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Nowadays, surgical removal remains the standard method to treat brain tumors. During
surgery, the neurosurgeon may encounter difficulties to delimitate tumor boundaries and
the infiltrating areas as they have a similar visual appearance to adjacent healthy zones.
These infiltrating residuals increase the tumor recurrence risk, which decreases the
patient’s post-operation survival time. To help neurosurgeons improve the surgical act
by accurately delimitating healthy from cancerous areas, our team is developing an
intraoperative multimodal imaging tool. It consists of a two-photon fluorescence fibered
endomicroscope that is intended to provide a fast, real-time, and reliable diagnosis
information. In parallel to the instrumental development, a large optical database is
currently under construction in order to characterize healthy and tumor brain tissues
with their specific optical signature using multimodal analysis of the endogenous
fluorescence. Our previous works show that this multimodal analysis could provide a
reliable discrimination response between different tissue types based on several optical
indicators. Here, our goal is to show that the two-photon fibered endomicroscope is able
to provide, based on the same approved indicators in the tissue database, the same
reliable response that could be used intraoperatively. We compared the spectrally
resolved and time-resolved fluorescence signal, generated by our two-photon bimodal
endoscope from 46 fresh brain tissue samples, with a similar signal provided by a
standard reference benchtop multiphoton microscope that has been validated for
tissue diagnosis. The higher excitation efficiency and collection ability of an endogenous
fluorescence signal were shown for the endoscope setup. Similar molecular ratios and
fluorescence lifetime distributions were extracted from the two compared setups. Spectral
discrimination ability of the bimodal endoscope was validated. As a preliminary step
before tackling multimodality, the ability of the developed bimodal fibered endoscope to
excite and to collect efficiently as well as to provide a fast exploitable high-quality signal
that is reliable to discriminate different types of human brain tissues was validated.
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INTRODUCTION

Despite being among the least frequently diagnosed cancers in
the world (1), central nervous system (CNS) tumors occupy a
high rank among the deadliest forms of cancer, especially the
malignant types (2). Until today, total resection of the tumor
mass is still the main therapy method adopted to treat the
majority of brain tumor types, especially the malignant and
infiltrating ones. Surgical operation is considered as the most
critical and crucial step in brain tumor management. The main
goal of such surgery is to remove the tumor mass as much as
possible. The main challenge encountered by the surgeon is the
ability to identify accurately the tumor margins as well the
infiltrated cancerous cells all around in order to improve the
operation quality and to reduce recurrence outcomes (3). These
infiltrated margins present often similar appearances to the
adjacent healthy tissues, and their removal is mandatory. If
not, it will highly increase the recurrence rate of the tumor and
its mortality after the operation (4). However, to ensure an
optimal safe resection limit is reached and to confirm the
success of the surgery, biopsy samples are extracted from the
resection cavity for post-surgery histological analysis purposes.
This analysis relies on a Hematoxylin and Eosin (H&E) staining
of the extracted samples in order to obtain precise information
on the nature of the sample tissue. Nevertheless, this analysis
takes several days after the surgery to establish the final
diagnosis. Relying on human judgment and the expertise of the
anatomopathologist, this analysis is still the gold standard
method to provide such information.

To address these issues and to improve the surgical gesture,
several imaging techniques were proposed to guide the surgeon
intraoperatively [i.e., intraoperative MRI (5), intraoperative
ultrasound imaging (6)]. However, intraoperative retraction and
tumor resection often result in brain shifts, making it challenging
to assess the extent of resection in real time. In addition, the
mentioned techniques lack reliability and high resolution.

In the last decades, several spectroscopic methods have been
developed and added as an auxiliary to the intraoperative total
resection process (7) such as fluorescence-guided surgery using
5-aminolevulinic acid (5-ALA). This technique allows direct
fluorescence visualization and increases the rate and extent of
high-grade glioma tumors (8). However, it has shown limited
efficiency in identifying diffuse low-grade gliomas and micro-
infiltration cases (9) and did not show a high specificity towards
tumor cell regions (9, 10).

On the other side, label-free optical imaging techniques have
emerged as novel tools that allow high-resolution and cross-
sectional imaging methods such as Raman spectroscopy probes
(11, 12), optical coherence tomography (OCT) (13, 14) and
fluorescence imaging probes (15). These techniques could be
used endoscopically to realize intraoperative high-speed imaging
without using external markers. In addition, fluorescence
microscopy and especially two-photon fluorescence (TPF)
microscopy has shown a better ability than other techniques to
discriminate healthy brain tissues from tumor ones. Unlike the
conventional fluorescence microscopy, TPF emission requires
the excitation of the fluorophore simultaneously by two photons

with a higher wavelength than the emitted fluorescence light.
Therefore, conventional blue laser light is replaced by near-
infrared laser light, which corresponds to the photo-therapeutic
window where water and blood have their lower absorption.

This excitation technique is able to provide high-resolution
images that could compete with H&E images, which makes it
more efficient as a non-invasive imaging technique for tumor site
diagnosis (15, 16).

Thus, the endogenous fluorescence of human brain tissues
(spectral emission intensity, molecular ratios, fluorescence
lifetime, etc.) has been widely explored ex vivo, in vivo, and
intraoperatively, in order to discriminate between tumoral,
infiltrating, and healthy tissues (17-21). Tracking the alteration
of the fluorescence signal has been proven to be an efficient
method to monitor metabolism changes in cancerous tissues
and to elaborate a specific metabolic signature for each tissue
type (22-27).

In addition, another type of signal could be generated using
two-photon excitation, the second harmonic generation (SHG).
This signal is a non-linear optical coherent process that occurs
when two incident photons that have the same frequency interact
simultaneously with a non-linear structure, generating a single
photon with exactly double the energy of the incident photons
(half of the excitation wavelength). Unlike the fluorescence
process, SHG does not involve absorption, which leads to the
excitation of fluorescent molecules.

In biological specimens, non-centrosymmetrical structures,
such as collagen fiber structures and muscle myosin, are a strong
source of SHG signal. Therefore, SHG is considered as a strong
indicator of vascularized structures related to tumor
angiogenesis, where SHG levels have been observed to increase
in tumor boundaries (28-30). It has been proved that SHG signal
analysis, combined with two-photon fluorescence, is a powerful
indicator for tumor boundaries delimitation as well for cell
infiltration (29-31).

To this end, and in order to meet the surgeon needs, our team
is developing a multimodal miniature two-photon fluorescence
endomicroscope. This homemade developed setup will rely on
analyzing the endogenous fluorescence of brain tissues with a
multimodality of contrasts: two-photon fluorescence (TPF)
imaging, SHG imaging and analysis, fluorescence lifetime
(FLIM), and spectroscopic analysis (15, 32). This tool is
intended to offer sub-cellular information on the examined
tissue and a fast real-time diagnosis response intraoperatively.

In parallel, and using a TPF multimodal benchtop microscope,
the establishment of a large optical tissue database was launched a
few years ago (16, 25, 31, 33-38) through a collaboration with GHU
Hospital centre in Paris. The purpose of building this database is to
characterize all types of human brain tissues, whether tumoral or not,
and to establish for each type a specific optical signature, based on
several optical indicators extracted from their endogenous
fluorescence emission. This database will be connected to our
endomicroscope and will combine multimodal analysis
(fluorescence and SHG detection correlated with fluorescence
lifetime and metabolic ratio analysis) in order to establish, via fast
discriminative algorithms, a fast and efficient diagnosis of cancerous
activity in the examined regions.
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In our previous works, we have shown the ability of TPF
multimodal analysis to reveal brain tissue type (whether healthy
or cancerous). Thus, we managed to discriminate cancerous
from healthy tissues, with a high sensitivity and specificity
relying on such multimodal analysis. We have demonstrated,
through qualitative and quantitative image analysis, the ability of
our technique to differentiate (1) high-grade and low-grade
glioma (16), (2) grade I and grade II meningioma (31), and
(3) secondary and primary brain tumor (33). In addition, our
optical TPF + SHG images were confronted and correlated
with their corresponding H&E histological images. “Blind”
histological analysis was performed by our neuropathologist
collaborators in GHU-Paris Hospital center on these images to
discriminate healthy from tumor samples. Therefore, they were
able to recognize the different tissue types with 88% sensitivity
and 71% specificity (15), and without any previous training.

For the instrumental development of this endomicroscope, a
detailed characterization of the endoscopic fiber has already
approved its use for in vivo non-linear imaging (32, 39).
Numerical and experimental studies have also been performed
to characterize the pulse compression and its delivery through
this endoscopic fiber as well as all optical related technical
parameters (32, 40).

Actually, the image acquisition modality is not implemented
yet, so our setup is considered as a bimodal endoscope since it is
able to perform two modes of acquisitions: (1) spectral
measurements of the fluorescence emission and (2)
fluorescence lifetime acquisition of the excited fluorophores.

Nevertheless, our endomicroscope is intended to be an optical
tool for brain surgery assistance and for differentiation of
cancerous areas, and we have already demonstrated the
capacity of our optical imaging and analysis techniques in
discriminating cancerous areas through our previous works
(15, 16, 25, 31) (33-38). Indeed, we carried out this study in
order to prove the capacity of our endomicroscope to generate a
reliable quantitative signal that will be used, by combining it with
imaging modality, to diagnose tumor areas intraoperatively.

Therefore, the aim of this work is to investigate the ability of
our endoscope to provide equivalent or similar results to those
provided by the benchtop microscope, which is not adapted for
clinical use. This benchtop multimodal microscope is considered
as our standard reference for in vitro tissue diagnosis, especially
since it is the same platform used for our tissue database
construction (15, 16, 25).

Therefore, a comparison study between the bimodal response
of our endoscope with the response of the benchtop multiphoton
microscope platform is presented. We are investigating spectral
data, molecular ratios, and fluorescence lifetime values extracted
from both setups using a large cohort of fresh human
brain samples.

MATERIALS AND METHODS

Samples
Through a collaboration with GHU-Paris Hospital center and
according to an approval from the GHU-Paris — University Paris

Descartes Review Board (CPP Ile de France 3, S.C.3227), sample
tissues were collected during surgery times from the Department
of Neurosurgery and Neuropathology at the GHU-Paris
Hospital. All methods and measurements were performed
accordingly with the relevant guidelines and regulations of this
approval, and informed consents were obtained from all patients.
Forty-six fresh samples were extracted from thirty-six patients
and transported to our laboratory to perform the measurements.
Table 1 shows the different types of tissues used in this study and
their established diagnosis based on World Health Organization
(WHO) classification of central nervous system tumors (41, 42),
and confirmed by our neuropathologist collaborator.

Benchtop Microscope

This platform consists of a Leica TCS SP8 multimodal
multiphoton fluorescence benchtop microscope (Leica
Microsystems, Wetzlar, Germany) controlled via Leica’s
acquisition software, where its technical details were published
elsewhere (15). Briefly, this platform includes a Ti : Sapphire
tunable laser source from 690 nm to 1,040 nm (Mai Tai DeepSee,
Spectra-Physics). The objective used is a 25x water-immersion
(HCX IRAPO L 25X NA 0.95, Leica). A hybrid internal detector
(HyD, Leica, Germany) was used for spectral measurements,
while two other external non-descanned hybrid detectors (HyD-
RLD, Leica Microsystems, Wetzler, Germany) were used for two-
photon fluorescence, SHG, and FLIM imaging. The first one is
dedicated to select the nicotinamide adenine dinucleotide
(NADH) fluorescence signal when using 800 nm as excitation
wavelength and SHG signal when using 890 nm, using a 448 + 20
nm band-pass filter (Semrock, FF01-448/20-25). The second one
is dedicated to select the flavins (FAD) fluorescence signal using
a 520 = 30 nm band-pass filter (Semrock FF01-520/35-25). For
fluorescence lifetime imaging acquisition, a time-correlated
single-photon counting module (PicoQuant TCSPC module,
Berlin, Germany) was coupled with the two external hybrid

TABLE 1 | Summary of the sample cohort included in this study.

Tissue Type Description Number

Control Epileptic tissues 14

Meningioma Atypical meningioma
Secretory meningioma
Transitional meningioma
Meningothelial meningioma
Microcystic meningioma
Rhabdoid meningioma

O S A )

Glioma Glioblastoma IDH-wild type
Glioblastoma IDH-mutant
Anaplastic oligo-astrocytoma
Astrocytoma IDH-mutant

Anaplastic astrocytoma

- =N W W

Metastasis Lung carcinoma
Adenocarcinoma
Melanoma

Thyroid carcinoma

N W W w
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detectors, which permit performing NADH and FAD lifetime
imaging at 800 nm.

Two-Photon Endoscope Setup

As presented in Figure 1, the bimodal endoscopic setup consists of a
Ti : Sapphire laser source (Chameleon Ultra II, Coherent) tunable
with an emission band of 680-1080 nm. This source is capable to
generate pulses with a duration of 140 fs with a repetition rate of 80
MHz and an average power of 4 W at 800 nm. At the exit of the
laser source, a Faraday Isolator (ISO-05-800-BB, Newport) was
installed to protect the laser source from destabilizing feedback or
actual damage from back-reflected photons. To compensate for the
dispersion (second and third order) and the non-linear effects
occurring inside the endoscopic fiber, a pre-compensation unit
that consists of a polarization-maintaining single mode fiber (SMF)
was used to broaden the pulse spectrum, as well as a GRISM
(GRating+prISM) line stretcher (32, 40). The pulse duration at the
output of the endoscopic fiber could be controlled and adjusted via
this unit. Outgoing from the GRISM line, the laser beam is then
coupled to a customized specific micro-structured double clad fiber
(DCE). This fiber has a total outer diameter of 264 um, and it was
characterized and described in a previous work (32). It has a single
mode central core to ensure the excitation with a diameter of a 6.4
pm and a numerical aperture of 0.097 (at 800 nm). It is surrounded
by an air/silica micro-structured region with a diameter of 40 pm to
separate the central core from the collecting inner cladding. The role
of the latter is to collect the fluorescence signal with a numerical
aperture of 0.27 and a diameter of 184 pm. The beam outgoing from
the fiber is further focused using a gradient-index (GRIN) lens (GT-
MO-080-018-AC-900-450, GRINTECH, Jena, Germany). At the
exit of the fiber, the pulse duration width can be adjusted from 140
fs at the output of the laser cavity down to 40 fs. The captured
fluorescence signal is then separated from the injected laser beam
using a dichroic mirror, and then filtered through a short pass filter.
A 70-30 beam splitter is also used to divide the signal into two parts:
70% directed toward a spectrometer (QE Pro, ocean insight) to
analyze the spectra with a spectral resolution of 0.76 nm across a

Chameleon Ultra I1; 680-1080 nm; P

FIGURE 1 | lllustration of the bimodal endoscope setup.

SMF fiber

1
I
Start . [ J ‘ I .
1
Trigger diode : Pre-compensation unit I Grating
\

detection range from 200 to 1,000 nm. A minimum threshold of 100
recorded counts through the spectrometer at 1 s of acquisition time
for an exploitable spectrum was fixed by our team. The remaining
30% are directed toward a PMT (PMA 182, PicoQuant, Germany)
to analyze the fluorescence lifetime. The latter, before entering the
PMT, passes through a motorized filter wheel, which comprises five
band-pass filters dedicated to select the fluorescence signal of each
molecule separately (488 + 10 nm, 520 + 10 nm, 580 + 23 nm, 620 +
13 nm, and 660 + 13 nm). The instrument response function (IRF)
of the TCSPC module was measured by recording the lifetime decay
curve of the SHG signal of a urea crystal solution using 800 nm as
excitation wavelength (Urea, U5128, Sigma Aldrich). The IRF
corresponds to the time between the sending of the laser pulse by
the laser cavity and its detection by the acquisition card. It is
necessary to measure this electronic response of the measurement
setup in order to be able to deconvolute the fluorescence decay
curve and thus measure the fluorescence lifetime with
more precision.

Spectral and lifetime measurements were conducted using
800 nm as excitation wavelength. The setup was optimized to
deliver the maximum beam mean power and the shortest pulse
duration at the output of the GRIN lens. With 1 W (25% of the
maximum mean power delivered by our laser source), we
managed to obtain 70 mW excitation mean power with 40 fs
as pulse duration. The pulse duration was measured at the exit of
the endoscopic fiber using an autocorrelator (Mini TPA/PD,
APE, Germany).

DATA ANALYSIS
Spectral Data

Spectral data of the benchtop microscope were extracted via FIJI
software and then it was plotted using a homemade developed
Matlab software used in a previous work by our team (16). Using
800 nm as excitation wavelength, we are able to highlight the
fluorescence emission of four endogenous fluorophores: NADH,

M2

-,‘ FI "}lﬂ :| " 50cm ”ﬂiﬂﬂm _

)] e

& Sample
W
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FAD, lipopigments, and porphyrins. The same software was used
to process the spectral data issued from the endoscopic setup.
Through this software, the fluorescence emission of each
fluorophore was represented by a Gaussian fit whose
maximum wavelength and bandwidth follow the given values
as shown in Table 2.

Therefore, the integral proportion of each fluorophore was
then calculated. It is defined by the ratio of the integral under the
fitted fluorophore emission curve to the integral under the total
fitted spectrum. Thus, we were able to extract and calculate three
different molecular ratios following equations 1, 2, and 3 below:

Redox ratio: FAD/(NADH + FAD) (1)
PN ratio:Porphyrins/NADH 2)
LP ratio:Lipopigments/Porphyrins (3)

Time-Resolved Data

The acquired fluorescence lifetime data were treated using the
phasor approach. Contrary to the exponential fitting, this
approach is a non-fitting technique. It consists of representing
the fluorescence lifetime decay curve (FLDC) in a graphical view
(43) where each FLDC is represented by a vector called “phasor”
having its unique location in the phasor histogram. For the
benchtop microscope FLIM data, the size of each image was
reduced from 512 x 512 pixels to 16 x 16 pixels, adding each of
the 32 x 32 pixels together to form a reduced pixel. Afterwards,
each FLD of each reduced pixel was converted into two
coordinates, Si (@) and Gi () in a Cartesian plot following
equations 4 and 5:

/m I(t)cos(mt)dt
Si(@) = @

/m I(t)dt

0

/m I(t)sin(mt)dt
0

/ ) I(t)dt
0

Si(®w) and Gi(w) are respectively the x and y coordinates of the
phasor corresponding to a reduced pixel “i” in the image, while @
is the laser repetition angular frequency related to the sampling
period (Ts) and to the signal length (L) in equation 6 below:

Gi(o) = (5)

o 21
LT,

Adding to Si(®) and Gi(®), we also acquire a third parameter:
the normalized integration under the FLDC. These three sets of
numbers provided the phasor histogram with a FLIM image.
Afterwards, the global phasor histogram grouping all phasor
counts of all FLIM images of all samples is plotted. To calculate
the fluorescence lifetime values corresponding to each molecule,
the local maxima of the global phasor histogram is identified to

(6)

TABLE 2 | Gaussian parameters used to fit the emission fluorescence spectra.

Fluorophores Spectral bandwidth [nm] Maximum emission range [nm]

NADH bound 40-48 443-445
NADH free 45-50 460-470
FAD 30-50 520-530
Lipopigments 0-180 570-600
Porphyrins | 0-10 615-630
Porphyrins I 0-10 675-690

draw a fitting line. The position of the two intersections of this
fitting line with the universal circle are linked to the two
fluorescence lifetimes values (43).

RESULTS

Spectral Results

Starting with the excitation and detection capabilities of the
endoscopic setup, the spectral shape of the laser beam at the
output of the endoscopic fiber was recorded using four different
wavelengths: 800, 830, 860, and 890 nm. These spectra were
plotted and are shown in Figure 2B. The spectral shape of the
excitation laser beam did not change sharply with the
wavelength, while each spectra was centered on its proper
adjusted wavelength. To test the ability of using different
excitation wavelengths and to confirm the excitation efficiency
of our setup, we acquired the fluorescence spectra using the
excitation wavelengths cited above from a meningioma sample
presenting a high SHG emission. The four fluorescence spectra
acquired under these excitation wavelengths are shown in
Figure 2A. At 800, 830, 860, and 890 nm excitation
wavelength, the SHG emission peak was centered at 402, 414,
432, and 442 nm, respectively. The measured shift was less than 4
nm for all spectra, which confirms the excellent tunable
excitation efficiency of our endoscopic system. Once the
collection efficiency through multiple excitation wavelengths is
validated, the excitation power efficiency of the endoscopic setup
should be demonstrated. Using 800 nm as excitation wavelength,
a 70 mW as mean power can be reached at the exit of the
endoscopic fiber. Despite being able to excite with such mean
power value, we did not use it in our measurements, in order to
avoid the risk of tissue heating or deterioration. Several spectral
measurements were performed on a random control sample to
figure out the minimum excitation power that we should use to
get an exploitable spectrum. The spectra acquired using several
excitation mean powers, with a pulse duration of 40 fs, were
plotted and are shown in Figure 2C. Beyond 41 mW, the
acquired fluorescence spectra exceed our fixed threshold. In
addition, the variation of the maximum emission intensity as a
function of the excitation power was determined. The
fluorescence emission increased nearly 10 times from 16 to 70
mW. Plotted in Figure 2D, a fit power function was used to fit
the variation of the fluorescence emission maximum as a
function of the excitation power, where an exponent value b =
2.41 was found. Next, the pulse duration compression and its
impact on the fluorescence emission was studied. From a
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FIGURE 2 | (A) Normalized fluorescence spectra acquired from a meningioma sample using 800, 830, 860, and 890 nm as excitation wavelength. (B) Shape of the
excitation laser beam at the output of the endoscopic fiber at 800, 830, 860, and 890 nm. (C) Fluorescence spectra acquired from a control sample using several

a function of the mean excitation power. (E) Fluorescence spectra acquired
riation of the maximum fluorescence emission (MFE) as a function of the laser

random glioblastoma (GBM) tumor sample, and using 800 nm
as excitation wavelength, the fluorescence spectra were acquired
using several pulse durations from 40 fs, which is the minimal
pulse duration reached by our system, up to 140 fs. Figure 2E
shows the acquired spectra, using 41 mW as excitation mean
power, for these different pulse durations. We can notice that the
spectral shape is not affected as the pulse duration increases. The
variation of the emitted intensity is positively correlated with the
compressed pulse duration variation. This variation is shown in
Figure 2F, where the maximum of the fluorescence intensity was
plotted as a function of the pulse duration. Herein, we aim to
prove and confirm the well-known inverse relation between the
detected signal and the pulse duration. The fluorescence intensity
is amplified four times when the pulse duration is compressed
from 140 fs down to 40 fs. This variation was fitted into a power
function where an exponent value b = —0.93 was found. Once the
tunability, excitation power, and temporal pulse compression
properties were validated, we conducted spectral measurements

on the entire cohort of fresh samples. For each sample, we
selected 3-4 regions of interest (ROI) depending on the sample
size to perform local spectral acquisition using 800 nm as
excitation wavelength. For all the measurement, the pulse
duration was adjusted at the minimum reached value (40 fs)
while the mean excitation power used was set at 41 mW.
Afterwards, a comparison was performed between spectra of
different tissue types acquired with the endoscope setup and with
the benchtop microscope, as shown in Figure 3. Fluorescence
spectra were recorded from a meningioma (Figure 3A), control
(Figure 3B), metastasis (Figure 3D), and GBM (Figure 3E) fresh
samples. Based on these acquired spectra, we can notice that the
same spectral shape was obtained via the two different setups. At
800 nm excitation wavelength, the benchtop microscope is not
able to detect SHG signal, due to the presence of a bandpass filter
(448 + 20 nm) in front of the detector port, contrary to the
fibered endoscope, which is able to detect SHG signal with a high
sensitivity. We also noticed that the spectra acquired via the
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FIGURE 3 | Normalized fluorescence intensity (NFI) spectra acquired from the bimodal fibered endoscope and from the benchtop microscope using 800-nm
excitation for meningioma (A), control (B), metastasis (D), and GBM samples (E). (C) Comparison of the fluorescence maximum emission of Rhodamine-B solution,
using 800 nm with 13 mW as excitation power, acquired from the benchtop microscope and from the fibered endoscope; the two acquired spectra were normalized
to the peak intensity of the highest emission spectrum. (F) Comparison of the spectral shape of Rhodamine-B solution excited with the same power on the benchtop
microscope and the fibered endoscope. The same spectra of (C) are presented, but each spectrum was normalized to its individual peak intensity.

fibered endoscope were slightly wider in the right side
corresponding to the porphyrin emission peak (650-680 nm),
which is more noticeable in metastasis and GBM spectra. This
shift is due to the higher quantum efficiency (90%) of the
spectrometer used in the fibered endoscope setup than the
hybrid internal detector of the benchtop microscope. Adding
to that, a higher excitation mean power was needed to be used
when using the benchtop microscope, which is not
recommended for clinical use. Figure 3C presents the collected
fluorescence spectra of 10 ul of Rhodamine-B solution
(Rhodamine B, 83689, Sigma Aldrich) on the two different
setups. The shown fluorescence spectra were acquired using 13
mW mean excitation power and 70 fs pulse duration for both
setups and were then normalized to the peak intensity of the
highest emission spectrum (the one extracted from the
endoscope setup). The acquired signal from the fibered
endoscope was much higher than the signal acquired from the
benchtop microscope as our fibered endoscope setup collects the
emitted signal more efficiently than the benchtop microscope
setup. Figure 3F presents the same spectra of Figure 3C, but
each spectrum is normalized to its maximum peak intensity. We
can observe the same spectral shift observed approximately 630
nm in Figures 3A, B for tissues, indicating a more efficient
fluorescence signal detection through the fibered endoscope.
Figure 4A presents the mean spectra acquired through the
fibered endoscope from all tissue types. All spectra were
acquired at the same pulse duration and the same excitation
mean power. Note that the error bars were divided by 3 for all
types. Control tissues present higher fluorescence emission and a
negligible SHG emission compared with other tumor types.
Indeed, meningioma samples present a lower fluorescence
emission but a higher SHG emission. These spectral
observations were similar to those observed in the TPF and

SHG images acquired from the benchtop microscope using an
890-nm excitation wavelength and presented in Figure 4i, ii, iii
and iv. Looking to these images, we can see a clear TPF
fluorescence image acquired from a control sample
(Figure 4iv), while the meningioma image (Figure 4ii) is
dominated by SHG signal resulting from the dense collagen
fibrous structures. The same trend was observed in metastasis
samples (Figure 4iii) with lower SHG signal and higher
fluorescence signal. In the GBM sample (Figure 4i), we can see
both fluorescence and SHG signals derived from the borders of
large vessels. The last spectral characteristic was the molecular
ratio extraction from the spectral fitting process. Using the fitting
parameters shown in Table 2, all spectra acquired through the
benchtop microscope and the fibered endoscope setup from all
control samples were fitted in order to extract the emission
contribution in the total spectrum of each excited molecule of
NADH, FAD, lipopigments, and porphyrins. A comparison of
the three molecular ratios extracted from both setups is shown in
Figure 4B for redox ratio [FAD/(NADH+FAD)], Figure 4C for
PN ratio (Porphyrins/NADH), and Figure 4D for LP ratio
(Lipopigments/Porphyrins). Similar distributions were obtained
for all three ratios with p-values of 0.77, 0.67, and 0.95,
respectively. These values confirm the similarity of molecular
ratios extracted from the benchtop microscope and the fibered
endoscope. Therefore, we can validate the ability of our bimodal
endoscope to extract valuable discriminative indicators between
tumoral and healthy tissues.

Time-Resolved Fluorescence Results

Figure 5A shows the recorded spectrum of the urea crystal, used
for the IRF measurement. These spectra show a unique peak
centered at 402 nm with the same shift (2 nm) recorded for the
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SHG peak issued from meningioma samples (Figure 2A). The
measured lifetime decay curve of this SHG signal, which
corresponds to the IRF decay curve, is shown in Figure 5B
(blue curve). It was compared to an FLDC issued from a fresh
sample (black curve). The IRF decay curve was fitted via a
Lorentzian fit (red curve, Figure 5B) where a full width at half
maximum (FWHM) value of 88.2 ps was found. This value is
negligible compared to a nanosecond-order fluorescence lifetime
value measured by the fibered endoscope setup. This negligible
value confirms the high system’s ability to resolve the
fluorescence lifetime of the different endogenous fluorophores
from the IRF.

In addition, we conducted lifetime measurements using an
800-nm excitation wavelength, on the bimodal endoscope for all
control samples (14 samples) on several ROIs for each sample
(same ROIs of spectral measurements). Similarly, FLIM
measurements were conducted using the benchtop microscope,
using 800 nm as excitation wavelength on the same samples.
All collected data were treated and compared through the phasor
lifetime method. Figure 6 shows lifetime phasor histogram of

FIGURE 4 | TPF and SHG images acquired at 890 nm as excitation wavelength through the multimodal benchtop microscope from GBM (i), meningioma (i),
metastasis (jii), and control (iv) sample. (A) Mean emission spectra of control, meningioma, glioma, and metastasis samples acquired using 800-nm excitation
wavelength through the fibered endoscopic setup. Comparison between redox ratio (B), PN ratio (C), and LP ratio (D) derived from spectral measurements at 800-
nm excitation through the benchtop microscope and the endoscopic setup. The values outside the box that are plotted in red “*” are considered as outliers.

FAD issued from the benchtop microscope (a, ¢) and from the
fibered endoscope setup (b, d). The lifetime values obtained
through the two setups were close to each other (2.7 ns and 2.8
ns for free FAD; 0.93 ns and 0.88 ns for protein-bound FAD).
Likewise, NADH phasor histograms issued from the benchtop
microscope and the fibered endoscope were compared and shown
respectively in Figures 6C, D. The lifetime values obtained were
close to each other but less than FAD lifetime values (2.3 ns and
2.5 ns for protein-bound NADH; 0.66 ns and 0.73 ns for free
NADH). The obtained difference was 0.1 ns for FAD and 0.2 ns for
NADH. This difference is still accepted regarding the fact that the
number of the phasor counts in the benchtop microscope FLIM
images is much higher than phasor counts acquired through the
fibered endoscope. In addition, this difference could also be due to
the different detectors and electronics used in both endoscope and
benchtop microscope setups. Looking to the phasor cloud shape in
both compared histograms, we can notice the similarity. In the
NADH histogram, we can find several phasor counts outside the
universal circle for both the benchtop microscope and the fibered
endoscope in the same area.
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spectra of urea crystals. Fitted curve of the IRF (red curve) via Lorentzian fit; fluorescence lifetime decay curve (FLDC, black curve) measured from a meningioma

DISCUSSION

In this work, we have presented a bimodal TPF endoscope
dedicated to intraoperative imaging during a brain tumor
surgery. We compared the bimodal response (spectral +
lifetime) of this setup to a similar response generated by a
standard reference setup, a multiphoton multimodal TPF
benchtop microscope. This microscope was used in our
previously published works concerning the discrimination of
the different brain tissue nature (15, 16, 25). Therefore, we
showed that our developed setup could deliver a high-quality
signal, similar to that delivered by the standard reference,
validating its efficiency and its capability to provide high-
quality quantitative signal that could be used intraoperatively.

27ns
0.93 ns

protein bound components of FAD and NADH.

100

Nevertheless, the development of this type of instruments is
not considered novel. In fact, several works have reported such
setups with the ability to acquire high-quality in vivo TPF and
SHG images from rat and mouse tissues (44-49). The team of F.
Louradour discussed the addition of a FLIM modality to the TPF
and SHG imaging capabilities (50, 51); this added modality
allowed collecting additional information on the cellular
energy metabolism during in vivo testing. However, most of
the mentioned works performed their imaging tests on animal
samples, and their studies were directed toward developing high-
quality instrumental abilities. In addition, most of the reported
setups are not intended, at least in the short term, for clinical
applications in the operating room, since no tissue database
specified to human brain and collected from endogenous

Phasor Counts

Phasor Counts

FIGURE 6 | Phasor lifetime histogram acquired from the benchtop microscope (A, C) and from the fibered endoscope setup (B, D) for FAD (A, B) and for NADH
(C, D). The two intersections of the fitting line with the universal circle in each figure corresponds to the long and the short lifetime in nanosecond (ns) of free and
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fluorescence has been reported before. These instruments will
not have the ability to offer to the surgeon a real-time diagnosis
information on the examined tissue’s nature. Moreover, the
application and the use of TPF and SHG imaging on a large
number of human fresh samples were rarely reported before.
Most of the reported in vivo imaging measurements were only
performed on rat samples and without offering any
multimodality perspective of analysis that could be applied
later on human organs.

For that, we aim to develop an imaging tool that is able to
combine multiple acquisitions with multimodal analysis of the
acquired signal (spectral, temporal, and imaging) and that is
connected to a large tissue database that gives it the ability to
provide a reliable and real-time diagnosis information. Such
tissue database is of significant importance for clinical use by
neurosurgeons, and our team has already started to build such
multimodal tissue database that aims to characterize all types of
human brain tissues (healthy and tumors) in order establish a
specific multimodal optical signature for each type (15, 16, 31, 33,
35-37).

However, having an instrument with advanced instrumental
and technical abilities is also required. Our future setup should
have the ability to generate a reliable signal that permits
multimodal analysis.

For that, we are investigating in this work the ability of our
setup to generate such signal. Several spectral and fluorescence
lifetime measurements were performed on a large cohort of fresh
human brain samples. Different excitation wavelengths,
excitation mean powers, and pulse durations were used in
order to investigate the differences between the response of the
bimodal endoscope setup and the benchtop microscope one. The
efficiency of exciting using several wavelengths is approved in
Figure 2A. The shifted SHG peak between the different
wavelengths showed that our excitation is suitable for a
multiscale excitation. This ability to excite with different
wavelengths allows our endoscope to excite efficiently using
each of the four excited molecules, since they do not have a
maximum absorption cross-section at the same wavelength.
While NADH has a higher absorption cross-section at 800 nm,
this cross-section remains very small at 890 nm where the
porphyrins have a better cross-section than at 800 nm (52).

In addition, the collection efficiency of our instrument and its
ability to excite with a high excitation power were examined. We
found that exciting with 40 mW as mean power, corresponding
to a pulse energy of 0.5 nJ at 80 MHz repetition rate, is sufficient
to detect an exploitable spectrum. The obtained spectra using
this mean excitation power (Figure 2C) are strong enough to be
analyzed and to be used for image reconstruction. This efficient
excitation will allow us to obtain high-quality TPF and SHG
images and better signal-to-background noise ratio. The ability
to deliver high excitation power will give us the capacity to better
deal with solid tumors and to perform high-quality images on all
types of brain tumor samples. The last examined property of the
excitation process is the sub-fs pulse duration delivery, where we
demonstrated that the fluorescence signal improved with the
decrease of the pulse duration when compressing the laser pulse

duration from 140 fs down to 40 fs. While the pulse duration is
inversely proportional to the fluorophore’s absorption cross-
section, shorter excitation pulses are requested also for
superior image quality and consequently enhance the imaging
depth and increase the number of recorded images per
second (53).

Once the excitation wavelength, mean power, and pulse
duration were adjusted, spectral and fluorescence lifetime
measurements were conducted on our entire sample cohort
through two different setups. These measurements show that
both setups have similar efficiency of fluorophore emission
detection, except for porphyrins. Indeed, our fibered endoscope
offered a higher efficiency to collect low fluorescence signals and
provided more precision to detect signals of low cross-section
fluorophores at 800 nm, such as porphyrins. Therefore, this
excellent efficiency allows using less mean power to excite our
tissues, leading to the delivery of less pulse energy and, thus, less
localized photo-damage. The fact that we use less optical
elements in the detection path in the endoscope setup and a
high-sensitivity and high-resolution spectrometer while exciting
with a shorter pulse duration gives our fibered endoscope the
ability to run fast acquisitions and to reach, in the future, a high
imaging frame rate.

Indeed, the mean acquired spectra of all samples presented in
Figure 4A have shown a remarkable difference of fluorescence
and SHG emission between the different types of tissues. This
difference is in harmony with what was reported in our past
studies using the benchtop microscope (16, 35, 37). This
comparison of spectral characteristic emission highlighted the
performance of our bimodal endoscope and its ability to
spectrally discriminate the different tissue types. This
performance was confirmed through the TPF and SHG images
acquired via the benchtop microscope. Furthermore, the similar
distribution of the three molecular ratios, acquired from both
setups, permits relying on these ratios extracted to establish a
discriminative information connected to the metabolic activity of
the tissue. These ratios were tested in our past studies via 3D
discriminative algorithms and proved their power to diagnose,
with a high specificity and sensitivity, different grades of tumors
as well as healthy samples (15, 16).

As regards fluorescence lifetime analysis, the phasor
technique was used to extract lifetime values from both
benchtop microscope FLIM data and the decay curves acquired
through the fibered endoscope. As a non-fitting technique, this
method has the potential to simplify the analysis of FLIM images
and to avoid the fitting errors associated with mono-exponential
or bi-exponential fitting techniques (43). This method of analysis
was used in our previous studies and managed to detect changes
in glioma tumor based on molecular contribution and repartition
of free and protein-bound state of FAD and NADH (16). The
lifetime data acquired from both setups and the two main
lifetime values of each molecule were close to each other. This
similarity shows the potential of the fibered endoscope to rely on
fluorescence lifetime analysis for discrimination studies.

Finally, the bimodality is the first step on the track of reaching
a multimodal endomicroscope. In this work, the ability of our
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TPF bimodal fibered endoscope was proved to exploit the
quantitative fluorescence signal of different human brain tissue
types. This bimodal fibered endoscope revealed a low photo-
damage and successfully provided a reliable and reproducible
response through fast acquisition measurements (54). It is also
able to generate low-damage ultra-short pulses with high mean
power, all in the near-infrared window, the most efficient
window for tissue excitation.

Furthermore, and through this work, the reliability of the
quantitative response of this endoscope was demonstrated.
This response was demonstrated by comparing it to a standard
reference one based on previous published studies of
our team.

After validating these mentioned requirements, the next step
is to achieve the multimodality and to implement the qualitative
aspect translated by the TPF and SHG image acquisition. For
that, a customized endoscopic handheld imaging probe head,
dedicated to intraoperative use, is under development. This
imaging probe head consists of a miniature scanning system
based on an electrothermally actuated microelectromechanical
system (MEMS) mirror and has already been characterized to be
utilized for in vivo imaging essay (55).

This endomicroscope will intervene during the surgery and
after the removal of the tumor mass, which could be clearly
defined with conventional pre-surgery imaging methods.
However, our developed tool will help the surgeon to fully
resect the tumor area as well the infiltrating zone residuals in
order to achieve better maximal safe resection limits. It will offer
a better visualization of the resection cavity at a cellular level, and
may lead to extend the survival rate of the patient, which depends
strongly on the extent of the resection.

Finally, a tool that gathers all the necessary assets for
intraoperative use and that meets all technical and
instrumental requirements needs to be implemented as a
standard device in the operating room.
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