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Abstract: In this paper, measurements of the optical properties (diffuse reflectance, total and
collimated transmittance) of brain tissues in healthy rats and rats with C6-glioma were performed
in the spectral range from 350 to 1800 nm. Using these measurements, characteristic tissue optical
parameters, such as absorption coefficient, scattering coefficient, reduced scattering coefficient,
and scattering anisotropy factor were reconstructed. It was obtained that the 10-day development
of glioma led to increase of absorption coefficient, which was associated with the water content
elevation in the tumor. However, further development of the tumor (formation of the necrotic
core) led to decrease in the water content. The dependence of the scattering properties on the
different stages of model glioma development was more complex. Light penetration depth into
the healthy and tumor brain was evaluated.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Gliomas are one of the most common types of primary brain tumors and the leading cause of
death by brain diseases in both children and adults [1]. The median survival of patients with
gliomas of the brain ranges from 12 to 15 months [2–4]. In spite of the use of the most aggressive
methods for the treatment of gliomas, survival benefit is only a few months [4].

The tumors classified as gliomas include a wide variety of histology [1]. To make the glioma
diagnostics more objective, since 2016 World Health Organization (WHO) uses phenotypic and
genotypic parameters for classification of glioma [5]. Further to this, tumors are graded (I, II,
III, and IV) according to their anticipated biological behavior, from the least malignant to the
most malignant: grade I has benign cytological features, grade II is characterized by moderate
cellularity without anaplasia or mitotic activity, grade III has cellularity, anaplasia, mitoses, and
grade IV is same as grade III plus microvascular proliferation and necrosis [6]. Early clinical
diagnosis of brain gliomas is crucial for success patients’ treatment.
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Up to now, microscopic pathology with pathological markers, histopathology, immunohisto-
chemical stains, and other methods are used techniques for glioma analysis [7–9]. They take
a significant amount of time and resources to obtain a reliable result [7]. Development of the
novel approaches for diagnostics and intraoperative imaging of gliomas is relevant, in particular,
terahertz pulsed spectroscopy [10,11], coherent anti-Stokes Raman scattering microscopy [12],
multiphoton and optical coherence tomography (OCT) [13,14], fluorescent spatial frequency
domain imaging [15], molecular imaging using MRI-photoacoustic-Raman nanoparticles [16],
and etc. have been suggested.

The detailed knowledge about optical parameters in the wide spectral range is very important for
evaluation of the ability of laser radiation to penetrate into brain. It is a key for optical diagnostic
as well as therapeutic applications. The penetration of light in the visible/NIR into healthy
brain is well characterized [17–23]. However, for glioma, available information about its optical
properties related to the different stages of malignancy is not yet enough. In particular, absorption
and scattering coefficients, and scattering anisotropy factor, have been measured in vitro in the
range 350–1100 nm for human gliomas with the grade II [18,24] and in the range 400-800 nm
for gliomas with the grade III [24]; absorption, scattering, and reduced scattering spectra, and
the light penetration depth have been obtained in the range 350-1300 nm [19,21] for the human
malignant gliomas, and in the range 350–1000 nm for glioblastoma and oligodendroglioma [20];
the light penetration depth has been evaluated in the narrow range of 610-710 nm for human
astrocytomas with the grades I-II and III and glioblastoma [25]. Diffuse reflectance spectra of
human glioma in vivo have been measured in the range 400–800 nm [19]. For glioma in rats
in vitro the absorption and reduced scattering coefficients and light penetration depth at the
wavelength 632 nm have been presented in Ref. [22]. These data relate to the separate grades of
glioma, nonetheless the change of glioma optical properties in the wide spectral range during its
development is not presented yet up to now.
Our study has aimed to measure absorption, scattering, reduced scattering coefficients, and

scattering anisotropy factor of brain tissues in healthy rats and rats with a C6 model glioblastoma
(7, 10, and 30 days) in a wide spectral range from 350 to1800 nm.

2. Structure and physiological properties of C6-glioma

Glioblastomamultiforme (GBM) is the most common and aggressive form among all brain tumors
(grade IV WHO). The development of the glioblastoma is accompanied by the following main
symptoms: headaches, dysfunction of memory and general brain function, visual impairment,
poor speech, impaired sensitivity and motor activity, pathological changes in behavior, loss of
appetite, etc. [26].
The development of the disease begins with glial cells. It is known that one of the types of

glia, namely astrocytes, leads to abnormal cell growth. Therefore, another name of the tumor
is astrocytoma with grade IV [27]. These tumors tend to be morphologically multiform. The
main characteristic features of GMB are the presence of central necrosis, palisading cells around
the area of necrosis, and marginal proliferation of endothelial cells (microvascular hyperplasia)
[27,28]. Other histological features of GBM are the following: increased mitosis, hypercellularity,
atypical nuclei and cellular pleomorphism, and the development of lumina, reminiscent of kidney
glomeruli [29]. GBM also shows regions of hemorrhage and a genetic diversity with various
deletions, amplifications and point mutations [30]. Combinations of some or all of these features
result in marked histological heterogeneity [27].
Developed model system of brain tumors closely resembles the actual mechanisms of tumor

growth. C6-glioma cell line is morphologically similar to the human GBM [31–34]. Intracranial
growth of the rapidly proliferating transplanted C6-glioma cells results in the formation of
morphologically malignant solid tumors. Characteristic features of the model GMB are
nuclear pleomorphism, high mitotic index, foci of tumor necrosis and intratumoral hemorrhage,
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and parenchymal invasion. Palisading cells delineate the foci of necrosis and lymphocytic
infiltration, with the occasional formation of proteinaceous eosinophilic edema fluid and
neovascularization characterizing these tumors [31–33]. The mean survival time of rats after
intracerebral implantation of 105 C6-glioma cells is 28± 5 days [34].
Differences between normal brain and glioma observed using THz spectroscopy have been

attributed to increased water content in the tumor (owing to the newly generated blood vessels
and the body fluids around necrotic debris) and changes of cell density (owing to the rapid
proliferation of tumor cells resulted in a higher number of cells in the tumor region) and the
protein concentration in a tumor [11,35–37]. It has been shown for the C6 model GBM that
the percentage of water is approximately 5% larger and the percentage of cell nuclei is at least
approximately 15% higher in tumor tissue than in the normal tissue [35]. The refractive index of
the gliomas has higher value than that of intact tissues [11,35].
Multiphoton tomography images of model gliomas have also shown a considerable increase

in cellular density (2.5 times greater than that in the molecular layer of the rat cerebral cortex
adjacent to the tumor) [14].

Assessment of angiogenesis in C6-glioma using the methods of magnetic resonance imaging
(MRI), histology, and immunohistology has shown that the tumor is characterized by a large
decrease in vessel density at the core during its growing due to the tumor cell proliferation, which
decreases host vessel density and induces angiogenesis at the periphery of the tumor. At this, the
blood volume fraction has not been changed during observation (11-25 days after implantation),
and the vessel sizes have increased in the core and, to a lesser extent, at the periphery of the
tumor [34].
The irregular structure of the tumor tissues is the cause of heterogeneity of OCT signal:

an increased level of scattering is characteristic for the tumor and a low level corresponds to
the foci of necrosis and the hemorrhages [14]. From the OCT data, the optical attenuation is
generally higher in gliomas (in comparison with normal tissue) due to higher cell density and
nuclear-to-cytoplasmic ratio [38]. As it is noted in Refs. [38,39], brain cancer can have a lower
as well as a higher overall attenuation when compared with noncancer matter in dependence
on the matter (white or grey) surrounds the tumor. However, Ref. [40] shows that C6-glioma
consists mostly of round-like structures (cells) with loose spatial arrangement and, thus, has the
lowest attenuation coefficient in relation to white and grey matter and do not manifest pronounced
backscattering and polarization properties. These problems make actual the study of the tissue
optical properties at the different stages of model glioma development.

3. Materials and methods

3.1. Animals

Adult rats (males, 250-280 g) were used in all experiments. The animals were housed under
standard laboratory conditions, with access to food and water, ad libitum. All procedures were
performed in accordance with the International Guiding Principles for Biomedical Research
Involving Animals [41]. The experimental protocol was approved by the Committee for the Care
and Use of Laboratory Animals at Saratov State University (Protocol № 7, 02/07/2018).

3.2. Implantation of glioma cells (GCs)

The rats were pretreated by premedication with Seduxen (Gedeon Richter, Hungary) in dose of
50 µg/mL, then deeply anesthetized with intraperitoneal Zoletil (Virbac, France) in dose of 100
µg/kg, and immobilized on the stereotactic system (Narishige, Japan) by fixation of the head.
Hair was removed at the site of the planned operation and a cut was made in the area of the
planned injection at selected coordinates.
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The object of the study was cell lines C6 of rat glioma obtained from the Russian Cell Culture
Collection of Vertebrates, Institute of Cytology, Russian Academy of Sciences, St. Petersburg.
The GCs (5×105 cells per rat) were implanted into the caudate putamen area using stereotaxic
apparatus at the following coordinates: Ap-1 mm; L-3.0 mm; V-4.5 mm, TBS-2.4 mm. The GCs
were injected with a Hamilton microsyringe in a volume of 15 µL at a rate of 3 µL/min. The
duration of implantation did not exceed 10-15min. After the implantation of GCs, the wound
was closed and treated with 2%-brilliant green solution. The animal was placed in a clean cage.
The glioma growth was assessed by the MRI of the brain using the Clinscan 7T tomograph
(Bruker, Germany) in T2-weighted images.

3.3. Sample preparation

Morphological and histological analysis of the brain tissues and behavior tests clearly demonstrated
significant changes in the rat brain related to progression of glioma 7-10-30 days after GCs
implantation (see Appendix, Fig. 8). Therefore, withdrawal of the animals from the experiment
and sampling of tissues for morphological and optical study were performed in these time
intervals of glioma growing.

For the optical measurements 12 samples of the brain tissue of healthy rats and the rats with the
C6-glioma: 7 days (6 samples), 10 days (5 samples), and 30 days (1 sample), were used. Sections
for the measurements were cut using lancet and surgical scissors. The samples were rinsed prior
to spectroscopic measurements; however some blood residuals remained within the tissue.
For mechanical support, the brain tissue samples were sandwiched between two glass slides

without (or with minimal) compression. The distance between the glass slides was regulated
by plastic spacers. Thickness of the spacer stacks was matched with the sample thickness. The
thickness of each samplewasmeasuredwith amicrometer in several points and averaged. Precision
of the measurements was ±1 µm. The average thickness of the samples was 0.41± 0.14mm
(control); 0.25± 0.03mm (7-day glioma); 0.21± 0.03mm (10-day glioma); 0.17± 0.01mm
(30-day glioma).

3.4. Spectral measurements

The measurements of optical properties (diffuse reflectance and total transmittance) of brain
tissue samples were performed using a UV-3600 spectrophotometer with an integrating sphere
LISR-3100 (Shimadzu, Japan) in the spectral range from 350 to 1800 nm. Inner diameter of the
sphere is 150mm, size of the entrance port is 20× 20mm and diameter of the exit port is 13mm.
As a light source, a halogen lamp with filtering of the radiation in the studied spectral range was
used. The diameter of an incident light beam on the tissue sample was 4× 4mm. Scan rate was
2 nm/sec.

To measure the collimated transmittance we used a specially designed add-on device (Fig. 1(1-
3)), which consisted of a standard holder (4-5) to fix a tissue sample (6) and a system of six
pinholes (2-3) with diameters 2mm. Two pinholes were placed in a reference channel (8) and
four pinholes were placed in a sample (measuring) channel (7). The distance between the external
pinholes was 125mm, and between the internal ones it was 55mm. The holder with the sample
was placed in the center. The device was colored into mate black to prevent light reflectance
from the surfaces. To provide beam collimation this device was put into the spectrophotometer
instead the standard holder. The reference channel remained empty during the measurement of
collimated transmittance of the sample.
All measurements were performed at room temperature (∼20 °C).

3.5. Evaluation of optical properties of tissues

The inverse Monte Carlo method (IMC) described in details in Refs. [42,43] was used for
determination of the absorption (µa) and the scattering (µs) coefficients, and scattering anisotropy
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Fig. 1. Device for the collimated transmittance measurement: 1 is the plate; 2 is the
pinhole’s holder (6 pcs.); 3 is the pinhole with a diameter 2mm (6 pcs.); 4 is the plate for
fixation of the samples; 5 is the sample clip (2 pcs.), 6 is the tissue sample sandwiched
between two glass slides, 7 is the measuring channel, 8 is the reference channel.

factor (g) of a tissue from the measured values of the total and collimated transmittance and the
diffuse reflectance. The IMC method included two steps. In the first step the experimental data
(the total and collimated transmittance and the diffuse reflectance) were processed by the inverse
adding-doubling (IAD) method [44], the main purpose of which was to obtain a more accurate
initial approximation. This approach significantly reduced the computational time needed for
reconstruction of the optical parameters of tissues. In the second step the resulting values of µa,
µs and g were refined using the IMC method by minimizing the target function:

F(µa, µs, g) =
(
Rexp
d − R

calc
d (µa, µs, g)

)2
+

(
Texp
c − Tcalc

c (µa, µs, g)
)2
+

(
Texp
t − Tcalc

t (µa, µs, g)
)2
,

with the boundary condition 0 ≤ g ≤ 0.99. Here, Rexp
d , Texp

t , Texp
c , Rcalc

d , Tcalc
t , Tcalc

c are the diffuse
reflectance and total and collimated transmittance experimentally measured and theoretically
calculated by the Monte Carlo (MC) method [45], taking into account the geometry of the
medium under the study.
To minimize the target function the Levenberg-Marquardt nonlinear least-squares-fitting

algorithm described in detail by Press et al. [46] was used. The iterative procedure continued
until the measured and calculated data were matched with a given accuracy (less than 1.0%).
Figure 2 shows a flowchart of the method used. In the block of the initial parameters we set

the sample and measurement geometry, the parameters of the integrating sphere, etc. After the
introduction of the initial parameters, the experimental data were processed by the IAD method.

As the initial values of µa, µs and g in the block of the initial parameters, we used the solutions
to the system of Eqs. (1)–(3) [44]:

µ′s
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−

lnTt ln(0.05)
lnRd

, if Rd ≤ 0.1

21+5(Rd+Tt), if Rd>0.1
(2)
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Fig. 2. The flowchart of the IMC method used for determination of the tissue optical
properties.

µt = − ln(Tc)/ l (3)

where µt = µa + µs is the attenuation coefficient (cm−1); µ′s = µs(1 − g) is the reduced scattering
coefficient (cm−1); and l is the thickness of the measured sample of biological tissue (cm).
All data were presented as mean± standard deviation for results obtained from all studied

samples.

4. Results and discussion

Figure 3 shows spectra of the absorption, scattering, reduced scattering coefficients, and anisotropy
factor of the healthy brain tissue obtained from our experimental data, where they are compared
with the available data in literature [17–20]. In our study, we have not differentiated the intact
brain tissues into the white and gray matter. The absorption and scattering spectra demonstrate
significant deviation, that is, usual for majority of the label-free spectroscopy and imaging
modalities [10,11,17–25]. High dispersion of the spectra might be attributed to heterogeneous
character of tissues.
In the spectra of the absorption coefficient, absorption bands of blood deoxyhemoglobin

(420 and 550 nm [47]) and water (1450 nm [48,49]) dominate the spectra with consistently low
absorption over the spectral range under the study. The absorption bands of water located at 976
and 1197 nm [48,49] are considerably less visible. It is well seen the good agreement between
our data and the data by Yaroslavsky et al. [18] in the range 450-1100 nm and the data by Honda
et al. [20] in the range 520-1000 nm.

The scattering spectra of the tissues under study in the region from 600 to 1300 nm gradually
decrease towards longer wavelengths, which are generally consistent with the character of the
spectral behavior of the scattering characteristics of biological tissues [50–53]. In the regions
of the absorption bands of hemoglobin and water which are manifested as an increase in light
scattering can be associated with the influence of the imaginary part of the complex refractive
index of the scattering centers (erythrocytes from residual blood and hydrated cell components)
[42,43,54]. The same behavior of the reduced scattering coefficient in the region of hemoglobin
absorption was observed in Ref. [20]. Generally, µs, µ′s, and g from Refs. [17–20] are in a good
agreement with our data. However, the spectral dependence of µs obtained by van der Zee et al.
[17] has the opposite trend in comparison with our data and results presented in Ref. [18].

Figure 3(b,c) shows approximations of the wavelength dependence of the scattering coefficient
and reduced scattering coefficient by the sum of power functions (µs (or µ′s) = A/λw1 + B/λw2 ),



Research Article Vol. 10, No. 10 / 1 October 2019 / Biomedical Optics Express 5188

Fig. 3. The wavelength dependences of the absorption coefficient µa (a), scattering
coefficient µs (b), reduced scattering coefficient µ′s (c), and scattering anisotropy factor g (d)
of the rat healthy brain tissues measured in this paper and presented in Refs. [17–20]. In
(b-d) approximations of experimental data using presented formulas are shown.

where λ is the wavelength and w is the wavelength exponent. The wavelength exponent
characterizes the mean size of the tissue scatterers and defines spectral behaviour of their
scattering properties [50–52]. The first item reflects the spectral behaviour defined by small,
so-called Rayleigh (or Rayleigh-Gans) scatterers, and the second item is defined by large, so-called
Mie scatterers [53]. In Figs. 3(b) and (c) it is well seen, that in the spectral range from 600 to 1300
nm these power laws well approximate the experimental data. Obtained values of the wavelength
exponent are 1.178 and 0.024 for µs and 1.147 and 0.308 for µ′s, respectively, are the typical ones
for many tissues [54,55]. The spectral dependence of scattering anisotropy factor (see Fig. 3(d))
has been approximated using the form: g(λ) = A + B(1 − exp(−(λ − C)/D)), where A, B, C, and
D are the some empirical constants [55].

Figure 4 presents the spectra of the optical parameters of the brain tissues with different stages
of the C6-glioma development in comparison with the healthy brain tissue. Experimental data for
the tumor scattering coefficient, reduced scattering coefficient, and scattering anisotropy factor
are also approximated. Figure 4(a) demonstrates the gradual increase of µa for glioma in the
spectral region of blood and water bands in comparison with the healthy tissue during 10 days. It
can be related to the increase of tissue vascularization and edema. The results of our study are
confirmed by the earlier-reported differences between healthy brain tissues and gliomas, which
were demonstrated on the glioma models in mice and rats [10,36,37], and human postoperative
gliomas [11] using the THz spectroscopy of paraffin- or gelatin embedded samples. The decrease
in the µa after 30 day can be induced by extensive necrosis development (see Appendix, Fig. 8(d)).
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Fig. 4. The wavelength dependences of the absorption coefficient µa (a), scattering
coefficient µs (b), reduced scattering coefficient µ′s (c), and scattering anisotropy factor
g (d) of the healthy rat brain tissues and 7-10-30 days after GCs implantation. In (b-d)
approximations of experimental data using presented formulas are showed.

It has been reported that in THz spectral range the contribution of other biological processes,
such as increase of the cell density and alterations in the protein concentration in a tumor, is
several times smaller than that of changes in water content [11,36]. In contrary, in the visible and
NIR spectral range, the structural changes during glioma growing induce significant changes in
the scattering properties. Figures 4(b) and (c) demonstrate that µs and µ′s decrease significantly in
7 days; after 10 days the scattering increases; and then it falls down again. Obviously, it is related
to structural changes of the tumor in the course of development. As it has been mentioned above,
the C6-glioma growing is assisted by edema that, apparently, decreases the volume fraction
of the scatterers from ∼0.2 for normal tissue to ∼0.15 [35] and consequently, decreases the
scattering coefficient [51]. Increase of the scattering properties observed after 10-day glioma
development could be due to increase of the tumor vascularization, and therefore appearance
of the large-size scatterers (blood erythrocytes, vessel walls, etc.) (see Appendix, Fig. 8(c)).
Approximations, presented in Fig. 4(b) confirm the assumption. They show that wavelength
exponent of Rayleigh-Gans fraction of the scattering decreases from 1.160 (for 7-day glioma)
to 0.702 for 10-day glioma. Similar behavior of the wavelength exponent is observed also for
reduced scattering coefficient (Fig. 4(c)); it decreases from 1.590 (for 7-day glioma) to 1.349 for
10-day glioma.

It is seen that in the spectral region from 350 to 600 nm the suggested power functions do not
allow approximating the experimental data exactly enough, therefore we have calculated Mie
fraction of the scatterers based on the data presented in Fig. 4(b). This result is shown in Fig. 5.
The fraction fMie of the total scattering can be calculated as fMie =

41.77λ−0.209
µs(λ)

for 7-day glioma;
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as fMie =
246.785λ−0.09

µs(λ)
for 10-day glioma, and as fMie =

27.77λ−0.038
µs(λ)

for 30-day glioma. From Fig. 5
it follows that the fMie is minimal for 7-day glioma and maximal for 10-day glioma, i.e. confirms
the above assumptions.

Fig. 5. Fraction of total scattering attributed to Mie scattering. The fraction was calculated
using the data presented in Fig. 4(b).

The decrease of scattering in glioma can be caused by immersion effect. Apparently, during
the development of hemorrhages, erythrocytes from destroyed vessels penetrate into surrounding
tissues and interstitial fluid. Increasing of water content in the interstitial fluid due to edema
development causes osmolarity decreasing and, thus, local hemolysis of the erythrocytes. In
this case, destroyed cell membranes and parts of the cells are the scatterers, and hemoglobin
from the destroyed erythrocytes induces refractive index matching between the scatterers and
interstitial fluid that, correspondingly, decreases the scattering [56]. It explains the scattering
decrease to the 30th day of glioma development in our experiment. Low level scattering in
glioblastomas caused by the foci of necrosis and hemorrhages has been demonstrated also in OCT
measurements [14]. The behavior of scattering in the intermediate stages of glioma development
can be caused by gradual tissue damage during the glioma growing into surrounding tissues (gray
and white matter). As well seen in Fig. 5, the Mie fraction of the scatterers in the 30-day glioma
is significantly smaller in comparison with that in the 10-day glioma, i.e. the size of effective
scatterers has decreased significantly.

Figure 6 shows comparison of the averaged optical parameters of C6-glioma in 10 and 30 days
with the results obtained by other authors for different types of gliomas [18–20,24]. We can see
that the values of absorption coefficient are the closest for 30-day C6-glioma and glioma WHO
grade III obtained in Ref. [24]. The most differences are observed with glioblastoma from Ref.
[20]. Honda et al. [20] has reported no significant difference between the µa values of white
and gray matter and brain tumor tissues. However, histological analysis has shown appearance
the hemorrhage foci during glioma development (see Appendix, Fig. 8(A)-(D)) that induces the
absorption growing.
Some differences in scattering and reduced scattering coefficients and g-factor between our

results and the results obtained by other authors can be explained by the differences in types of the
used samples as well as the sample preparation procedure. In particular, all samples, presented
in Refs. [18–20,24] were obtained from brain tumor patients during open operation or autopsy
performed after death; besides, the samples, presented in Refs. [19,24] were frozen before the
measurements. Besides, different theoretical models and algorithms were used for calculation
of the tissue optical properties. In spite of some deviation of the received experimental data
from the data presented in the literature, in general, it is found a good agreement of the optical
properties for a 30-day C6-glioma and glioma, glioblastoma and astrocytoma from literature.
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Fig. 6. The wavelength dependences of the absorption coefficient µa (a), scattering
coefficient µs (b), reduced scattering coefficient µ′s (c), and scattering anisotropy factor g (d)
of the 10- and 30-day C6-glioma measured in this paper and presented in Refs. [18–20,24].

The depth penetration of light into a biological tissue is an important parameter for the
correct determination of the irradiation dose in photothermal and photodynamic therapy of
glioma. Direct activation of singlet oxygen (1O2) in brain for inducing cancer cell death and
cerebrovascular effects including the increase in the permeability of the blood-brain barrier (BBB)
for improvement of delivery of drugs, genes, nanoparticles into the brain tissues for the treatment
of gliomas attracts much attention of the community [57–59]. Also, a direct photoexcitation of
singlet oxygen 1O2 may be induced by 762- and 1268-nm laser irradiation [59].
An estimate of the penetration depth of laser radiation into the healthy and malignant brain

tissue (δ), defined as a depth for which intensity of a light beam is attenuated in 2.7-fold, has
been performed using equation written in the diffusion approximation δ = 1

/√
3µa(µa + µ′s)

[60]. The result is shown in Fig. 7.
It is clearly seen that, depending on the wavelength of the probing light, its depth of penetration

varies considerably. For the healthy brain tissue, the maximal probing depth is found for the
spectral range 1000-1300 nm, where the penetration depth is approximately 1.0± 0.2mm. In the
regions of the water absorption band with a maximum of 1450 nm and the hemoglobin absorption
band with a maximum of 420 nm the penetration depth significantly decreases up to 0.4-0.5mm.
The penetration depth in the wavelength range 450-1064 nm for the healthy brain (Fig. 7) is close
to that of white brain matter presented in Ref. [18].

The lowest penetration depth is observed for 10-day glioma that may be explained by significant
increase in absorption of the tissue. In accordance with Refs. [19] and [20], in the range 630-
850 nm glioma has shown the penetration depth from 1.3 to 1.7mm and from 0.89 to 1.65mm,
respectively, that significantly exceeds the values even for healthy tissue (Fig. 7). It also can be
caused by differences in types of the studied tumors.
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Fig. 7. The light penetration depth into the healthy brain tissues and 7-10-30 days after GCs
implantation. The solid line corresponds to the averaged experimental data and the vertical
lines show the standard deviation values.

5. Conclusion

Our work extends spectral range available for analysis of optical properties of the brain tissue
in healthy rats and rats with C6-glioma, which is an adequate model of human glioblastoma
multiforme. The absorption coefficient, scattering coefficient, reduced scattering coefficient,
scattering anisotropy factor, and light penetration depth were obtained in 7-10-30 days in the
course of tumor development. Our results clearly demonstrate that glioma development leads to
increase of the absorption coefficient that is associated with the water content increase within the
tumor. The changes in the scattering properties at the different stages of the model glioma growing
also depend on the formation of cell clusters, vascularization, and edema. The connection
between the tissue scattering and the wavelength exponent of approximating curves has been
shown. A limited number of test samples, especially for a 30-day glioma, does not allow us to
draw general conclusions, however, the trend in the change in the optical parameters of the tumor
over time is consistent with data provided by other researchers. The optimal wavelength range
for laser diagnostic and therapeutic applications in brain lies in the range of 1000–1300 nm that
can be used for direct photoexcitation of 1O2 in brain.

A. Appendix

A.1. Macro-photography

The rats were euthanized with an intraperitoneal injection of a lethal dose of ketamine and
xylazine. Afterward, the brains were removed and fixed in 4% buffered paraformaldehyde for two
days. The brain slices (100 µm) were prepared using Vibrotome (Leica VT1200S Biosystems,
Germany).

A.2. The histological analysis

The part of the samples after decapitationwas fixed in 10%buffered neutral formalin. The formalin
fixed specimens were embedded in paraffin, sectioned (4 µm), and stained with haematoxylin and
eosin (H&E) using the standard histological protocol. Morphometric analysis of histological
preparations was performed with a digital image analysis system “Medical Microvizor” µVizo-101
(LOMO, Russia).
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A.3. Behavior tests

Test “Ledged tapered beam”. To carry out this test the follows were necessary: a stick with a
diameter of 4 cm and a length of 1.25m with a smooth surface, a lamp of 100 W and a box
(20×20 cm) with a hole, into which an animal could easily pass. Before the test, animals needed
the training. The training took 2-3 days with 5 attempts per day. Each attempt lasted until the
animal successfully passed the beam from the light source into the dark box without any failures.
A short break between attempts was necessary so that the animal was not accustomed. During the
experiment the number of stops, falls and distances covered was taken into account in 5 minutes.
Test “Cylinder”. The animal was placed in a cylinder made of plexiglass (diameter 20 cm

and height 30 cm), where it showed approximately exploratory behavior. Since the area of the
bottom of the cylinder was small, the animal predominantly exhibited vertical locomotor activity,
exploring the cylinder wall using its forelimbs. Rising on its hind legs, the animal used one or
both forelimbs. For healthy animals, it was typical to use both forelimbs, and when injured,
the animal used mostly only one limb. The number of touches of the forelimbs, as well as for
the right and left forelimbs separately for 5 minutes was evaluated. Preliminary preparation of
animals was not required.
Test «Hanging by the tail». This test was used to study the level of anxiety. The animal was

pulled out of the cage and held by the tail at a distance of 1.5 cm from the tip while the body was
in a hanging position for 5 minutes. The number of body lifts (when the animal’s muzzle reaches
the base of the tail) and the number of body torsions were recorded.
Test «Reaching chamber pellet». Before conducting an experiment on motor-cognitive

functions, the animal was not fed for some time. The rat was placed in a container made of
plexiglass (20×30 cm) with a hole, so that the animal could stick its forelimb or nose through it.
Before the hole at the distance of 1 cm, food (a piece of bread with vegetable oil) was placed so
that the animal could get it easily. The experience was repeated to consolidate the skill. Further,
the task was complicated: the food was placed to the right or left of the hole at a distance of
1-3 cm, so that the animal could reach it, but with an effort. The number of attempts and the time
required to perform this task was fixed.

A.4. Results

Figure 8(A-D) presents typical histological images of the healthy brain tissue and 7, 10 and 30
days after GCs implantation, respectively. Normal brain tissue is represented by a cluster of
neurons and their processes, single glial cells, and capillaries (Fig. 8(A)).

The early stage of gliobastoma (7 days after implantation) is characterized by appearance of a
cluster of atypical glial cells (Fig. 8(B)). After 10 days on the background of an increase in the
vascular component, areas of necrosis appear (Fig. 8(C)). At these stages, the cell polymorphism
is not presented. The progression of glioma to 30 days is accompanied by increased vascular
component, appearance of extensive foci of necrosis and cell polymorphism (Fig. 8(D)). Multiple
foci of hemorrhage are also noted in the tumors. Glioblastoma cells penetrate into the surrounding
tissue of the brain, especially in the white matter of the brain, and there is also an increase in the
cerebral spinal fluid (CSF) pathway.

Figure 8(E-G) illustrates macro-photography of the brain in rats with different sized of glioma
and shows that size of glioma 30 days (Fig. 8(E)) after GCs implantation is more significant than
10 days (Fig. 8(F)) after GCs implantation (average size of glioma is 7 mm2, 4 mm2, 3 mm2

30-10-7 days after GCs implantation, respectively). Figure 8(G) demonstrates a normal brain in
healthy rat.
The behavior tests have confirmed histological signs of glioma progression after 7-10-30

days after GCs implantation. So, the “Hanging by the tail” and “Ledged tapered beam“ tests
have demonstrated significantly reducing in the number of body rises and torsions as well as
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Fig. 8. Morphological and behaviors signs of glioma progression in rats: A-D – histological
imaging of the rat brain before, 7-10-30 days after GCs implantation (magnification 246.4);
E-G – macro-photography of the rat brain 10-30 days after GCs implantation vs. the healthy
rat brain, respectively; H-K – behavior tests, including: (H) Ledged tapered beam; (I)
Cylinder test; (J) Hanging by the tail; and (K) the Reaching Chamber Pellet test, respectively.
Results are presented as mean± sd (n= 7 in each group), P ≤ 0.05: *vs. the control group; •
vs. rats 7 days after GCs implantation; ∆ - 10 days after GCs implantation. P1, P2, and P3
groups correspond to the rats with 7-, 10-, and 30-day GCs.
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increasing in the stops and falls during movement along trajectory that have been more and more
pronounced with the tumor progression during 7-10-30 days after GCs implantation (Fig. 8(J
and H), respectively). The Cylinder test has showed that rats reliably less touch the walls of the
cylinder with the growing of glioma vs. the healthy animals (Fig. 8(I)). The Reaching Chamber
Pellet test has obtained gradual decreasing in the number of attempts to obtain a food in rats
7-10-30 days after GCs implantation vs. the control group (Fig. 8(K)).
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