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Optical coherence tomography (OCT) is a promising method of optical diagnostics in neurosurgery. This paper presents the initial
results of using cross-polarization OCT (CP OCT) for the visualization of glioma tissue. CP OCT can detect the scattering and polarization
properties of tissues and thereby provide more information about their structure than traditional OCT.

The aim of the study was to evaluate the capabilities of CP OCT as an imaging tool for the visualization of glial tumors with different
degrees of malignancy.

Materials and Methods. The study was performed on material obtained from the intraoperative biopsies (ex vivo specimens) of
18 patients with gliomas ranging from Grade | to Grade IV. Seventy nine samples of tumor and non-tumor tissue were studied using the CP
OCT device developed the Institute of Applied Physics of the Russian Academy of Sciences (Nizhny Novgorod, Russia). 361 CP OCT images
were acquired and analyzed. They were compared with histological data seen in sections coincident with the planes of the OCT scans.

Results. The correspondence between the CP OCT images of human brain tissue and glial tumors and their morphological features
was determined. A comparative evaluation of the characteristics of the CP OCT signals of glial tumors Grade |-V and non-cancerous brain
tissue was carried out.

Conclusion. The morphological features of white matter and glial tumors can be differentiated based on the intensity, homogeneity
and attenuation of the CP OCT signals. The use of high-speed spectral CP OCT device appears to have great potential in the neurosurgery
practice.

Key words: cross-polarization optical coherence tomography; CP OCT; brain; glioma; astrocytoma; glioblastoma.

Optical coherence tomography (OCT) is a newly
emerging technology for obtaining two- and three-
dimensional images of tissue structures in real-time
and with micron resolution at depths of 1-2 mm. The
technology is based on low-coherence interferometry in
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the near IR range of wavelengths (700-1,300 nm). The
resulting images are formed on the basis of a coherence
analysis of the field of the backscattering of the probing
wave, and characterization of the extent of the scattering
caused by the optical heterogeneities of the tissue that
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are the result of the composition and structure of the
structures within it [1, 2]. The potential clinical use of
OCT imaging in diagnosing the pathology of different
organs, including the retina, gastrointestinal tract,
coronary vessels, breast, skin and brain has been widely
studied [3-6]. There has recently been greatly increased
interest in the use of OCT as a method of intraoperative
diagnostics in the surgery of glial brain tumors [7-9]. Glial
tumors develop from the cells of the white matter of the
brain and are characterized by infiltrative growth. The
importance of determining the boundaries of the tumor
growth and the required extent of total glioma excision
is due to the significant association between the size of
tumor resection and the survival [10-12]. A number of ex
vivo and in vivo studies have shown the capacity of OCT
for differentiating the boundaries of tumor growth through
qualitative and quantitative evaluation of the signals
obtained [7-9, 13].

Various technologies have been developed to apply
intraoperative OCT in clinical practice, for example,
adding OCT as a feature of the microscopes used
for microneurosurgery [14-16]. It is noteworthy that,
in traditional OCT images, brain tissue appears
structureless. Polarization modifications can make the
method more informative: they record the effects of the
changing plane of light polarization as it passes through
the tissue that are caused by interaction with anisotropic
structures within the sample. Polarization-sensitive OCT
(PS OCT) based on the birefringence of the medium can
differentiate tissue elements which are poorly visualized
or do not show up at all in traditional OCT images. These

Characteristics of patients
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are mainly structures that have longitudinal dimensions,
much larger their transverse ones, such as collagen and
muscle fibers [17-19]. We have also demonstrated that
PS OCT and polarization-sensitive optical coherence
microscopy can visualize myelinated nerve fibers and
their orientation in the white matter tracts [20, 21].
The current work is the first to use PS OCT — cross-
polarization OCT (CP OCT) to investigate the human
brain; however, we have previously used it to evaluate a
range of other human tissues [22-24].

Materials and Methods. The study was performed
on material from operative biopsies (ex vivo specimens)
from 18 patients with glial tumors of different malignancy
grades: Grade | — 2 patients, Grade Il — 3, Grade lll — 3,
and Grade IV — 10 patients (See the Table, Figure 1 (a)).
Access to the neoplasms was performed using frameless
neuronavigation and intraoperative neuromonitoring,
while taking into account the locations of adjacent
functionally important areas of the brain. Each tumor
was excised using microsurgical technique under an
operating microscope. In the region of access to the focus
of the tumor the perifocal tumor zone (edge of the tumor
resection) (Figure 1 (b); green dotted line in the MRI
image) subject to coagulation was accurately marked and
removed with tumor pincers. During the tumor excision
specimens were taken from the center and periphery of
the tumor (Figure 1 (b); areas of red and purple dotted
lines respectively in the MRI image). The biopsy material
was placed on pads moistened with saline solution and
sent for imaging within 2 h. In the post-operative period
no patient demonstrated any increased functional deficit.

No. Grade (ﬁeg?'s) Gender
1 | 51 Male
2 | 18 Male
3 Il 49 Female
4 Il 58 Male
B Il 43 Female
6 Il 60 Female
7 Il 65 Female
8 Il 26 Female
9 \% 76 Female
10 \% 59 Male
1" \% 58 Male
12 \% 65 Female
13 \% 75 Female
14 \% 63 Male
15 \% 4 Female
16 \% 54 Female
17 \% 51 Female
18 \% 52 Male

Localization (lobe):

frontal — 1, parietal — 2, rigtll.lteflip::;tri )
temporal — 3, two or more — 4, .
cerebellum — 5
2 1
1 1
1 2
1 3
4 2
3 2
3 2
4 2
4 2
3 1
4 2
1 1
4 2
2 3
5 _
2 1
4 2
3 1
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11 specimens

a
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28 CP OCT images

13 specimens

Grade Il

59 CP OCT images

11 specimens

18 patients

Grade lll |

47 CP OCT images

44 specimens

227 CP OCT images

N

Figure 1. Design of the CP OCT study: (a) the study was performed on material from operative
biopsies from 18 patients with glial brain tumors of different grades of malignancy; in total we analyzed
79 specimens and obtained 361 CP OCT images; (b) MRI image of a patient’s brain with glioblastoma of
the right parietal-temporal region with schematic marking of the areas of operative biopsies: area within
the red dotted line — center of tumor; area within purple dotted line — periphery of the tumor; area within
green dotted line — edge of the resection, perifocal zone (at the place of access); (c) specimen of the
excised brain tumor sent for investigation (within 2 h) in a pad moistened with saline solution; (d) position
of contactless front optic fiber probe for CP OCT investigation of tissue; (e) schematic marking of
scanning area of the specimen along the central line of the tumor (yellow dotted line)

We obtained permission from the Ethical Committee
of the Privolzhsky Federal Research Medical Centre
of the Ministry of Health of the Russian Federation for
experimental studies on the ex vivo human specimens.
Cross-polarization OCT. The studies were performed
on a high-speed OCT device that uses the principle of
spectral signal reception developed in the Institute of
Applied Physics of the Russian Academy of Sciences
(Nizhny Novgorod, Russia) [25, 26]. The optical design of
the high-speed variant of the OCT device uses a system
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with a common optical path for both the reference and
signal waves but has two channels for signal detection:
one recording the backscattered light that has preserved
its initial state of polarization (co-polarization) after back-
scattering within the tissue, and the other that determines
any orthogonal polarization (cross-polarization). Thus,
the resulting CP OCT image includes an upper part —
co-polarization and a lower part — cross-polarization
(Figure 2 (a), (d), (9), (j), (m)). The CP OCT device with
a working wavelength of 1,310 nm has the following
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features: radiation power at the object ~20 mW, depth
resolution in air ~10 um, transverse resolution ~15 um,
depth of scanning in air ~1.7 mm, rate of scanning —
20,000 A-scans/s, frequency of obtaining B-scans for
each pair of images with a size of 4x2 mm — 40 shots/s.
A more detailed description of the system including
the optical layout and the method of obtaining cross-
polarization images has been published previously
[24, 26, 27]. The high-speed spectral CP OCT device
is equipped with an optic fiber probe with an external
diameter of 8 mm and which has a contactless connection
with the surface of the tissue under study (Figure 1 (e)).
We analyzed 79 specimens and obtained 361 CP OCT
images in total (See Figure 1 (a)).

It is noteworthy that the CP OCT device described in
this work is appropriate for use in clinical practice. Firstly,
the imaging system is compact, has a fiber system for
signal transmission to the object; can be used in operating
rooms and integrated into the operating microscope;
secondly, the system that has been developed forms and
displays CP OCT images in real-time. This is especially
important for clinical intraoperative use.

Histological study. After obtaining CP OCT images
of the nervous tissue we marked the area of scanning
on the specimen with histological ink, then we fixed the
specimen in 10% formalin for 48 h and made a series
of histological sections through the marked area. Thus,
the plane of CP OCT scanning coincided equidistantly
with the plane of the histological sections. The series of
sections were stained with hematoxylin and eosin and
were observed in transmitted light with a Leica DM2500
(Leica Microsystems, Germany) microscope, equipped
with a DFC 245C digital camera.

For each of the histological sections we recorded the
characteristics of the tissue structure, grouping them
as follows: group 1 — edge of tumor resection (brain
white matter); group 2 — gliomas with low malignancy
grade (Grades I-ll); group 3 — anaplastic astrocytoma
(Grade Ill); group 4 — glioblastoma with foci of necrosis
(Grade 1V) and group 5 — glioblastoma without necrotic
foci (Grade 1V).

Results and Discussion. Unchanged tissues and
brain tumors are characterized by considerably different
optical properties: different degrees of absorption and
light scattering within the tissues, as well as a variety of
polarization properties [28]. Considerable changes in cell
structures are typical of any tumor tissue, for example,
nuclear polymorphism and an increased nuclear-
cytoplasmic correlation [29]. All these factors change the
scattering characteristics of the tissue [28]. Obviously,
in the case of glial brain tumors the specific features of
OCT signal formation are mediated by two factors [9]:
1) the increase in cell density and the increase in nuclear-
cytoplasmic correlation both contribute to the increased
scattering properties of the tissue; 2) degradation of the
myelin of the brain white matter as a result of infiltrative
tumor growth causes a reduced level of light scattering in
the tissue. The latter statement is based in investigations
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showing that the infiltrative growth of tumor cells destroys
the structure of the myelin and reduces its formation
[30-32].

This work is the first time that changes in the spatial
and structural organization of fibrous structures (including
myelinated nervous fibers) in glial brain tumors have been
studied using CP OCT. By combing cross-polarization
images with traditional ones we can record the effects of
the changing plane of light polarization (birefringence and
cross-scattering) while it passes through the tissue, as a
result of its interaction with anisotropic structures in the
specimen.

Ex vivo analysis of white matter specimens at the
edge of the tumor resection showed that the CP OCT
images in co- and cross-polarizations (Figure 2 (a); the
upper and the lower parts of the image, respectively)
contain stripes showing a high-level OCT signal at the
surface but a regular reduction in it with depth. Signal
decay can be observed at a depth of 250-300 pym. In
this region the white matter does not undergo serious
morphological changes (other than tissue edema) and
is characterized by a regular and dense arrangement
of myelinated nerve fibers and glial cells (Figure 2 (b),
(c)). This explains the presence of a high-intensity
homogeneous but rapidly decaying OCT signal in both
co- and cross-polarization. The presence of an intense
homogeneous OCT signal in both co- and cross-
polarizations indicates the capacity of the unchanged
nervous tissues for cross-scattering.

Low malignancy gliomas (Grades I-ll) have
an astrocytic origin, their poor infiltrative growth
being accompanied by only minor damage to the
microarchitectonics of the surrounding white matter.
These tumors are characterized by a moderate increase
in the density of tumor astrocytes (Figure 2 (e), (f)) [33].
The corresponding CP OCT image has a higher, but less
intense and more heterogeneous backscattering signal
compared to the white matter, showing a slow irregular
decay on average at a depth of about 500-600 pm
(See Figure 2 (d)). The heterogeneity of the signal is
caused by the structural disorganization of the tissue
with complete or partial destruction, or stratification, of
the neuropil elements (clusters of nerve cell processes),
the chaotic arrangement of the tumor cells with enlarged
hyper-chromatic nuclei of irregular shape, or the presence
of cysts and calcifications in a number of cases. In
histological investigations some low malignancy gliomas
may contain myelinated axons [33], but as tumor growth
progresses the myelin is degraded. In our view it is this that
reduces the signal intensity in co- and cross-polarization
and contributes to its heterogeneity compared to the
unchanged white matter. Evidently, the signal in cross-
polarization appears to be due to cross-scattering by the
multiple cell processes forming the tumor matrix (Figure 2
(d); lower part of the image). This correlates with the
notion of a “fibrillar” structure to the diffuse astrocytomas
(including glioblastomas), the matrix of which is formed
by tumor cell processes [33]. That the tumor cells are
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loosely arranged is mainly connected with the presence of
perivascular and pericellular edema, so the OCT signal is
characterized by a low decay rate in both co- and cross-
polarization. The severity of the edema has a considerable
impact on the scattering properties of the brain tissue: with
increased edema the coefficient of scattering falls [34],
and this is reflected in the CP OCT images as a reduction
in intensity and the rate of signal decay.

Anaplastic astrocytoma (Grade Ill) represents
high malignancy tumors and is characterized by an
increase in the number of tumor cells with a high degree
of nuclear atypia and polymorphism (Figure 2 (h), (i)).
Although the spatial resolution of OCT does not allow
direct identification such signs, this explains the presence
of distinct differences between the OCT signals in
the images of pilocytic astrocytoma (Grades I-IlI) and
those from anaplastic astrocytoma (Grade Ill) enabling
us to retain the same CP OCT criteria for differential
diagnostics to separate the unchanged white matter at the
edge of the tumor resection for each form of astrocytoma,
the criteria for which were formulated for Grades I-Il. We
hope that the quantitative analysis of images which will be
used in our further studies will allow identification of these
differential features.

Glioblastoma (Grade IV) is the most malignant of
all astrocytic tumors. Along with the features typical of
anaplastic astrocytomas this type exhibits such specific
histopathological properties as microvascular proliferation
and areas of hemorrhaging and necrosis (Figure 2
(k)). The specific pathomorphological feature of the
glioblastoma is its pseudo palisades — clusters of tumor
cells around the necrotic center [35]. These structural
peculiarities of the tumor generate specific indications
of the glioblastoma in the CP OCT image (See Figure 2
(j))- The CP OCT signal has an explicit heterogeneity
with alternating areas of high and low intensity, caused
respectively by the areas of high cellular density and of
necrotic changes (Figure 2 (1)). The explicit heterogeneity
of the OCT signal decay with depth (along the transverse
axis) should also be noted, as it may indicate differing
densities in the arrangement of the structural elements
in the tissue and the severity of the edema. In areas of
severe edema the signal decays more slowly, while in
regions of more minor edema the decay is faster.

A number of glioblastomas have a structure similar to
that of anaplastic astrocytoma with high cellular density
against a background of severe edema but with no
necrotic foci or hemorrhages (Figure 2 (n), (0)). These
forms were analyzed separately. The corresponding
CP OCT images in co-polarization in these cases were
characterized by a uniform change in the backscattering
signal with depth and a hardly noticeable signal in cross-
polarization (Figure 2 (m); the upper and lower parts of
the image, respectively). The low level of the signal
in cross-polarization is likely to be connected with the
absence of orderly fibrous structures. In the works of
other authors, similar morphological types of glioblastoma
have not been considered.

Isx vivo Visualization of Human Gliomas with Cross-Polarization Optical Coherence Tomography
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Currently the main OCT criterion for differential
diagnostics to distinguish the unchanged white matter
from astrocytomas is based on a visual evaluation of
the heterogeneity signal of back scattering in the OCT
images [7, 8]. Our analysis with CP OCT enabled us
to conclude that the character of the decay of the OCT
signal is also informative. The ability to analyze the
signal level in cross-polarization considerably increased
the effectiveness of the method. We determined a clear
regularity — the unchanged white matter is characterized
by a high signal level in cross-polarization; while, for any
diffuse astrocytoma, a low signal level of cross-scattering
is a specific feature.

When comparing CP OCT images of astrocytomas
against increasing grade of malignancy (Grade | —
Grade IV) there is a trend toward increased signal
heterogeneity in both polarizations but a decreased signal
level in cross-polarization. The reason is perhaps an
increase in cellular density and a displacement towards
increased fibrous and cellular tumor components in those
tumors classed as having higher grades of malignancy.

Further development of the application of OCT will
be through advances in the methods of quantitative
processing of the signals. The most informative approach
in this regard will be determination of the coefficients of
scattering by the unchanged brain tissue and by the
tumor [8, 9]. This is the field of further investigations being
undertaken by our team.

Conclusion. The histological features of white
matter and of gliomas of different grades of malignancy
can be differentiated in CP OCT images according to
characteristics of their OCT signal such as intensity,
homogeneity and the dynamics of signal decay in co- and
cross-polarization.

The spatial resolution of OCT (about 10 ym depth
wise and 15 pm along the transverse axis) is sufficient
to differentiate diagnostically relevant changes in the
microstructure of brain tissue: the different density/
correlation between cellular and fibrous structures in the
tissue, the presence of necrosis and hemorrhages as well
as the presence of myelinated fibers in the tissue. High
heterogeneity along the transverse axis of the OCT signal
or its complete absence in cross-polarization is a direct
indicator of highly malignant glioblastomas.

Thus, CP OCT is considered to be a promising method
of intraoperative diagnostics in neurosurgery that could,
in real-time, significantly enhance a neurosurgeon’s
knowledge about the specific structural features of a
tumor to be excised.
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