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Abstract: During glioblastoma surgery, delineation of the brain tumor 
margins is difficult because the infiltrated and normal tissues have the same 
visual appearance. We use a fiber-optical fluorescence probe for 
spectroscopic and time domain measurements to assist surgeon in 
differentiating the healthy and the infiltrated tissues. First study was 
performed on rats that were previously injected with tumorous cells. 
Measurements of endogenous tissue fluorescence were performed on fresh 
and fixed rat tumor brain slices. Spectral characteristics, fluorescence redox 
ratios and fluorescence lifetime measurements were analyzed. The study 
aimed at defining an optical index that can act as an indicator for 
discriminating healthy from tumorous tissue. 
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1. Introduction 

The high-grade glioblastoma is a serious brain tumor in terms of malignancy and evolution. It 
is the most aggressive and frequent tumor that targets the brain. Nowadays, for many cases 
surgery intervention remains a valuable treatment for high-grade glioblastoma [1]. 
Nevertheless, a major limitation of this technique lies in the delineation of tumor sites [2,3], 
which affects the patient's prognostic. Nowadays, survival periods after operation are in the 
range of 12-18 months only, numerous patients experiencing a relapse [4–6]. The extension of 
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the resection area increases the survival period from 2 to 8 months [7], which can reach 12 
months in case of adjuvant radiation and chemotherapy [8] while risking the preservation of 
brain structure and function. This risk can be decreased by the optimal identification of the 
tumor border during the excision. This optimized differentiation of healthy and tumorous 
tissues is essential to efficiently remove tumor in the brain while preserving healthy 
functional regions. 

Recently, fluorescence-guided tumor resection has demonstrated great potential for 
identifying tumor tissue intra-operatively as well as for maximizing resection in glioma. 
Although an important number of fluorophores have been studied using various imaging 
techniques [7], to date 5-ALA and sodium fluorescein have shown the most promising 
properties to detect residual tumor and increase the extent of the resection. Coupling 
exogenous fluorescence with techniques such as laser scanning confocal endomicroscopy has 
been showed to facilitate the detection of brain tumors in vivo in animal models and to some 
limits in humans [9]. Nevertheless, the use of nonspecific fluorescent agents such as sodium 
fluorescein that accumulate in the extracellular compartment may complicate the operation of 
resection [10]. 

A promising way to overcome this limit is the use of the natural fluorescence of brain 
tissues. In our approach we focus on endogenous fluorescence to identify the tumor-brain 
interface or residual tumor cells. Endogenous fluorescence for discrimination of tissues is of 
great interest for several research groups since 2000 and particularly the groups of Laura 
Marcu (UCDavis, Davis, United States) and Anita Mahadevan-Jansen (Vanderbilt University, 
Nashville, United States). The first one focuses its research on spectral and lifetime 
measurements of NADH and Pyridines using 337 nm excitation wavelengths. They found that 
both molecules show a high fluorescence lifetime in tumoral regions compared to healthy 
tissues [11–15] especially for low-grade glioma. The other group showed that the 
complementary usage of spectroscopy and diffuse reflectance measurements could be used 
for human tissue tumor discriminations [16–18]. Other groups, such as Anne Croce 
(Università de Pavia, Pavie, Italy) [19] or Yo Gun Chung (Korea University, Seoul, South 
Korea) [20] also performed studies in this field. 

This paper is devoted to the development of a simple optical probe expected to improve 
the spatial delineation of glioblastoma. This probe is used to detect the fluorescence signals 
emitted from endogenous proteins of rat brain slides, extracted after injection of tumor cells in 
rat brain. The spectroscopic signal from freshly extracted brain slides is recorded at two 
excitation wavelengths: 375 nm to specifically excite the nicotinamide dinucleotide (NADH), 
and 405 nm to not only excite the NADH, but also the flavins (FAD), the lipopigments, the 
porphyrins and the chlorins. We present a series of criterion to try to distinguish normal from 
tumorous brain sites through spectral autofluorescence characteristics. The intrinsic 
fluorescence redox ratio, also referred as NADH/FAD ratio, derived from these two primary 
endogenous fluorophores, is presented as a potential indicator of the metabolic activities of 
pathological areas. We calculated this ratio for a set of rat brain slices, and compared the 
results between healthy and tumorous areas. Then, using the same rat brain slices after 
fixation, fluorescence lifetime of the several endogenous fluorophores is measured with the 
same probe and evaluated as a complementary indicator of the presence of tumour cells. The 
paper reports details of experiments and results derived from spectral and lifetime domain 
measurements, in the perspective to transfer these information for future clinical applications. 

2. Material and methods 

2.1 Cell cultures 

RG2 cells were obtained from American Type Culture Collection. Cell lines were grown in 
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum 
(FCS), 2 mM L-glutamine, 1 mM sodium pyruvate, 50 U/ml streptomycin (all obtained from 
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Life Technologies Inc.), at 37 °C in a 5% CO2 humidified atmosphere, until they reached 90% 
confluency. The medium was removed and the cells were harvested using trypsin (0.04% 
trypsin / EDTA). The cells were centrifuged at 800 rpm for 5 min, suspended in PBS to final 
concentration of 3.103 RG2 cells/µL. 

2.2 RG2 injection protocol 

200 g Sprague Dawley male rats were used. Animals were anesthetized with Isoflurane 
(Abbott) and placed in a stereotactic frame during cell implantation. A mask for delivering the 
isoflurane allows to maintain the rat asleep during the entire operation. Cranium is shaved and 
a burr hole is obtained with a high-speed dental drill. A 10 µl-Hamilton syringe was used to 
deliver cells intracranial through the left hemisphere (2 mm lateral and anterior to bregma) to 
a depth of 4 mm as shown in Fig. 1. The point of injection corresponds to the striatum. For 
RG2 cells, a volume of 5 µl was injected at a rate of 1 μl/min, observing 1 min interruption 
after each microliter of injection. There was a delay of 2 minutes before pulling out the 
needle. Finally, surgical clamps are used to close the incision. The RG2 cells are always 
injected only in one hemisphere. This allows a comparative study between healthy and 
tumorous side of the same rat. Two rats were injected with Phosphate buffered saline (PBS) 
and used as a control. 

2.3 Brain extraction and slice cutting 

On day 15 following the implantation of tumor cells, the animals were first anaesthetized by 
ethyl Carbamate at 10% in 0.2% heparin solution (1ml / 100g) and then scarified by 
decapitation. 

Brain extraction and cutting into slices were performed within 5 – 10 minutes after 
sacrifice (Fig. 1). Slices of around 2mm thickness were obtained and maintained in 1X-PBS 
buffer, supplemented with 1% glucose and Carbogen (95% O2-5% CO2) by purging it into 
the medium. Tubes containing the slices of brain are placed on ice and maintained until 
measurements were performed. They usually started 10 minutes after sacrifice. 

All animals’ experiments were carried out according to the CEE directives for animal 
experimentation (decree 2001-131; JO 06/02/01) 

2.4 Slice holder131; JO 06/02/01).th, wdied fluorophoreence sous c'ole. ' l' dure 3 semaines 
voir 4. r un adulte expérience de l' 

A specific mechanical support was built to insure that the brain slices are immobile and 
immerged in the previously described medium (see 2.3) during measurements (Fig. 1). The 
brain slices rests on a quartz slide integrated into the tight bottom of the support. This system 
allowed us to maintain the tissues alive as long as possible and to avoid dehydration. The 
superior part consisted of a slide of quartz (Starna, Germany) of 1 mm thickness that was 
fixed on the slice and allowed to be adjusted according to the thickness of the slice. It also 
contained a black frame (20x12 mm) used to make the recalibration of the measurements. The 
optical probe is placed at a fixed distance of 0.5 mm of the quartz slide that provided the 
highest collection efficiency. The overall distance between probe and tissue was maintained at 
1.5 mm. 

The mechanical support is mounted on a motorized micro translator stage (Thorlabs) for 
XY scanning. The X-dimension scanning velocity is 250 µm/s and the acquisition time during 
X-line scanning is 1 sec per fluorescence spectrum. Spectral acquisition was accomplished for 
several longitudinal lines of each brain slice. In this way, spectral information covers tumor 
and healthy sites of each slice. 
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Fig. 1. Protocol and procedure of implementation of tumorous cells in the rat’s brains, 
obtaining of the brain slices and measurements performed. 

2.5 Experimental set-up 

2.5.1. Spectroscopic measurements 

Further details about spectroscopic set up have already been published [21,22]. The main 
system components include an excitation source, a two-fiber optic probe (silica/silica step 
index fibers of inherent spatial resolution of 0.5 mm), a cooled spectrometer, and a computer 
workstation. 

Pulsed diode lasers from Picoquant were used as laser sources. One emits at 405 nm 
(LDHP-C-405B, Picoquant) and the other emits at 375 nm (LDHP-C-375B, Picoquant). The 
diodes are driven by (PDL-808 “Sepia”, PicoQuant GmbH, Berlin, Germany). The power and 
the repetition frequency can be adjusted. Repetition frequency used for this study is 40 MHz. 

Excitation is performed via a first fiber and fluorescence is collected via a second fiber. 
Further details about these two-fiber probes have already been published [23–26]. A long pass 
filter (SR 420, Semrock) is used to filter fluorescent signal from laser excitation. The 
collected fluorescence is directed toward a computer controlled cooled spectrometer (QE 
6500, Ocean Optics) of 1.5 nm spectral resolution over a 365-750 nm spectral range. 

2.5.2. Time-resolved measurements 

a scheme of the experimental set up is shown in Fig. 2. The same excitation sources (diode 
375, FWHM 45ps and 405 nm, FWHM 60 ps) were used. The same “Sepia” driver controlled 
the diodes. Repetition frequency can be set between 2.5 and 40 MHz. The collected 
fluorescence is directed to a Photomultiplier Tube (PMT) (PMA-182 N M, from PicoQuant 
GmbH). Depending on the band pass filter placed in front of the PMT, specific endogenous 
fluorophores signals were detected. The time resolution of the PMT is 220 ps. The 
synchronization output signal from the diode driver and the start signal from the PMT are 
connected to their respective channels on the data acquisition board Time-Correlated Single 
Photon Counting (TCSPC) (TimeHarp 200 from PicoQuant GmbH). Lifetime measurements 
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were acquired on the same set up than spectroscopic measurements and this analysis took 
between 5 and 10 minutes to be performed for each ROI. So for this pilot study, we decided 
to fixed slices before lifetime measurements. 

 

Fig. 2. Lifetime measurement setup and Instrument response function. 

2.6 Staining protocol 

After spectroscopic measurements, all slices were fixed in a solution of 4% formaldehyde to 
undergo a histological analysis afterward. We used Hematoxylin and Eosin (H&E) to stain 
respectively nucleus and cytoplasm components of tissues. The histology, H&E coloration, 
was made in the service of anatomopathology at the Sainte-Anne hospital (Paris) or in the 
laboratory. Fixed slices were cryo-protected by incubation in successive solutions of 10, 15 
and 20% sucrose in PBS, before being frozen at −80°C. Coronal free-floating sections of 20 
μm thick were cut on a cryostat and stored at 4°C in PBS containing 0.4% sodium azide for 
H&E staining. Sections were mounted on a glass slide and routine H&E protocol was 
performed. Then, the sections were dehydrated in ethanol, cleared in xylene and mounted 
between a glass slide and coverslip in Eukitt Mounting Medium, before being imaged with an 
optical microscope (Nikon, Eclipse 80i). The images were viewed and reconstructed with 
Adobe Photoshop software (Adobe Systems, San Jose, CA). 

2.7 Statistical analysis 

Different statistical tests were used depending on the specimen size. The tested null 
hypothesis stated that the means of two considered populations are equal. 

Different statistical non-parametric tests (Wilcoxon) were performed for each rat by 
analyzing ROI data of different lines and tissue types. The number of acquisitions varied from 
6 to 11. The presented tests compare specific tissue types, represented by corresponding ROI, 
e.g. healthy and tumorous sites. By comparing all possible combinations of ROIs in different 
acquisition lines, we can perform at least 15 tests for each rat. 

The nonparametric Mann-Whitney test was used to make a comparison between different 
rats. In this case, an equal number of acquisitions are taken into account for each considered 
site. 
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3. Results 

3.1. Fluorescence spectroscopy 

(a) Spectral acquisition 

Due to the fact that collected endogenous fluorescence depends on the excitation wavelength, 
i.e. 375 or 405 nm, for each excitation wavelength corresponds a specific treatment. For 375 
nm, as seen in Fig. 3. A, a unique peak is observed; its maximum is visible around 460 nm. In 
this case, we consider that the NADH is the principal detected fluorophore and we neglect 
other possible contributions. Figure 3. B illustrates the contribution of different endogenous 
fluorophores using a 405 nm excitation. Thus, this wavelength presents the advantage to 
provide several potential indicators. A small peak is observed around 410 nm and corresponds 
to a part of backscattered excitation. The wide peak, which extends from 470 to 500 nm, is a 
contribution of the emission of NADH and FAD. Towards 580 nm, we can observe a peak 
that we attribute to the fluorescence of lipopigments [27–29]. The last two peaks, maximum 
of which are in 620 and 680 nm, are owed to porphyrins and chlorins. 

 

Fig. 3. Endogenous fluorescence with (A) 375 nm and (B) 405 nm excitation wavelength. 

(b) Spectroscopic data analysis 

The spectral measurements were processed using a homemade Matlab program (Matlab, The 
MathWorks, Inc.). These spectra represent the different endogenous fluorophore emissions. 
To determine the contribution of each (intensity, maximum wavelength emission and integral 
under the curve), we adjust data following Eq. (1) where Stotal(λ) is the measured spectrum, i 
the fluorophore, Si(λ) the emission spectrum of the fluorophore i and fi a multiplicative factor 
of this spectra. Five fluorophores are considered: NADH, flavins, lipopigments, porphyrins 
and chlorins. For an excitation wavelength of 405 nm, the spectrum of flavins (SFlav (λ)) is 
adjusted by an emission spectrum taken from literature [30], while for NADH (SNADH (λ)) we 
used the spectra obtained during our measurement under 375 nm excitation. A similar method 
was used by [21]. The other 3 peaks, (SLipo (λ)), (SP620 (λ)) and (SP680 (λ)), are fitted by 
Gaussians. Figure 4 illustrates this treatment when exciting with 405 nm 

 ( ) ( )
5

1

.
i

Stotal fi Siλ λ
=

=  (1) 

For excitation wavelength 375 nm, two theoretical contributions drawn from the literature for 
the NADH and flavins are taken into account. The contribution of flavins is very weak 
compared to that of the NADH, remaining always lower than 5%. So, for an excitation 
wavelength of 375 nm, we consider that fluorescence from NADH only is detected and no 
analytical adjustment is applied in this case. 
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Fig. 4. Data acquisition at 405 nm and adjustments realized by our program to extract the 
contribution of each fluorophore. 

(c) Lifetime acquisition 

Fixed brain slices, previously submitted to spectral analysis, were analyzed through 
fluorescence lifetime measurements. Different acquisitions (n > 15) were taken on healthy 
and tumor sites. A band pass filter was placed in front of the PMT, depending on the 
fluorophore, allowing selecting the spectral emission band of the studied endogenous 
fluorophore. With excitation wavelength 405 nm, we used a 580 ± 10 nm and a 620 ± 10 nm 
filters to study porphyrin and chlorin lifetime. To measure the flavins fluorescence lifetime 
we used a 520 ± 10 nm band pass filter. As it is more difficult to separate the NADH from the 
FAD contribution with only 1 filter, we evaluated the contribution of the NADH to the 
fluorescence spectrum with the excitation wavelength of 375 nm and without a band pass 
filter. 

During measurements the probe was gently placed on the tissue. Then the PMT shutter 
was opened to acquire the fluorescence decay histograms through the TimeHarp acquisition 
board and its associated software. The duration of a single measurement was 3 seconds. 

(d) Lifetime data analysis 

Data were adjusted by a mono-exponential fit via FluoFit software (FluoFit, PicoQuant) to 
recover the lifetimes from the measured fluorescence decays. The criterion for an acceptable 
fit was a χ2-value of around 1.0 (χ2 max = 1.3) and the residuals were randomly distributed 
around 0 within the interval 4 and −4. The instrument response function (IRF) was measured 
by placing the probe on a Teflon block and on a mirror. The IRF of our system, represented in 
the Fig. 2(b), is around 240 ps (FWHM = 120 ps) and was measured with 1.1 µW excitation 
power at 405 nm. 

(e) Choice of the region of analysis 

For spectral acquisition, several regions of interest (ROI) are defined on each measured line. 
Minimum 4 lines were acquired on each slice and around two slices for each rat. One ROI 
corresponds to an average of three acquired spectrums in a consecutive way. For three 
acquisitions, the size of ROI is about 1 x 0.5 mm2. In general, the variation between spectra in 
each ROI should be lower than 15%. In other words, the contents of ROIs are homogeneous. 
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ROIs are defined according to the histology of tissues: tumoral tissue, infiltrated tissue or 
healthy tissue. Table 1 and Fig. 5 presents the names, as well as a brief description of each 
region. 

Table 1. Definition of each region tacked on each scanning line 

ROI Denomination Definition 

1 T Central or necrosis tumor zone 

2 Iext 
Zone infiltrated in the banks of the tumor towards the 
outside of the brain 

3 Iint 
Zone infiltrated in the banks of the tumor towards the 
inside of the brain 

4 H 
Healthy zone in the part of the healthy hemisphere mirror 
of the zone 1 

5 Hext 
Healthy zone in the outside part of the healthy hemisphere 
mirror of the zone 2 

6 Hint 
Healthy zone in the outside part of the healthy hemisphere 
mirror of the zone 3 

 

Fig. 5. An illustrated image of the position of the ROI. 

3.2. Spectroscopic analysis of endogenous fluorescence of brain slices injected with RG2 for 
each rat 

For an excitation wavelength of 375 nm, a strong decrease of the intensity of fluorescence 
emitted by the NADH in the tumor site is detected as shown in the Fig. 6(a). This figure 
represents the value of the area under the curve of NADH. The tumor is situated between both 
vertical bars. A horizontal line represents the line of measure. This observation matches with 
studies concerning the autofluorescence of gliomas on ex vivo human samples [19]. The same 
results for NADH are observed for different measured line of each rat. We can confirm that 
NADH intensity is always lower in the central region of the tumor compared to the three 
healthy regions (p < 0.05). The statistical tests comparing zones between them are similar for 
80% for the excitation wavelengths of 375 and 405 nm (value threshold of p of 0.05, 
Wilcoxon signed-rank test). 

It should be noted that the emitted fluorescence under excitation at 375 nm is higher than 
the one at 405 nm, which is correlated to the fact that the NADH absorbs more in the 
wavelengths lower than 400 nm, reaching a maximum around 340 nm. 
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For the excitation wavelength of 405 nm, the integral under the curve of fluorophores in 
the central tumor zone is always significantly lower (p < 0.05) than that of three zones of the 
healthy side, a result observed for all the fluorophores. 

(a) Metabolic activity 

The ratio between the fluorescence intensities from two endogenous fluorophores, the NADH 
and the FAD, reveals the reduction-oxidation (redox) ratio in tissue. This metabolic 
biomarker is sensitive to the cellular metabolic rate. This characteristic makes them 
potentially interesting for the study of tumor sites that present an important metabolic 
modification [22,31]. Figure 6(b) shows how the ratio of NADH and FAD fluorescence 
intensities varies for each position of a line of measurement. An increase of this yield is 
observed within the range of the tumorous site that was identified through histological 
analysis. This observation is confirmed for all studied rats. The increase in the yield of 
NADH/FAD-ratio is similar to the observations that have been obtained on ex vivo human 
samples [20]. 

 

Fig. 6. Left (a): area under the curve of NADH, right (b): NADH/FAD ratio variation for 
acquisition line from one rat brain slices. 

3.3. Definition of a tumor signature 

In this section, we focus on defining a particular signature of the central tumor zone of the 
RG2 with regard to the healthy tissue. The strong metabolic activity due to the mitosis phase 
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of the tumor cells allowed us to try to define a specific signature of tumor tissue. Three 
healthy zones are treated in a common way and compared with the central part of the tumor 
for 8 rats. This process is repeated for the total set of adjusted curves obtained after 
acquisition and treatment by our Matlab program, for every fluorophore excited at 405 nm. 
The results are presented in Fig. 7. Note that, at first, the healthy zones are distributed in 
zones of white matter and grey cells, by eliminating those who present a mixture of both 
types of tissue. A statistical analysis does not show significant difference (p > 0.05, test of 
Mann-Whitney) for the integral of fluorophores as the zone is in the white or grey matter, 
except for the lipopigments where p = 0.008. The data of healthy tissue, white or grey matter, 
are, thus, treated together. 

(a) Integral of fluorophores 

The difference of the integrals under the curve, between the healthy and tumorous zones, for 
every fluorophore is illustrated in Fig. 7 by a box chart representation. The number of 
acquisitions is 27 in the tumorous zone and 62 in the healthy zone. A p-value of less than 
0.001 (test of Mann-Whitney) proves that the NADH, flavines, lipopigments, porphyrins and 
chlorins are potentially interesting endogenous fluorophores for the differentiation of 
infiltrated tumorous tissue from healthy tissue. 

(b) Ratio of the integral under the curves of the different endogenous fluorophores between 
healthy and tumorous zones 

Another method of data analysis consists of putting in competition, for every rat, one or 
several ROIs tacked in the central part of the tumor and its mirror in the healthy tissue. We 
can find the distribution of this ratio for every fluorophore (Fig. 8, n = 27 for each 
fluorophore). In a case where the tumorous tissue does not present significant difference with 
its healthy counterpart, the calculated ratio should be close to 1. This was observed for the 
control rat, where the same ratio was calculated between zones in mirror (1/4, 2/5 and 3/6, see 
Table 1) (n = 15 for each fluorophore). Table 2 presents the average and the standard 
deviation of the ratios for this rat. 

For rats containing a transplant tumor, the ratio of the integral of tumorous/healthy are 
always strictly lower than 1: between 0.5 and 0.6 on average for the NADH, flavines and 
lipopigments, and around 0.7 for porphyrines and chlorins. These ratios were compared by a 
test of Mann-Whitney with ratio obtained for a healthy rat (control rat). For all the 
fluorophores, the healthy/tumorous ratio is significantly different from that obtained from a 
healthy rat (p < 0.001 for NADH, FAD and lipopigments and p <0.005 for porphyrines and 
chlorins). Thus it seems possible to detect the tumor by using reports between healthy and 
tumorous tissue on the same rat. 

Table 2. Average and standard deviation calculated between mirror areas for each 
fluorophore (n = 15) for control rat 

Fluorophore Average of the ratio Standard deviation 

NADH 0.95 0.08 

FAD 0.97 0.07 

Lipopigment 0.92 0.09 

Porphyrins 0.88 0.16 

Chlorins 0.86 0.15 

The necessity of comparing the signal with an acquisition taken in a healthy place was 
already evoked [32]. In the clinical case, the healthy hemisphere is not accessible, however, it 
would be possible to take a reference on a healthy tissue, for example, cortex. The cortex is 
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situated in periphery of the brain and should generally be accessible during the operation. In 
this case, an acquisition on this zone could serve as healthy reference, even though it is not 
the same type of tissue. The Fig. 8 shows the report between the central tumorous zone and 
the cortical zone for every fluorophore (n = 27). These values were compared with Mann-
Whitney test using the ratio obtained in the case of a healthy subject (control rat, n = 10). 
Reports for the NADH, FAD and lipopigments are statistically different from the healthy case 
(p < 0.001) and could potentially allow discrimination between healthy from tumorous tissue. 
This observation is not valid for porphyrines and chlorins (p > 0.05). 

 

Fig. 7. Statistical difference between tumorous and healthy area for the integral of the different 
fluorophores excited with 405 nm. 

(c) Metabolic activity 

The ratio between the NADH and the flavins is representative of the metabolic activity in the 
tissue. This ratio seems to be a promising indicator for tumor. Figure 8 shows this ratio for 
healthy tissues (n = 27) and tumor (n = 62). The value is higher in tumorous tissues than in 
healthy ones. The difference between the ratio obtained from healthy tissue and that obtained 
for the tumor tissue is significant (p <0,001), which highlights the importance of this 
indicator. Moreover, the ratio between tumor and healthy cortex is also significantly different 
(p < 0,001). Both healthy zones (in mirror of the tumor and in the cortex) are not significantly 
different (p > 0.05). 
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Fig. 8. Variations of the means of the integration of different fluorophores (NADH, Flavins 
(FAD), Lipopigments (Lipo), Porphyrins (P620) and Chlorins (P680), excited with 405 nm for 
healthy ROI and its symmetric tumorous ROI (a) and for healthy cortical ROI (b). 

 

Fig. 9. Variation of the report of the integral of NADH/ flavins of the tumoral, healthy and 
healthy cortex areas excited with 405 nm. 

3.4. Lifetime results 

Five rats are used for this study. Table 3 summarizes the average value of the lifetime of 
different endogenous fluorophores. 

Table 3. Average fluorescence lifetime of healthy and tumoral tissus for three endogenous 
molecules. These values represent the (average ± standard deviation) of measurements 
accomplished on five rats. The healthy values also include measurements on the control 

rat. 

Fluorophore Τ Healthy zone (ns) Τ Tumoral zone (ns) 

NADH 5.2 ± 0.2 (n = 14) 5.1 ± 0.2 (n = 14) 

FAD 4.1 ± 0.4 (n = 24) 4.1 ± 0.6 (n = 24) 

Lipopigment 3.8 ± 0.3 (n = 15) 3.9 ± 0.4 (n = 15) 

Porphyrins 6.5 ± 1.3 (n = 20) 4.1 ± 0.4 (n = 20) 
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The averages are computed from five injected rats RG2, the healthy values also include 
lifetime measured on the control rat. No significant difference is observed between the 
healthy and tumoral zones for NADH, flavins and lipopigments (p > 0,05, test of Mann-
Whitney). 

These results despite still not providing possibility to discriminate normal and diseased 
tissue, could be considered as preliminary observations opening perspectives of future 
investigation on the effects of fixation, i.e. as a promising basis in retrospective analysis of 
stored samples. 

Contrariwise, porphyrins presented a reproducible decrease of lifetime in the cancerous 
zones (p = 0,013) compared to the healthy ones. Figure 10 illustrates the difference in 
fluorescence lifetimes in tumor and healthy regions in one rat; the blue and red curves 
correspond to the tumor center and healthy tissue, respectively. 

The difference in lifetime decline indicates the potential interest of Porphyrins in the 
detection of tumour sites. Further measurements will be performed to confirm this trend. 
Furthermore, a validation of this result must be made on fresh tissue, followed by an in vivo 
study in the rat, before starting with human samples. The role of different aggregation states 
should be investigated [33]. Regarding the other molecules, the treatment could be improved 
by decreasing the filter bandwidth. Nevertheless, the presented results are encouraging and 
demonstrate the complementary information of spectral and time measurements. In the future, 
simultaneous collection of spectral and lifetime domains should be performed using the same 
setup. 

 

Fig. 10. Fluorescence lifetime measurements of porphyrins measured at 620 nm for healthy 
(red) and tumoral (blue) tissue. 

4. Discussion and conclusion 

Survival period and quality of life of glioblastoma patients depend strongly on the precision 
of the tumor resection. Assistance in defining the borders of this infiltrative tumor would be 
valuable to improve the outcome of the surgery. We presented an optical tool that is able to 
address this issue. The results demonstrate the potential of using endogenous fluorescence for 
tumor site identification for glioblastoma patients. This method does not require any injection 
of exogenous markers that would lead to potential complications for the patients (allergies, 
photo-sensibility). The use of rat models is a first step to define specific criterion to detect the 
tumour on the base of the fluorescence of endogenous proteins of brain tissues, before the 
first applications on human brain, the goal of this approach. 
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Multiple differences were observed between the fluorescence in the tumorous and healthy 
areas. First, a dramatic decrease of fluorescence intensities of NADH, FAD and lipopigments 
between the healthy and tumor zones was observed. Besides, the intensity ratio of metabolic 
molecules (NADH/FAD) seems particularly promising for this kind of discrimination. A 
statistically significant increase of this ratio was shown for tumor zones, which is in total 
agreement with a diminution of the metabolic activity of the ATP production in tumorous 
tissues [34] and confirmed that our protocol, fresh slices analyzed within ten minutes after 
sacrifice, is near to the in vivo conditions. In addition, preliminary measurements of 
fluorescence lifetime of porphyrins and chlorines showed a dependence on the histologic 
nature of the examined tissue. This could be used as a complementary contrast for 
spectroscopic measurements. This multimodal acquisition seems essential, particularly if we 
want to distinguish the infiltrated borders of the lesion [13]. Finally, the applicability of this 
simple experimental setup in the analysis of human brain tumor is conceivable. Indeed, the 
ratios between the fluorophores integral spectra are valuable parameters as soon as a healthy 
zone may be used as internal reference, which is the case of the cortex, often distant from the 
lesion, during surgery. 

The use of PBS medium is to prevent dehydration of the tissues and avoid alteration of 
metabolic activity. However, in general, the tumour cells are preferentially engaged in the 
anaerobic energetic metabolism than in the aerobic one so the addition of glucose and 
Carbogen can influence the energetic metabolism in a different manner between healthy and 
tumour tissue. Fluorescence lifetime analysis had to be performed on fixed slices but fixation 
could alter amount and emission properties of all endogenous fluorophores. Measurements on 
living tissue and the effects of different media will be investigated in our next experiments. 

We attributed the peak at 580 to the lipopigments. However, it was difficult to assess 
precisely which fluorophore was responsible to this peak: works incriminated phospholipids 
[35] or zinc porphryin [36]. The characterization of this fluorophore would be of great interest 
for clinical application of autofluorescence. 

It is worth to note that some limits of this technique have to be anticipated when it would 
be transposed to a clinical trial. In a surgical use of the experimental setup, it will be the 
infiltrated zone that will have to be delineated. The lower differences between this area and a 
healthy one, due to the lack in tumorous cells in the infiltrated area, may need a more 
sensitive setup. The general decrease of the fluorescence intensity in the tumorous zone may 
be attributed to the high degree of vascularization of this area, and thus to the presence of 
hemoglobin. This will enhance the decrease of the fluorescence signals whichever 
fluorophore is concerned. If this discrepancy in the signal is too important, further 
developments will have to be conducted on the experimental setup. This could be done by a 
calibration of the setup by using optical phantoms [31] or by a modification of the setup to 
accept a nonlinear excitation in the NIR range (700 to 1000 nm), the therapeutic window. The 
intrinsic localization of the fluorescence source due to nonlinear light-matter interactions 
increases the fluorescence signal-to-noise ratio and therefore the analysis depth. A nonlinear 
excitation setup would also allow a good separation between fluorescence excitation and 
collection spectra. Glioblastoma remains a challenge for both clinicians and searchers. Its 
aggressiveness and its difficult treatment lead to poor median overall survival. However, 
gross tumor resection is the first line gold standard. This explorative study offers a new 
opportunity to help surgeons in this task with multimodal endogenous fluoroscopy recordings. 
Once validated, the use of this setup in a clinical way could be tested in the case of human 
brain glioblastoma. 
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