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The aim of the investigation was to evaluate the performance of multimodal OCT (MM OCT) for differential diagnostics of normal and
diseased brain tissue using an experimental model of glioblastoma.

Materials and Methods. The spectral domain MM OCT device developed at the Institute of Applied Physics of the Russian Academy of
Sciences (Nizhny Novgorod, Russia) was used for the study. It provides two modes of investigation: cross-polarization OCT (CP OCT) and
microangiographic OCT (MA OCT). The instrument features the following characteristics: rate of information gathering — 20,000 A-scans per
second; wavelength — 1.3 pym; shot size — ~4x2 mm; lateral resolution — 20 pm; axial resolution — 10-15 pm. The OCT investigation
was performed on an experimental 101.8 rat brain glioblastoma tumor model inoculated and maintained in the Research Institute of Human
Morphology. To evaluate the signal parameters typical of the tumor and of normal brain tissue, CP OCT and MA OCT images were compared with
histological specimens (stained with hematoxylin and eosin). Analysis of the MA OCT images was performed on the basis of comparison with
the findings of ZOOM-microscopy.

Results. The model of the rat 101.8 glioblastoma helped to identify links between CP OCT images of areas of brain tissue and their
morphological structure. We performed a comparative evaluation of the signals from the glial tumor and from normal brain tissue. MA OCT
allowed the visualization of the blood vessels both in the tumor and in the normal brain tissues, revealing changes in the form and sizes typical
of the tumor vessels.

Conclusion. MM OCT is an innovative technology with potential for use in intraoperational diagnoses of glial tumors of the brain. The ability
to combine several modes of investigation enables information to be obtained simultaneously about the structure of the tissues and about any
peculiarities of the structure of the different elements of their microvascular network.

Key words: optical coherence tomography; microangiographic OCT; glioblastoma; cross-polarization OCT; multimodal OCT; experimental
model of tumor; 101.8 rat glioblastoma; intraoperative diagnosis.

Brain surgery is accompanied by the risks of neurologic
impairment, especially during manipulations in eloquent
areas. Moreover, in the case of infiltrative neoplasms the
surgeon faces difficulties in determining their boundaries
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and in observing a balance between radicality and
what is physiologically permissible. Such issues justify
the implementation of technological advances in
neurosurgery to enable accurate surgical planning, both
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before skin incision by applying neuronavigation systems,
and even during the surgery, by using different methods
of intraoperative diagnostics for the determination of
the boundaries and of tumor localization (fluorescent
navigation, ultrasound scanning, videoangiography etc.),
as these allow surgical intervention to be performed
with maximum accuracy and minimum damage to the
normal brain tissue [1]. However, none of these methods
completely satisfies the requirements of neurosurgeons.
This is particularly so during surgery on malignant
gliomas, where 5-ALA-navigation gives both false
positive and false negative results, because information
about the boundaries of the tumor is mediated and
realized through the peculiarities of its metabolism. This
justifies the search for new methods for intraoperative
determination of tumor boundaries, based on obtaining
direct information about the structure of normal and
pathologically changed brain tissue. Currently in this
regard, optical diagnostic tools are considered the most
promising, in particular, multimodal optical coherence
tomography (MM OCT).

Optical coherence tomography is an emerging
and promising technique for in vivo diagnostics in
neurosurgery, which has great potential as a tool for
determination of the state of neural tissues during
surgical intervention. The MM OCT setup used in this
work has been supplemented by polarization mode and
dynamic microangiography in addition to the standard
OCT mode (detection of backscattering, probing tissue
radiation). Application of MM OCT in the clinical practice
can potentially allow for obtaining a wide range of
information about the state of the brain tissue during
surgical intervention. To evaluate the MM OCT methods
the experimental studies on animal tumor models are
needed. This experiments also allow to develop an
algorithm for evaluating the information obtained. Thus,
this work was performed using rat glial tumors as a
model, in conditions which were as close as possible to
those of standard neurosurgical procedures.

The aim of the investigation was to evaluate
the performance of multimodal OCT for differential
diagnostics of normal and diseased brain tissue using an
experimental model of glioblastoma.

Materials and Methods. The spectral domain MM
OCT device (Figure 1) developed at the Institute of
Applied Physics of the Russian Academy of Sciences
(Russia) was used for the study. It provides two modes

of investigation: cross-polarization OCT (CP OCT) and
microangiographic OCT (MA OCT).

Characteristics of the device. Spectral OCT based on
the principles described in [2-6]. The CP OCT mode has
an active polarization control system that maintenance
circular polarization as described in [7]. The obtained
CP OCT image includes two images: top image in co-
polarization and bottom image in cross-polarization,
which are obtained by separate registration of the
scattered radiation in two channels respectively parallel
and perpendicular to the polarization of the probing
radiation. Original approach is applied to perform the en
face visualization of microvascular network in MA OCT
mode. This approach is based on utilization of the 3D
dataset of complex-valued OCT signals as described in
details in [8].

Technical specifications of the MM OCT device

Standard mode: registration an intensity image (co-
polarization):

central wavelength — 1,310 nm;

A-scan rate — 20,000 s*;

radiation power — 15 mW;

lateral resolution — 20 pm;

axial resolution — 10—15 pm;

depth of scanning in free space — 2 mm;

type of scanning — contactless;

maximum image size — 4x2 mm.

Supplementary modes:

cross-polarization (CP OCT) — real-time construction of
image in cross-polarization mode 4x2 mm in size;

3D CP OCT — real-time construction of 3D images in co-
and cross-polarization, each with dimensions 4x4x2 mm
(planar dimensions x depth);

microangiographic OCT — acquiring of data for
subsequent construction of en face projection of the
microvasculature over an area of 2x2 mm [8].

The physical principle of vascular network visualization
(MA OCT) is based on the determination of the temporal
variability in the full complex signal of each image
element forming the speckle-pattern. The processing is
based on the high-pass filtering of the temporal speckle
evolution to isolate high-frequency speckle variations
that indicate the presence of the liquids and flows. In the
areas with moving scatterers the frequency of phase and
amplitude variations of the complex signal of speckles
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Figure 1. System of obtaining MM OCT
images: (a) structure of multimodal OCT;
(b) probe with an end window
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are higher than for the surrounding motionless tissue;
this indicates the presence of flowing blood in these
regions. While evaluation of the speckle variability should
be performed for 3D volume the so-called M-Mode like
scanning pattern was applied [8]. This ensures further
space-time filtration of the consequently recorded and
considerably overlapped A scans obtained during slow
lateral scanning. To isolate the flows we selected an cut-
off frequency of the high-pass filter of 96 Hz. This cut-off
frequency allows visualization of the regions with flowing
blood (areas with stationary blood are not visualized).

Experimental tumor models. Taking into account
the necessity of investigating MM OCT opportunities
in the visualization and differential diagnosis of the
normal nervous tissue and of the tumor, the selection of
experimental model of malignant tumor was based on
the following criteria: 1) the tumor must originate from
the glial cells; 2) tumor growth and the resulting changes
must be predictable and reproducible; 3) the properties
the tumor must show characteristics typical of human,
intracerebrally growing gliomas: neovascularization,
breach of the blood-brain barrier, lack of a capsule, and
invasive growth. Chemically induced glioma models
meet these criteria [9, 10].

As an object of study we selected for a model the
101.8 rat glioblastoma, inoculated and maintained in
the Scientific Research Institute of Human Morphology
(Russia). The tumor was originally obtained in 1967 as
a result of the injection of 7,12-dimethyl-(a)-benzan-
thracene into the right hemisphere of the cerebellum of
a female Wistar rat. During serial intracerebral passage,
starting from passage 14 a malignant tumor was formed
that, according to its histobiology, was close in properties
to an anaplastic astrocytoma. The tumor took on the
homogeneous structure of a glioblastom and this has
been stably preserved during following work with this
model [9].

The work was performed on 5 female Wistar rats
inoculated with rat glioblastoma 101.8. Transplantation
of the tumor was performed in the Institute of Human
Morphology using the following method: in the right
parietal region lateral to the sagittal suture by 2 mm and
posterior to the coronary seams by 2 mm we made a
hole with a diameter of 2 mm with a dental bur. The dura
mater was opened with an injection hypodermic needle
and 10°-108 tumor cells were injected into the given
area with a trocar.

The investigation was performed on day 7 after the
rat 101.8 glioblastoma had been inoculated, when the
tumors had reached ~0.7 cm in size and spread to the
cerebral cortex. The surgical procedure was performed
according to the general regulations described in a
number of works [11-14]. The CP OCT signal recording
with the formation of co- and cross-polarization images
was performed in vivo after craniotomy and ex vivo on
the extracted brain after decapitation. To verify the
structure of the nervous tissue represented in the CP
OCT images, samples of the brain containing tumors
were collected for parallel histological analysis. The
samples were fixed in 10% formalin for 48 h; several
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cross sections were taken in the central area, coinciding
with the plane of the CP OCT images, and stained
with hematoxylin and eosin. The cross sections were
described by a morphologist and photographed in
transmitted light with a Leica DM2500 DFC (Leica
Microsystems, Germany) microscope, equipped with a
digital camera.

The vasculature images were generated with MA
OCT after processing of the signals obtained in vivo.
The findings were compared with the corresponding
images of the vascular network obtained with fluorescent
stereomicroscopy on an Axio Zoom.V16 (Carl Zeiss,
Germany).

On working with animals we were guided by the
Regulations for work with experimental animals [15] and
the International recommendations on medical-biological
studies with animals [16]. All the experiments strictly
complied with the ethical principles provided by the
European Convention on the Protection of Vertebrate
Animals used for Experimental and other scientific goals
(accepted in Strasburg on March 18, 1986 and approved
in Strasburg on June 15, 2006). The study is approved
by the Ethical Committee of the Nizhny Novgorod State
Medical Academy.

Results and Discussion. MM OCT study was
performed for all the cortex of the affected hemisphere.
Acquired CP OCT images are shown in Figures 2 and
3 and clearly visualize three areas which differed in the
nature of their signals.

In the area of normal cortex (Figures 2 (a), (b) and
3 (a), (b); the area within the yellow dotted line) in the
co-polarization CP OCT images there is a homogeneous
signal up to the maximum penetration depth of the
probing radiation. The normal in this area contains 6
layers of cells and fibers differentiated by their ordered
location (Figure 3 (g)). This well-orientated horizontal-
vertical distribution of the structural elements formed the
homogeneous OCT signal.

In the peritumoral area (Figures 2 (a), (b) and 3 (a),
(b); the area within the green dotted line) the OCT
signal is less homogeneous, and the penetration depth
of the probing radiation is reduced. Histotomographic
comparison demonstrates a decrease in penetration
depth of the probing radiation in the CP OCT image,
corresponding to the contours of the peritumoral area on
the histological preparation (Figure 3 (f) and 3 (a), (b);
the area within the green dotted line). On the histological
preparations (Figure 3 (c), (f)) there is an infiltration in
the area of the cortex by groups of tumor cells with a
local increase in cell density causing the formation of a
heterogeneous (inhomogeneous) signal with areas of
increased intensity in co-polarization.

In the area of tumor invasion — destruction of the
cortex with the tumor node — the signal is sharply
heterogeneous, but the penetration depth of probing
radiation varies greatly along the transverse coordinate
(Figures 2 (a), (b) and 3 (a), (b); the area within the blue
dotted line). On the corresponding part of the histological
preparation (Figure 3 (c)—(e)) disorganized tumor tissue
is visible, and is characterized by areas of continuous
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Figure 2. CP OCT visualization of rat brain with an inoculated glioma 101.8: (a) image in co-polarization; (b) image in cross-
polarization: blue dotted line — area of destruction of the cortex with a tumor node; green dotted line — peritumoral area; yellow
dotted line — area of the normal cortex; images (a) and (b) consist of several CP OCT images, the length of each being 13.5 mm;
(c)—(h) three dimensional (3D) reconstructions of the cortex areas in co- (c)—(e) and cross-polarization (f)-(h): (c), (f) area of
destruction with a tumor node; (d), (g) peritumoral area; (e), (h) region of normal cortex

accumulation of tumor cells, mosaically located necrosis,
and small hemorrhages. These foreign inclusions change
the optical properties of the brain tissue and deform
the homogenous signal typical of the structured cortex
(Figures 2 (a), (b) and 3 (a), (b); within the yellow dotted
line). The differences between the areas described are
also distinctly visible in the 3D images in co-and cross-
polarization (Figure 2 (c)—(h)).

Visually defined differences in the character of the
CP OCT signal between the normal brain tissue and the
tumor allow us to consider CP OCT as a potential method
for intraoperative determination of the boundaries of
infiltrative gliomas, as is required for achieving the most
effective resection of the tumor, which is in its turn is
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significantly correlated to the progressive-free survival
[17-23].

Initial attempts have been made by various
research groups to determine accurate criteria for the
differential diagnosis of tumor and normal brain tissue
according to the OCT signal character of intensity
images (for MM OCT, this corresponds to the image
in the co-polarization). Thus, Bohringer et al., on the
basis of qualitative analysis of OCT images, obtained
over time, of glial tumors of different malignancy (42
biopsies) identified the degree of signal homogeneity
as a differential criterion, wherein the tumor tissue
and the peritumoral area (infiltration zone) differed in
the heterogeneous character of their signals, from the
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Figure 3. Histotomographic comparison of CP OCT image of rat brain with an area of destruction by glioblastoma 101.8 presented
in Figure 2: (a) image in co-polarization; (b) image in cross-polarization; (c) histological preparation of the same area of the brain
stained with hematoxylin and eosin, size 12.0x3.0 mm: blue dotted line — area of tumor invasion (destruction of the cortex with a
tumor node); green dotted line — peritumoral area; yellow dotted line — area of the normal cortex; (d)—(g) separate parts of the
histological preparation, size 0.49x0.65 mm: (d) tumor with areas of liquefactive necrosis; (e) area of hemorrhage in the tumor;
(f) spreading of the tumor in the brain cortex in the form of single bundles of tumor cells; (g) region of normal cortex

homogeneous character of the normal brain tissue [24,
25]. A high degree of correlation between the character
of the OCT signal and the histological findings was
determined (y? test; r=0.99) [25]. Kut et al. attempted a
more objective quantitative evaluation of the signal with
a determination of the coefficients of scattering as the
differential criterion [26]. During the investigation the
following coefficients of scattering were determined:
for normal brain tissue — 6.2+0.8 mm-'; for high
malignancy gliomas — 3.9+1.6 mm-', in the infiltration
zone — 7.1+1.0 mm~"; for low malignancy gliomas —
4.0+1.4 mm-', and in the infiltration zone — 2.7+1.0 mm-".
In the same work the diagnostic accuracy of OCT as
a method for determination of the boundaries of the
removed tumor was determined on the basis of the OCT
findings from 16 patients. They showed high sensitivity
(92-100%) and specificity (80-100%) according to the
calculation of the coefficient of scattering. A number
of scientists suggested this as the first technological
solution for intraoperative OCT use in neurosurgery,
for example, as a module of the microscopes used for
microneurosurgery [27-29].

Multimodal Optical Coherence Tomography in Visualization of Brain Tissue Structure at Glioblastoma

Our group have obtained the first OCT images of the
glioma and the normal brain tissue in cross-polarization
mode. The character of the signal in both cases generally
corresponds to the signal in co-polarization (Figures 2
(a) and 3 (a)) and to the general morphological structure
of the preparation (Figure 3 (c)).

Schmitt et al. found that the signal in the cross-
image is the consequence of coherent cross-scattering
and birefringence in the biotissue [30]. A number of
works by Gladkova et al. have shown that the use of
polarized radiation can increase informative value
of the method, for example, with in vivo separation of
pathophysiological processes (inflammation, fibrosis
and neoplasia) connected with the changes in spatial
and structural organization of the collagen fibers of the
mucosae of internal organs [31-34]. In particular, it was
found that the addition of the image in cross-polarization
to the traditional OCT image considerably increased
the effectiveness of the diagnosis of superficial bladder
cancer [32]. The analysis of OCT images in cross-
polarization demonstrated a sensitivity of 93.7%
(against 81.2% on the analysis of OCT images in the
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initial polarization, p<0.0001), a greater specificity —
84% (against 70.0%, p<0.001) and accuracy — 85.3%
(against 71.5%, p<0.001) in the determination of
squamous malignant lesions of the bladder [32].
However the peculiarities and sources of formation of
the cross-polarization signal from normal brain tissue
and pathological brain tissue have not previously been
studied.

The identified capacity of OCT to differentiate tumor
tissue allows it to be considered as a potential method of
optical express-biopsy for the stereotactic biopsy of deep
brain neoplasms and for intraoperative determination of
the boundaries of infiltrative brain tumors.

The second mode of the device — spectral MA
OCT — allows the visualization of changes in the
form and size of brain vessels in the norm and under
pathological conditions. The results obtained with MA
OCT are shown in Figure 4. It is visible that the tumor
vessels of the rat 101.8 glioblastoma (Figure 4 (b)) have
a different shape (Figure 4 (c)) compared to the normal
brain vessels: they are convoluted, with uneven contours
to the lumen (Figure 4 (b)).

There a reason to believe that the high spatial
resolution of OCT and the possibility of quantitative
evaluation of the microvasculature allow unique
information to be obtained about cerebral hemodynamics
and metabolism and the corresponding activity of the
brain and its dysfunction [35—40]. For instance, the OCT
method has shown the effect of cocaine on cerebral
blood flow, which manifests itself in marked vasospasm
and ischemia foci [41]. Our results of using MA OCT
enable us to propose the possibilities for its clinical
use. We consider that in the long-term the potential for
periodic monitoring of the state of the microvasculature
of the brain cortex during neurosurgical interventions
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Figure 4. State of the microvasculature of rat glioblastoma
101.8 and the normal brain cortex near the tumor node
according to the data from OCT microangiography:
(a) image of microcirculation obtained with an Axio Zoom.
V16 stereomicroscope; (b) OCT microangiogram of the
area of normal brain cortex during the excision of the tumor
node; (c) OCT microangiogram of rat glioblastoma 101.8.
The arrows show the corresponding vessels. Images (b)
and (c) were obtained from the two areas corresponding
to the zones within the blue and yellow dotted lines in the
CP OCT image represented in Figure 2 (a), (b)

could help prevent ischemic complications and,
respectively, the occurrence of neurological deficiency
in the postoperative period.

Thus, in the example of the rat 101.8 glioblastoma
model it has been found that the character of CP OCT
images of brain tissue areas reflect their different
morphological structure. MA OCT allows the reliable
visualization of tumor and normal brain vessels,
differentiating the typical signs of tumor vessels
(convolution, uneven contours etc.).

Conclusion. Multimodal OCT including cross-
polarization and microangiographic OCT modes is a
promising method of intraoperative diagnosis of gliomas.
The possibility to combine several investigation modes
allows to simultaneously receive information on both the
tissue structure and the state of the microvasculature.
Such an OCT technique has great potential as a
method for determination of the boundaries of infiltrative
gliomas, based on an evaluation of the structure of the
tissue and the specific details of different aspects of the
microvascular network.
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