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The aim of the study was to provide visual and quantitative evaluation of normal and tumorous brain tissue images obtained by cross-
polarization optical coherence tomography (CP OCT) in comparative in vivo and ex vivo studies.

Materials and Methods. The study was conducted using CP OCT — a non-damaging optical method of tissue structure imaging,
which is capable of obtaining real time 3D images 2.4x2.4x1.25 mm in size within a short time of 26 s. The object of the study were normal
and tumorous brain tissues of 12 experimental rats of a Wistar line: 4 — intact, 4 — with an induced malignant 101.8-glioma model and 4 —
with an induced malignant C6-glioma model. In the intact rats, the cortex and the white matter were studied, in the rats with tumors — the
central part of the tumor on the cortical surface, first in vivo and then ex vivo. Quantitative data evaluation of the CP OCT images involved
calculation of attenuation coefficients for each tissue type.

Results. A comparative qualitative image analysis of normal brain tissues and gliomas showed that the CP OCT images obtained
ex vivo have the intensity and the attenuation rate (in both the initial and orthogonal polarizations) greater than those obtained in vivo.
Quantitative analysis of the CP OCT images revealed significant statistical differences (p<0.02) between the attenuation coefficients from
both tumors and the white matter in vivo (5.5 [4.8; 5.8] mm~' for 101.8-glioma; 3.2 [2.4; 4.3] mm" for C6-glioma; and 7.5 [7.0; 8.0] mm™
for the normal white matter) as compared with ex vivo (7.0 [5.9; 8.1] mm~ for 101.8-glioma; 6.8 [6.2; 7.9] mm~' for C6-glioma; and 9.0 [8.4;
9.5] mm-" for the normal white matter). For the cerebral cortex, no significant statistical difference was found (5.8 [4.9; 6.6] mm~" versus 6.3
[6.5; 7.1] mm; p=0.34). A comparison of the attenuation coefficients between the cortex and the white matter of the normal brain, as well
as the white matter in the normal and malignant tissues, showed significant statistical differences both in vivo and ex vivo.

Conclusion. The results of a qualitative comparative analysis of optical properties of normal and tumorous brain tissues using CP
OCT allow us to conclude that the images obtained ex vivo show a full qualitative similarity with the structures observed with the intravital
CP OCT study. Quantitative evaluation of CP OCT signals demonstrated a significant difference in the attenuation coefficient (p<0.005)
between tumorous tissue, on the one hand, and normal white matter, on the other, both ex vivo and in vivo. However, when optical
coefficients of tissues are evaluated in vivo, it is necessary to introduce adjustments based on the known differences between ex vivo and
in vivo attenuation coefficients.

Key words: brain white matter; cortex; experimental tumor model; malignant glioma; cross-polarization optical coherence tomography;
CP OCT; attenuation coefficient; in vivo and ex vivo studies..
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Presently, various intraoperative technologies
(ultrasound, magnetic resonance imaging, fluorescence
imaging) are commonly used in surgical treatment
of gliomas; these techniques are aimed at improving
safety and radicality of the tumor removal [1-4].
Recent studies demonstrated that the volume of tumor
resection significantly correlates with life expectancy
of patients in this group [5-8]. Therefore, a search for
new technologies able to precisely differentiate between
tumorous and non-tumorous brain tissue remains acute.

Optical bioimaging techniques are most promising
in this regard [9], where optical coherence tomography
(OCT) [10] and multiphoton microscopy/tomography [11]
are capable of visualizing cyto- and myelo-architectonics
of the brain.

Since the development of the OCT in 1991 and during
the subsequent years of its continuous technological
improvement, the method has become widespread in
experimental medicine and in different clinical fields,
including neurosurgery [12-15]. In current clinical
practice, intraoperative OCT systems can be inbuilt in
operating microscopes [15] and endoscopic instruments
[16, 17]. However, the criteria for tumorous and non-
tumorous brain tissue differentiation along the margin
of tumor resection are still not fully developed. Several
research groups have made significant contribution to
the question of differentiation between an OCT signal
from normal brain tissue and tumorous brain tissues in in
vivo [18] and ex vivo [19] studies on experimental tumor
models, on patients with gliomas in vivo [12, 20] and
gliomas samples [12, 20, 21]. There are two approaches
to the OCT data analysis: a qualitative analysis of OCT
images [12, 21] and a quantitative analysis of the OCT
signal with the calculation of various optical coefficients
such as backscattering [21] and attenuation [12, 18, 22]
coefficients.

Several OCT capabilities, such as performing real-
time tissue microstructure analysis, not requiring a
contract agent injection, absence of damaging effect
on the biotissue of its near-infrared radiation (700-
1,300 mn), make it a promising intraoperative method
of “optical biopsy”, which capable of distinguishing
morphological characteristics of tissue.

The most reliable way of validating OCT results is a
targeted histological examination of the tissue sample.
However, for glial tumors, this way of validating the
OCT method has some difficulties and limitations.
When performed in vivo during surgery on a patient’s
brain the measurements and their interpretation can be
complicated by: 1) difficulties in obtaining a sharp OCT
image due to oscillatory motion of the tissue due to pulse
and respiratory cycle; 2) tissue deformation during its
removal; 3) difficulties in access to the region of interest
where the white matter is infiltrated by tumor; 4) active
bleeding and use of hemostatic materials affecting the
quality of OCT images [12]; 5) the time limit for the OCT
study on the open brain, because a significant increase
of the operating time is unacceptable.
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Due to the above mentioned, researchers prefer to
conduct ex vivo studies using a surgical biopsy material
that contains only a glial tumor, white or gray matter,
or both the tumor and non-tumorous brain tissue, as
with this approach, it is easier to “target” the region of
interest. An important advantage of ex vivo studies is the
possibility of carrying out maximally targeted histological
examinations to appropriately validate the optical
method and its diagnostic accuracy. Its other advantage
is the absence of strict time limitation, which makes it
possible to perform multiple scans, monitor the image
quality, and, if necessary, repeat the experiment to
collect the required data. The results of visual evaluation
and quantitative processing of ex vivo OCT images are
free from inaccuracies caused by artifacts which are
inevitable during in vivo studies.

Simultaneously, in ex vivo studies the loss of tissue
perfusion and the change of sample volume due to
distortion of the 3D tissue structure need to be accounted
for in order to adequately interpret the OCT images and
quantify the OCT signal. Animal studies show that the
light attenuation profile at a resection edge within normal
brain changes in a time-dependent manner, indicating
that both exposure and tissue contusion alter the OCT
signal [12]. Therefore, it is imperative to understand
how the results obtained under ex vivo conditions will
relate to those obtained during in vivo surgery because
the OCT method is supposed to be ultimately used for
intraoperative measurements. The possibility of using
qualitative and quantitative evaluation criteria of the OCT
images ex vivo for evaluating the OCT data obtained in
vivo remains an open issue.

The method of cross-polarization OCT (CP OCT)
is a version of polarization-sensitive OCT with certain
advantages. Its main advantage is relative simplicity of
analyzing the structure of CP OCT images. Its physical
principle is the construction of two images: one based
on the waves that save the initial polarization state
after scattering, and the other containing waves that
change to orthogonal polarization state. For the purpose
of medical diagnostics, such analysis allows one to
confirm the presence (or absence) of anisotropically
scattering structures, such as collagen or myelin fibers,
in the sample. By observing a change in the quantity
and quality of anisotropic structures one can identify a
pathological change in the given tissue. The CP OCT
measurements are not sensitive to the orientation of the
probe towards the anisotropic tissue structures but they
are sensitive to cross-scattering and birefringence.

Interaction of polarized light with collagen as
detected with CP OCT was utilized to identify vulnerable
atherosclerotic plaques [23] and bladder carcinoma [24].
For the visualization of brain tissue and gliomas, the CP
OCT was used in in vivo studies on the rat glioma model
[25] and ex vivo studies on human gliomas of varying
malignancy [26]. Those reports demonstrate a potential
value of the CP OCT method in locating boundaries of
tumor growth and determining the degree of malignancy.
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The aim of the present study was to provide
visual and quantitative evaluation of images obtained
from normal and tumorous brain tissues using
cross-polarization optical coherence tomography in
comparative in vivo and ex vivo studies.

Materials and Methods

Tumor models. The study was carried out on 12
experimental animals (Wistar rats): 4 — intact, 4 —
with transplantable malignant 101.8-glioma model
and 4 — with transplantable malignant C6-glioma
model. Both gliomas are chemically induced and were
chosen as tumor models due to their similarity with
human glioblastoma in terms of their morphological
characteristics and a high degree of infiltration. The
transplanted 101.8-glioma is a malignant glial tumor
with high cellularity, numerous mitoses, and focal
microvascular proliferation. It is characterized by
extensive foci of necrosis and hemorrhage due to its
rapid growth. In contrast, rat C6-glioma grows relatively
slowly, therefore, large foci of hemorrhage and necrosis
are not typical for this tumor; it is characterized by
polymorphic — round or oval — cells and perivascular
and perineuronal infiltration. In this study, optical
properties of both tumors are studied because they
have different growth rates and are morphologically
heterogeneous.

The tumorous material was inoculated into rats at
the Research Institute of Human Morphology of the
Russian Academy of Sciences (Moscow) using the
standard procedure [27]. During the tumor development
and growth, the animals were kept under standard
conditions. CP OCT studies were performed on the 10—
12" day after the transplantation of 101.8-glioma and
on the 17"-19" day — for C6-glioma, when the tumors
reached a visible size and spread through the cerebral
cortex.

Our work with animals complied with the “Rules
for the work using experimental animals” (Order of
the Ministry of Health and Social Development of the
Russian Federation dated August 23, 2010 No.708H
“On the Approval of the Rules of Laboratory Practice”)
and International Guiding Principles for Biomedical
Research Involving Animals of 1985, while the ethical
principles established by the European Convention
for the Protection of Vertebrate Animals used for
Experimental and Other Scientific Purposes (approved
in Strasbourg on 18.03.1986 and confirmed in
Strasbourg on 15.06.2006) were strictly observed. The
experimental studies on animals were approved by the
Ethics Committee of the Nizhny Novgorod State Medical
Academy (Protocol 14 from 10 December 2013).

Cross-polarization optical coherent tomography
device. The study was conducted using a high-speed
multimodal optical coherent tomography device based
on the spectral principle of signal reception. The device
was developed at the Federal Research Center of the
Institute of Applied Physics of the Russian Academy of
Sciences (Nizhny Novgorod) [28, 29]. After scanning
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the tissue, several images of its cross-section (from the
surface into the depth) and images of the top view in real
time were obtained. Polarized light was used as probing
radiation, therefore, in addition to a standard structural
OCT image (Figure 1, columns 1 and 2, the upper parts
of the images), the second image complementary to
the first one was created in the orthogonal polarization
(Figure 1, columns 1 and 2, the lower parts of the
images). With some technical modifications, the method
is capable of producing angiographic images, which is
important for in vivo studies [22].

A superluminescent diode is used as a radiation
source with the following parameters: the central
wavelength is 1,310 nm, the spectrum width ~100 nm,
the power <56 mW,; the depth resolution is 15 pm, the
transverse spatial resolution ~20 um. The speed of
image acquisition is 20 kHz/s, and the time of recording
of a 3D image (the planar dimensions and the height =
2.4%2.4%x1.25 mm) is 26 s. From the obtained 3D arrays
of OCT data (one 3D array contains 256 B-scans in each
polarization mode and 65536 A-scans), B-scans typical
for the specific tissue were selected for further analysis
and presentation. The scans are stored as 2D images
with sizes of 2.4 mm (width) x 1.25 mm (height) in the
co-and cross-polarization modes.

The CP OCT device is equipped with an end-type
fiber optic probe with an external diameter of 8 mm,
which is brought close to the tissue surface without
touching it.

Design of the CP OCT studies in vivo and ex vivo.
The CP OCT studies on tumorous and normal brain
tissues in vivo were conducted after cranial trephination.
All the surgical interventions were performed using a
stereotaxic device equipped with a stereomicroscope
Leica M60 (Leica Microsystems, Germany, objective
x1, eyepieces x10). During the CP OCT study, the
animals were kept under anesthesia (Zoletil 50 and 2%
Romethar).

CP OCT images of the normal cortex (left hemisphere)
and the normal white matter (right hemisphere) were
obtained from the parietal area of the brain at the
distance of 2-5 mm from the central gyrus; CP OCT
images of 101.8 and C6 gliomas were obtained from
the central region of the tumor visible on the cortical
surface. In total 4 intact and 8 tumor-bearing rats (4
rats for each model) were used in the study. Prior to the
measurements on the white matter in vivo, the cortex had
been cleaned layer by layer. The scan time of one area
of interest did not exceed 5 min. After that, the borders of
the scanned area were marked with histological ink, and
the animals were withdrawn from the experiment. The
brain was removed and placed under the OCT probe to
acquire images from the respective areas of the cerebral
cortex, the white matter or the tumor.

16 areas of interest were scanned in vivo and as
many ex vivo; 16 samples were taken for histological
examination. A total of 98 arrays of OCT data were
obtained and analyzed; each area of interest was

CTM [ 2017 — vol. 9, No.4 179



CLINICAL MEDICINE

scanned to get and store two or three 3D OCT images.
For the quantitative analysis, 92 images were selected
(see the Table).

Quantitative processing of the CP OCT data.
The data from the 3D images were processed with
Anaconda 4.3.1 (Python v. 3.6) software. For each
A-scan representing the depth-dependent attenuation
profile of the OCT signal, the attenuation coefficient of
the initial radiation in the given sample was calculated
[18]; then the entire data volume was averaged. To take
into account the polarization effects, the attenuation
coefficient was calculated from the Pythagorean sum
of the signals in the initial and orthogonal polarizations
[23]. The signals recorded through the co- and cross
channels were squared, added and turned logarithmic.
The resulting curves were presented as linear functions;
the attenuation coefficient was defined as the first power
coefficient in the obtained equation. For a better fit of the
experimental data to the selected model, the calculations
were limited to a reduced depth range: 100-300 um from
the image surface.

The attenuation coefficients were calculated for
4 groups of tissues: cerebral cortex, white matter,
101.8-glioma, and C6-glioma. The attenuation
coefficients found in vivo and ex vivo were compared
within each group; the significance of the differences
between the normal tissue and the tumor was tested for
the values of attenuation coefficients in vivo and ex vivo.

Histological examination. To verify the structure of
normal and tumorous brain tissue from the areas of the
CP OCT measurements, the samples were histologically
analyzed. The tissue samples were fixed in a 10%
solution of buffered formalin for 48 h. After a series of
washes, the material was embedded into paraffin at
57°C. Then the sections were stained with hematoxylin
and eosin. The histological slides were viewed and
characterized by a morphologist and photographed
under a transmission Leica DM2500 DFC (Leica
Microsystems, Germany) microscope equipped with a
digital camera.

Statistical processing of the results was carried out
using statistical analysis package Statistica 10.0. For
calculating the attenuation coefficient from the 3D CP
OCT images, the mean value of all A-scans was derived;
for each experimental group the attenuation coefficient
was expressed as Me [Q1; Q3]. To test the statistical
hypotheses, nonparametric methods were used. To
compare the quantitative data of two independent
groups, the Mann-Whitney U test was used.

Results and Discussion

A comparative analysis of CP OCT images of
normal brain tissues and gliomas obtained in vivo
and ex vivo — a qualitative assessment. A visual
assessment of CP OCT images makes it possible to
identify differences between signals from the cortex,
the white matter, and the tumour. In Figure 1, typical
CP OCT images of the normal cortex, the white matter
and 101.8 and C6 gliomas in vivo (a1)—(d1) and ex vivo
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(a2)—(d2) along with the corresponding histology of the
imaged tissues (a3)—(d3) are shown.

The CP OCT signals obtained ex vivo is more
intensive and have greater attenuation rate (in both the
initial and orthogonal polarizations) than those obtained
in vivo. Notably, there are also structural differences
between the ex vivo and in vivo images of the cerebral
cortex. In the in vivo studies, CP OCT images show a
specific vertical striation arising from “shadows” of the
blood vessels located just under the tissue surface (see
Figure 1 (a1)); this striation is practically not visible on
the ex vivo images due to vasoconstriction (Figure 1
(@2)). For the CP OCT images of the white matter and
both experimental tumors, no significant differences
in the signal features between the ex vivo and in vivo
experiments were detected (Figure 1 (b1)—(d2)).

White matter and the tumorous tissue can be
differentiated by visual differences of its CP OCT
signals, as reported earlier [25]. The normal white matter
produces (in both polarizations) a uniform high-amplitude
signal in the form of a narrow band (Figure 1 (b1), (b2)).
The white matter consists of densely packed myelinic
nerve fibers (Figure 1 (b3)) that effectively dissipate the
probing radiation both in the initial and in the orthogonal
polarization.

Tumorous tissue consists of randomly located irregular
cells of various shapes and sizes, a large number of
vessels (Figure 1 (d3)), as well as foci of large and small
hemorrhages and necrosis, especially in 101.8-glioma
(Figure 1 (c3), (d3)). These morphological features of
the tumorous tissue determine the heterogeneity of the
OCT signal in both polarization states (Figure 1 (c1),
(c2)), although this heterogeneity is more contrasted
in the orthogonal polarization. The degree of light
backscattering from the tumor cell membranes is much
lower than that from the myelin sheath of a nerve fiber
(that contains numerous membranes); therefore, the
total intensity of the OCT signal from tumors (Figure 1
(c1) (c2), (d1), (d2)) is significantly lower than that
in the white matter of the brain (Figure 1 (b1), (b2)).
At the same time, the CP OCT image can be quite
homogeneous (Figure 1 (d1), (d2)) if the given tumor
focus contains no necrosis or hemorrhages, as shown,
for example, in the case of C6-glioma (Figure 1 (d3)).
The attenuation rate of the OCT signal in this case is
low. Areas of hemorrhages and necrosis have strong
scattering properties and are therefore represented on
CP OCT images by areas with high signal amplitudes. In
its entirety, the signal from a tumorous tissue is markedly
heterogeneous as shown in the example of 101.8-glioma
(Figure 1 (c1), (c2)).

Comparative analysis of CP OCT images of
normal brain tissues and gliomas obtained in
vivo and ex vivo — a quantitative assessment.
A quantitative analysis of the CP OCT data revealed
statistically significant differences in the attenuation
coefficients of the normal white matter and experimental
gliomas between the in vivo and ex vivo measurements
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In vivo CP OCT

Ex vivo CP OCT

Histology
a3
1 mm

b3

1 mm
c3

1 mm
d3

1 mmm

Figure 1. CP OCT images obtained from in vivo (a1)-(d1) and ex vivo (a2)-(d2) studies and the corresponding

histology (a3)—(d3):

(a1), (a2) cortex of a normal brain; (b1), (b2) white matter of the normal brain; (c1), (c2) 101.8-glioma; (d1), (d2) C6-glioma;
the CP OCT images are shown in two polarizations: the upper part shows the signal in the initial (co-) polarization, the lower
part — in the orthogonal (cross-) polarization; the white arrows indicate “shadows” from blood vessels (a1); the OCT signal

is shown in the logarithmic scale

(see the Table, Figure 2 (b)-(d)). The values of
attenuation coefficients in the white matter and 101.8
and C6 gliomas in the ex vivo studies were higher than
those found in vivo, which is due to tissue solidification
caused by dehydration [30]. Importantly, according to the
visual assessment, there was also a slight increase in
the CP OCT signal intensity ex vivo in comparison with
the signals obtained in vivo (Figure 1 (a1), (a2), (b1),
(b2), (c1), (c2), (d1), (d2)).

For the cerebral cortex, according to the quantitative

Comparative in vivo and ex vivo Studies of Optical Properties of Normal and Tumorous Brain Tissues

evaluation of CP OCT images, there was a similar trend
toward an increase in the attenuation coefficient found
ex vivo (6.3 [5.5; 7.1 mm™) as compared with that
in vivo (5.8 [4.9; 6.6] mm™); however, the difference
was not statistically significant (p=0.34) (see the Table,
Figure 2 (a)). A possible explanation of this trend is that
the attenuation coefficient calculated from the in vivo CP
OCT images may be over-evaluated due to the presence
in the cortex of numerous blood vessels where the OCT
signal attenuates faster than in the myelinated structures
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The attenuation coefficients obtained in the quantitative analysis
of three-dimensional CP OCT data of normal brain tissues and malignant gliomas
in vivo and ex vivo (Me [Q1; Q3])

Attenuation coefficient Attenuation
Tissue type (mm) coefficient ratio L
in vivo ex vivo ex vivolin vivo (=BT
. 5.8 [4.9; 6.6] 6.3[5.5;7.1]
Brain cortex (n=11) (n=17) 1.08 0.34
. 7.5[7.0; 8.0] 9.0 [8.4; 9.5]
White matter (n=12) (n=15) 1.20 0.0008
T 55[4.8;5.8] 7.0[5.9; 8.1]
101.8-glioma (n=6) (n=12) 1.27 0.007
g 3.2[24;4.3] 6.8[6.2;7.9]
C6-glioma (n=8) (n=9) 210 0.016
p (white matter—101.8-glioma) 0.0004 0.0001
p (white matter-C6-glioma) 0.004 0.0004
p (white matter—cortex) 0.0002 0.000007
p (cortex—101.8-glioma) 0.36 0.1
p (cortex—C6-glioma) 0.01 0.51
17.5
@ 15.0 é 20
(]
5125 % 15
< 10.0 <
o o
g 7.5 g 10
g 50 IS
= > 5
z 25 =
0 0
25 5.0 7.5 10.012.515.017.520.0 25 5.0 7.5 10.012.5 15.017.5 20.0
a Attenuation coefficient (mm-") b Attenuation coefficient (mm~")
14 17.5
o 12 »15.0
c [
§ 10 %12.5
< 8 <10.0
o ]
g 6 E 75
E 4 £ 5.0
> =}
z 9 Z 25
0 0
25 5.0 7.510.012.515.017.520.0 25 5.0 7.510.0125 15.017.520.0
c Attenuation coefficient (mm-") d Attenuation coefficient (mm~")
in vivo ex vivo

Figure 2. Histograms of the attenuation coefficient data for in vivo and ex vivo studies on
different tissues:

(a) normal cerebral cortex; (b) normal white matter; (c) experimental 101.8-glioma; (d) experimental
C6-glioma

of the brain cortex. To obtain a more reliable comparison  coefficient for CP OCT images obtained in vivo, taking
between the in vivo and ex vivo results, it is necessary  into account the presence of blood vessels.
to adjust the algorithm for calculating the attenuation A comparison of the attenuation coefficients of signals
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from the normal cortex and the white matter, as well as
from normal brain tissue and malignant gliomas showed
the following. The differences between the attenuation
coefficient values from both tumors and the white matter,
in both in vivo (see the Table, Figure 3 (c)) and ex vivo
analysis (see the Table, Figure 3 (d)), were found to be
statistically significant. This is consistent with the results
of the visual assessment of typical OCT images of the
experimental tumors and the white matter, where the
white matter is represented by a narrow band of high
intensity signal and is characterized by a rapid signal

CLINICAL MEDICINE

decrease, while the tumor is characterized by a less
intense inhomogeneous signal with a slow attenuation.

The attenuation coefficient of the OCT signal from the
cerebral cortex is statistically significantly lower than that
of the signal from the white matter when tested in vivo
(see the Table, Figure 3 (a)) and ex vivo (see the Table,
Figure 3 (b)); however, it is comparable with the values
of the coefficients from the experimental tumors (see the
Table, Figure 3 (e), (f)).

The exception in our study were the in vivo values of
the attenuation coefficient of the signal from C6-glioma,

In vivo
20 Cortex
e White
2 15 matter
<
5 10
@
Qo
E s
=z
0
25 50 7.5 10.0 125 15.0 17.5 20.0
a Attenuation coefficient (mm~)
20 White matter
(2]
2 .
§ 15 C6-glioma
< 101.8-glioma
S 10
@
Qo
E s
=z
0
25 50 7.5 10.0 12,5 15.0 17.5 20.0
c Attenuation coefficient (mm-')
17.5 Cortex
® 15.0 C6-glioma
§ 12.5 101.8-glioma
<100
o
g 7.5
€ 5.0
>
Z 25
0
25 50 75 10.0 125 15.0 17.5 20.0
e Attenuation coefficient (mm-')

Ex vivo
Cortex
20
2 White
S 15 matter
Q
<
5 10
@
Qo
E 5
=}
=z
0
25 50 75 10.0 125 15.0 17.5 20.0
b Attenuation coefficient (mm~")
20 White matter
2 C6-glioma
3 15 .
® 101.8-glioma
<
5 10
@
Ne)
E 5
=}
=z
0
25 50 75 10.0 125 15.0 17.5 20.0
d Attenuation coefficient (mm-')
16 Cortex
@ 14 C6-glioma
]
g 12 101.8-glioma
< 10
S 8
8 6
E 4
=z
2
0
25 50 7.5 10.0 125 15.0 17.5 20.0
f Attenuation coefficient (mm-')

Figure 3. Histograms of the attenuation coefficient data for in vivo (a), (c), (e) and ex vivo (b), (d), (f) comparative

studies on different tissues:

(a), (b) normal white matter and normal cortex; (c), (d) normal white matter and 101.8 and C6 gliomas; (e), (f) normal cortex

and 101.8 and C6 gliomas
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which were statistically significantly lower than the values
of the signal from the cortex (3.2 [2.4; 4.3] vs 5.8 [4.9;
6.6] mm-', p=0.01). At the same time, the attenuation
coefficient of the OCT signal from 101.8-glioma in the in
vivo study was comparable to the attenuation coefficient
in the cerebral cortex (5.5 [4.8; 5.8] vs 5.8 [4.9;
6.6] mm~', p=0.36), which might be due to numerous
hemorrhages and necrotic foci in this model. In the ex
vivo study, the differences become less pronounced due
to an increase in the attenuation coefficient of the OCT
signal from the cerebral cortex.

The results of this study showed that optical
properties of tumorous and normal brain tissues vary
depending on the conditions of their study. The values of
the attenuation coefficients in normal tissues and tumors
ex vivo are higher than those in vivo; for the white matter
and the tumors, these differences reach statistical
significance. Notably, consistently higher values of the
attenuation coefficient in the white matter as compared
with those in the tumors are found in both in vivo and
ex vivo studies; for the cerebral cortex this consistence
does not hold true. Therefore, we believe that the
results obtained ex vivo require adjustment before being
extrapolated to the in vivo conditions.

The results obtained ex vivo show statistically
significant differences in the attenuation coefficients
between the white matter and the malignant tumors (9.0
[8.4; 9.5] mm~" for the white matter vs 7.0 [5.9; 8.1] mm™"
for 101.8-glioma, p=0.001 and vs 6.8 [6.2; 7.9] mm™
for C6-glioma, p=0.001). These results are in good
agreement with the results of [18], where the authors
used postoperative tissue samples to show that the
attenuation coefficient in the white matter (6.2+0.8 mm-")
was significantly higher (p=0.002) compared to that
of the tissue excised from the center of a highly
malignant tumor (3.9£1.6 mm-"). The higher attenuation
coefficients obtained in our study may be explained
by the calculation method. In [18], the attenuation
coefficients were calculated for certain regions of interest
on the OCT image using algorithms for signal averaging.
In our study the method of coefficients calculating was
simplified: all A-scans of 3D image were processed, no
special algorithms to prepare the images were used, and
a fixed range of depths was set.

Conclusion. In conclusion, the comparative
qualitative and quantitative analysis of the optical
properties of normal and tumorous brain tissues, studied
with CP OCT, shows that:

for in vivo differentiation of tumorous — non-tumorous
brain tissues using the optical coefficients obtained ex
vivo, the values should be recalculated considering the
known ex vivolin vivo ratios specific for the tissue type;

due to the differences in the OCT signals and the
values of attenuation coefficients between the malignant
gliomas and the white matter of the brain, as well as
between the white matter and the cortex, in both in
vivo and ex vivo studies, the results of the visual and
quantitative evaluation of CP OCT data obtained ex vivo,
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can be used with some degree of certainty to interpret
the in vivo signal. The exception is the cerebral cortex
where the structural features observed in vivo are not
typical for most tissues; this peculiarity makes it possible
to distinguish the cortex by visually assessing a CP OCT
image.
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