (Figure2; 2a,2d) showed multilayered cells without disorganized architecture, the
cells were identify in histological images by dark violet spots and in TPEF images by dark hole in the

homogeneous red fluorescent signal, highlighting easily the organization of the layers. There was no



atypia, no disorganistation and no mitosis. Umbrella cells were present on the surface, no necrotic
features were detected.

Low grade tumor (Figure2; 2b, 2¢) was recognized by the presence of increased number of urothelial
cell layers, an architecture which is still recognizable, no cytonuclear atypia, no mitosis. The
fibrovascular core is thin, and was highlight in histological images by pink filament and in two-photon
images by the thin green, SHG response, no invasion of the underlying tissue.

High grade tumor (Figure 1; 2c, 2f) is identifiable due to papillary features, the urothelium displays a
loss of polarity, cytonuclear atypia can be observed with a modify architecture at the nuclear and
epithelial level, this is highlighted in two-photon images by a very irregular form of nuclei of cells,

mitosis exist and the fibrovascular core is slightly thickened, the SHG is very difficult to distinguish

from the fluorescence, very thin green fiber at the bottom of the image 2.f.

Figure 2. Comparison between Hematoxylin - Eosin Saffran staining (a,b,c) with two-photon fluorescence
images at 870 nm excitation wavelength, red color for the fluorescence signal and green color for the SHG signal
(d,e,f) of three tissue types : healthy (a,d), low grade tumor (b,e) and high grade tumor (c,f). Scale: 100um. star:
Fibrovascular cores, arrow: Urothelial cells.

3.3 Quantitative evaluation by spectral analysis and fluorescence lifetime imaging

Once we identified in our images healthy and tumoral urothelium, we performed a quantitative

analysis by recording the spectral response and fluorescence lifetime imaging.



A specific wavelength of 870 nm has been chosen for the spectral analysis. This wavelength was
chosen after an excitation-emission spectral analysis. We excited the same tissue using all excitation
range of the laser from 690 to 1040 nm. The maximum of emission fluorescence was recorded using
two hybrid detectors over the excitation range (Figure 3).

The Hybridl tracks the SHG and Hybrid2 the emitted endogenous fluorescence. The 870 nm

excitation wavelength was chosen to maximize both signal.
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Figure 3. Different fluorescent emission with different excitation wavelength (690-1030nm) in hybrid NDD

detector.

The spectral results are shown on the Figure 4. We compared the intensity level of the emitted spectra
in the Fig.4a. The higher the grade is, the lower is the fluorescence signal. Healthy urothelium has the
higher fluorescence intensity.

Then we were able to calculate the redox ratio for each tissue group. The results are presented in
Fig.4.b.c. The redox ratio was significantly higher in the healthy urothelium compared with tumors
samples (p<0.001). Moreover, it was able to discriminate low grade from high grade tumors. The low

grade has a significantly higher redox ratio (p=0.002) than high grade tumor.
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Figure 4. Spectral analysis of urothelial tissue at an excitation of 870 nm. (a) Comparison of the mean spectra in
normal urothelium, low and high grade tumor (5 samples of each). (b) Comparison of the redox ratio in fifteen
region of interest (ROI) in each type between healthy urothelium and tumors. (¢) Comparison of redox ratio
including low and high grade urothelial carcinoma.

To have a reliable answer and more discriminating indicator, the fluorescence lifetime was also
measured. The different results are summarized in Figure 5. We were able to identify the cells
structure in the FLIM images and to compare the different grades. This analysis also allowed us to
discriminate the different origins. The average lifetime in low grade tumor appeared shorter on our
images and in the histogram, Fig.5.a.b.c.

To have a numerical discriminating indicator, fluorescence decay was fitted by a bi-exponential fit in
fifteen ROIs and the amplitude lifetime was extracted. Fig.5.d. presents the result, and shows
significant differences between healthy, low grade and high grade urothelial carcinoma: healthy vs.
low grade (p = 0.002), healthy vs. high grade (p < 0.001) and high grade vs. low grade (p < 0.001).
Tumor tissue have a different metabolic equilibrium than normal tissue, in which the co-enzyme
NADH and FAD are implied. The variation in the fluorescence lifetime translate this different

metabolic state.
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Figure 5. Fluorescence Lifetime analysis at 870nm excitation wavelength. FLIM images of (a) healthy, (b) low
and (c)high grade tumor cells, (d) respective average lifetime histogram of each image.(e) Variation of mean
amplitude lifetime between healthy urothelium, low grade and high grade tumor compared in fifteen ROIs in
each type of tissue.

4. Discussion and conclusion

The multimodal optical analysis of urothelial samples from bladder and urinary upper tract has proven
its capacity to characterize the urothelium and discriminate healthy tissue, low grade and high grade
tumor. This characterization was achieved by a qualitative and a quantitative analysis. These

preliminary results are promising for the development of a peri-operative diagnostic tool.

Multiphoton microscopy is a rising technology in the field of tissue analysis. Its intrinsic
characteristics make it an increasingly studied technique even in urology[25], [33]. Indeed, in urology,
some studies have already shown a good correlation between multi-photonic microscopy and
histopathologic imaging. Yadav et al. have demonstrated the discrimination of periprostatic neural
tissue on a rat model with using 780 nm as excitation wavelength excitation[25]. For urothelial
carcinoma, Jain et al.[33] have assessed the diagnostic potential of this technique in identifying and
differentiating benign from malignant flat bladder lesion, especially carcinoma in situ (CIS). These
studies have shown a good correlation between multi-photonic microscopy and histopathology.
However, none of them have performed a quantitative analysis such as spectral analysis or FLIM

analysis. Multimodality as quantitative and qualitative analysis is important for reliable and precise



response. Moreover, Jain et al. have focused only on the capacity to detect CIS but have not sought to
determine papillary tumors characteristics especially the grade. As PDD and NBI are performant tools
for the CIS diagnosis, it is more interesting to develop a specific peri-operative tool able to help

determine the histologic grade in order to improve oncologic management.

When multiphoton microscopy is used alone, it is still limited by the difficulty of easily recognizing
abnormal aspects such as intranuclear modifications. In our study, multiphonic imaging also lead us to
recognize and discriminate structures as seen in histopathology. In particular, it was possible to
discern healthy urothelium from low and high grade tumors. It is very interesting and promising that
optical imaging could be used for live peri-operative histology. It offers high resolved, rapid images
comparable to histological images. But because of the learning curve for the tissue recognition and
potential intraoperative variability, imaging alone is not sufficient for a reproducible diagnostic tool.
This is why, multimodality by adding quantitative analysis to qualitative makes major contribution to

clinical applicability in endo-urology.

Our study has shown that fluorescent spectral analysis can discriminate among different types of
urothelial tissue from healthy to high grade tumors. Likewise, the redox ratio and FLIM analysis were
able to significantly distinguish tissues characteristics. To date, only one study has used the
multimodality for urothelial evaluation. Cicchi et al. have assessed TPM for healthy bladder mucosa
and CIS. Their results shown a potential difference between both groups even with the redox ratio
analysis. But again, the limitation to the diagnosis of CIS is a limitation for a real applicability
comparatively to our study which was focused on the grade. To evaluate the redox ratio, different
formula are proposed in the literature but we decided to take the most used[21], [26], [34].
Discrimination was also obtained by using the FLIM analysis. The FLIM data are bi-exponential
fitted, each component fitted will be associated to one of the form of FAD in tissue, either protein-
bound or free. The average amplitude lifetime translates the distribution between free and bound FAD,
having longer average lifetime In tumoral tissue means that the free FAD is in higher concentration.
This change in the ratio of protein-bound FAD is a consequence of the impact of the Warburg effect.

In tumor, an increased metabolizing of glucose to lactate by neoplastic tissue compared with healthy



tissue[35]. Indeed the major co-enzyme in this reaction are NADH and FAD. This is in correlation

with previous results shown on healthy bladder mucosa compared to in situ carcinoma [33].

There are some limitations to discuss. First, we analyzed fixed samples. This could lead to some
modifications of the fluorescence and the redox ratio analysis compared to an in-vivo analysis. Indeed,
the NADH and FAD concentration decrease after the excision of the tissue and that could affect the
performance of redox ratio analysis. Nevertheless, our analysis has been able to discriminate the
different tissue as described in the previous literature for the redox ratio in healthy and tumoral
tissues[21], [26], [34], [36]-[38]. This means that the redox ratio is also a promising tool for an in-
vivo evaluation. The other limitation of our study is the low number of samples included. To confirm

our results, we need to increase the number of samples and work on fresh biopsy analysis.

These preliminary results confirm the potential of multimodal optical analysis and represent the first
step for the development of a laser fiber optical tool for peri-operative diagnosis. The possibility of

discriminating the tumor’s grade during the surgery is an essential tool for the oncologic management.
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Graphical Abstract
In urologic oncology, quality and rapidity of diagnosis is an influent element in the choice of

treatment. Intraoperative imaging techniques could help in real-time the surgeon in decision making.
This paper presents a new technology for intraoperative assessment of the nature of bladder tissue. A
multimodal tools with two-photon exciton and quantitative-qualitative detection. Histological
landmarks were found in two-photon images of biopsy and quantitative measurements gave

numerical indicators of malignancy.






