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Determining boundaries of infiltrative glial tumors remains a challenging problem in neurooncology. Optical coherence tomography 
(OCT) with cross-polarization (CP) visualization is a promising technique as a surgical guidance tool. However, the outcome of the 
procedures performed under OCT guidance strongly depends on the surgeon’s qualification. Thus, a quantitative method for assessing 
resection margins with OCT is required.

The aim of this study was to develop a robust quantitative approach for CP OCT data to differentiate tumorous from non-tumorous 
tissues in a rat glioma model.

Materials and Methods. The study was carried out on the rats’ brains (n=6) with C6-glioma model injected into the right hemisphere. 
The left hemisphere was used as a control. The spectral domain CP OCT device that provides two images: in co- and cross-polarizations 
was used in the study. The central wavelength of probing light was 1310 nm, a spectral width of 100 nm, resulting in axial resolution of 
10 µm. The lateral resolution is 15 μm. CP OCT images were collected ex vivo with non-contact forward-looking probe after brain excision 
and its sagittal crosscutting. A total of five CP OCT data sets were collected from each rat brain over the 2.4×2.4×1.25 mm OCT imaging 
volumes at the following locations: in the right hemisphere with C6-glioma at the center of the tumor site, at the tumor–non-tumor (white 
matter) margin; in the contralateral hemisphere of the brain (control) at a selected non-cancer sites: grey matter, gray–white matter margin, 
and visually normal white matter. Quantitative assessment of the different tissue types was based on calculating three optical coefficients: 
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backscattering coefficients relation, attenuation coefficient, and forward cross-scattering coefficient. The CP OCT scanned tissue sites were 
marked and underwent histological verification.

Results. Сolor-coded maps of three optical coefficients for normal grey matter and its margin with white matter, C6-glioma and its 
margin with white matter were generated. Color-coded maps look more representative in margin detection in comparison with en-face CP 
OCT images. Every coefficient can differentiate white matter from other tissue types. Comparison of C6-glioma and gray matter color-coded 
maps reveal poor differentiation capability between these tissues.

Conclusion. A method for 3D CP OCT data quantification using co- and cross-scattering was developed and applied to OCT data 
volumes. Obtained values were plotted as color-coded maps of different brain tissues and brain tumor. A more accurate determination of 
tumor margins is obtained using processed CP OCT images in comparison with unprocessed initial images.

Key words: brain white matter; cortex; glioma model; tumor margin; cross-polarization optical coherence tomography; CP OCT; 
backscattering; attenuation coefficient; cross-scattering.
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Introduction

Gliomas are the most common tumors (34%) of central 
nervous system in adult population [1, 2]. Unfortunately, 
despite substantial advances in the medical treatment of 
gliomas in recent years, there is still no great progress 
in survival [3]. Surgery remains the milestone of the 
treatment, and its main paradigm is maximum resection 
while minimizing the risk of damaging eloquent brain 
areas [4]. The extent of the tumor resection plays a major 
role as an independent factor associated with improved 
overall and progression-free survival, most significantly 
for low-grade gliomas [4–11]. However, total removal 
of tumors is difficult due to their infiltrative growth into 
surrounding brain parenchyma. Thus, gross total tumor 
resection using conventional white-light microscopy 
can be achieved only in 25–30% of cases [7, 8, 12]. 
Assistive technologies such as fluorescence imaging and 
intraoperative MRI significantly enhance opportunities 
for the neurosurgeon and increase survival rate [13–16]. 
However, these methods also have some limitations such 
as necessity of using contrast agents and lack of sufficient 
resolution. Thus, optical bioimaging techniques such 
as multiphoton tomography [17] and optical coherence 
tomography (OCT) [18, 19] providing spatial resolutions 
in the range from 1 to 20 µm and requiring no external 
contrast look promising for a more precise detection of 
infiltrative tumor and also can be considered as methods 
of optical biopsy.

Optical coherence tomography is based on low-
coherence interferometry in the near IR range 
of wavelengths (700–1300 nm) to image tissue 
microstructure in real-time and up to micron resolution 
at the depths of 1–2 mm [20]. Recently, OCT was used 
for intraoperative identification of tumor margins in the 
surgical treatment of glial brain tumors using handled 
probe [21, 22] or microscope integrated OCT systems 
[23, 24]. A number of ex vivo and in vivo studies have 
shown the capacity of OCT for differentiating tumorous 
and non-tumorous tissues through qualitative [21] 
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and quantitative [25] assessment of the OCT signal. 
Quantitative assessment is based on optical coefficients 
calculation, mainly the attenuation coefficient [21, 25, 
26] and enhances diagnostic accuracy. An en-face color-
coded attenuation maps construction is another approach 
for volumetric OCT data processing [21, 26] to delineate 
cancer and non-cancer regions. Application of this 
mode intraoperatively seems to be very convenient for 
neurosurgeons.

Traditionally OCT has been developed for stratified 
tissue types, for example retina [27], gastrointestinal 
[28] and urinary bladder wall [29]. In visualization of 
structureless tissues, such as brain tissue, polarization-
sensitive OCT appears to be more informative than 
traditional OCT, because registration of the effect of 
birefringence from myelinated nerve fibers can help to 
identify normal white matter and determine orientation 
in the white matter tracts [30, 31]. Polarization-sensitive 
OCT is widely used for mapping fiber orientations and 
tractography in the brain. Cross-polarization OCT (CP 
OCT) is another polarization-sensitive technique that can 
image of the initial polarization state changes both due 
to birefringence and cross-scattering [32, 33]. Previous 
studies have demonstrated well-defined differences 
between tumorous and non-tumorous tissues in CP OCT 
images [34, 35]. This work presents new possibilities for 
creating color-coded optical coefficients maps of grey 
matter, white matter, and C6-glioma infiltrative zone 
based on CP OCT data.

Materials and Methods
Rat model. The study was carried out on rats’ brains 

with C6-glioma model injected into the right hemisphere 
at the dose of 1·105 cells/20 μl of cultural medium. 
The left hemisphere was used as a control. Animals 
(female Wistar rats aged 8±10 weeks, n=6) with gliomas 
were purchased from Research Institute of Human 
Morphology, Moscow, Russia. C6-glioma is a chemically 
induced brain tumor (Grade IV) that is morphologically 
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similar to human glioblastoma (high cellular density, cell 
polymorphism, presence of necrotic and hemorrhage 
areas, infiltrative growth). CP OCT imaging was 
performed on days 17–19 after the transplantation of 
glioma, when the tumor had formed and was visible on 
the brain surface (Figure 1 (b)).

All animal experimentations met the requirements 
described in Rules for the Work using Experimental 
Animals (Russia, 2010) and International Guiding 
Principles for Biomedical Research Involving Animals 
(CIOMS and ICLAS, 2012); the ethical principles 
established by the European Convention for the 
Protection of Vertebrate Animals used for Experimental 
and Other Scientific Purposes (Strasbourg, 2006) were 
strictly observed. The studies were approved by the 
Ethics Committee of the Nizhny Novgorod State Medical 
Academy (protocol No.14 from 10 December 2013).

Cross-polarization optical coherence tomography 
device. The spectral domain CP OCT device that 
provides two image acquisition in co- and cross-
polarization was used in the study. A detailed description 

of the system including the optical layout and cross-
polarization image registration has been published 
previously [36, 37]. In brief, the light source of the CP 
OCT device is a superluminescent diode with a central 
wavelength of 1310 nm, a spectral width of 100 nm, 
resulting in axial resolution of 10 µm. The lateral 
resolution was 15 μm. CP OCT images were collected ex 
vivo using non-contact forward-looking probe (Figure 2 
(a)). Acquisition rate was 20,000 А-scans/s, frequency of 
B-scans registration for each pair of images with a size of 
2.4×1.25 mm — 40 shots/s. Total acquisition time of 3D 
data set was 26 s.

Study design. This study evaluates feasibility of CP 
OCT in delineating tumorous from non-tumorous tissue 
on rat C6-glioma model. 3D CP OCT images of both 
hemispheres (Figure 2 (b)) were acquired ex vivo after 
brain excision and its sagittal crosscutting (see Figure 2 
(a)): right hemisphere — through the visual tumor center, 
left hemisphere — at the same plane as the right one for 
a more accurate comparison (Figure 1). A total of five CP 
OCT data sets were collected from each rat brain over the 

Figure 1. Regions of interest for CP OCT study of rat brain:
(a) left (control) hemisphere; GM — grey matter, NM — normal tissues margin, WM — white 
matter; (b) right (with C6-glioma) hemisphere; T — tumor, TM — tumor margin. Sagittal 
crosscutting was done through the center of each hemisphere. Red marks in (a) indicate the 
direction of the CP OCT scanning
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Figure 2. Scheme of the CP OCT study of rat brain:
(a) the cut-away sagittal view of the brain, the yellow dashed arrows indicate that the scan occurs from the side of the cut (from the 
inside) of the brain; (b) 3D OCT image consisting of a set of A-scans; (c) randomly taken A-scan, orange area indicates the depth 
range (50–250 μm), in which optical coefficients were calculated
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2.4×2.4×1.25 mm OCT imaging volumes at the following 
locations (regions of interest): in the right hemisphere 
with C6-glioma at the center of the tumor site, at the 
tumor–non-tumor (white matter) margin (see Figure 1 
(b)); in the contralateral hemisphere of the brain (control) 
at selected non-cancer sites — grey matter, gray–white 
matter margin, and visually normal white matter (Figure 1 
(a)). 3D CP OCT images of the left hemisphere were 
collected with some overlap. Each imaging data set 
consisted of 256×208 A-scans forming OCT imaging 
volume. For each collected A-scan set, optical coefficients 
were calculated in the predefined depth range according 
to the method described in the corresponding subsection 
“Optical coefficients estimation”. After CP OCT scanning, 
all regions of interest were marked and consequently 
correlated with histology.

Optical coefficients estimation. Since visualized 
brain tissue is optically uniform at the OCT imaging 
depth, in order to fully utilize information content in two 
acquired orthogonal polarizations, polarization effects 
were described with three coefficients additionally to 
conventionally used attenuation coefficient and a method 
of their estimation was developed. These coefficients 
describe the rate of back and forward scattering in 
polarization, which is orthogonal to incident state. 
Birefringence of white matter (irregular birefringence 
on myelinated nerve fibers) was considered in the 
calculations as cross-scattering.

For derivation of dependencies governing light 
propagation in turbid media with respect to cross-
polarization scattering, particle balance equations were 
formed and solved for the photons of scanning beam 
propagating through the tissue. The following possibilities 
for propagating photon were considered:

1.   Photon propagating in the initial polarization 
backscatters in the same polarization and is being 
detected. The number of such events is proportional to 
the light intensity at a certain depth with backscattering 
coefficient μ.

2.   Photon propagating in initial polarization 
backscatters in the orthogonal polarization and is being 
detected. The number of such events is proportional to 
the light intensity at certain depth with cross-scattering 
coefficient μx.

3.   Photon propagating in initial polarization scatters 
in forward direction in the orthogonal polarization and 
further propagates as the light in orthogonal polarization. 
The number of such events is proportional to the light 
intensity at certain depth with forward cross-scattering 
coefficient C.

4.   Photon propagating in initial polarization scatters 
sideways or is being detected by the tissue. The number 
of such events is proportional to the light intensity at 
certain depth with attenuation coefficient ν.

Since utilized scanning beam had circular polarization, 
conversion rates between orthogonal polarizations were 
considered equal.

Accounting for all the aforementioned processes, the 

scanning beam intensity changes with depth z can be 
written as:

(1)
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Here Ico — scanning beam intensity in initial polarization, 
Icross — scanning beam intensity in orthogonal polarization. 
Solving system of equations (1) with initial conditions 
Ico(0)=I0 (where I0 — initial scanning beam intensity), 
Icross(0)=0, one can get:

     

    .

0 0

0 0

= exp – μ+μ + + exp – μ+μ + +2 ;
2 2

= exp – μ+μ + – exp – μ+μ + +2
2 2

co x x

cross x x

I II ν z ν C z

I II ν z ν C z

      

      

  (2)

Following the same logic, changes of cumulated light 
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Here Sco — cumulated light power detected in initial 
polarization, Scross — cumulated light power detected in 
orthogonal polarization. Note that derivatives in (3) are 
actually detected powers in the corresponding channels 
at the depth z.

Plugging expressions (2) into equations (3), then 
adding and subtracting resulting equations one can get:
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Division of equations (4) is free from unknown 
constant I0:
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  (5)

Since investigated tissue samples are assumed 
to be optically uniform, linear approximation of the 
logarithm of division of sum and difference of the signals 
of both channels permits to obtain values of μx/μ and C 
from equation (5). Linear term coefficients from linear 
approximations of sum and difference of the signals 
in both channels permit to obtain value of coefficient ν 
according to equation (4). Thus three measured optical 
coefficients are: backscattering coefficients relation μx/μ, 
attenuation coefficient ν, and forward cross-scattering 
coefficient C.

Histology. The CP OCT scanned regions of interests 
were marked with histological ink, samples were fixed in 
10% formalin for 48 h and a series of histological sections 
through the marked area were done. Thus, the plane 
of CP OCT scanning coincided equidistantly with the 
plane of the histological sections. Histological sections 
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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 — normal grey matter; group 2 — normal 
white matter; group 3 — C6-glioma; group 4 — grey 
matter–white matter margin; group 5 — C6-glioma–white 
matter margin.

Results
Quantitative assessment of the different tissue type 

was based on calculating three optical coefficients for 
cortex (grey matter), white matter, and C6-glioma states 
as well as for specimens containing borders between 

different tissue types (grey matter–white matter, tumor–
white matter). Color-coded 2D maps of optical coefficients 
were constructed for the latter.

Based on histopathology data, 3 groups of 3D CP 
OCT images were formed and quantitatively assessed: 
normal grew matter (group 1), normal white matter 
(group 2), and tumor only (group 3). Histograms of three 
optical coefficients — backscattering coefficients relation, 
attenuation coefficient, and forward cross-scattering 
coefficient for white matter, gray matter, and glioma tissue 
are plotted in Figure 3. White matter mostly consists of 
densely packed elongated elements (myelinated nerve 
fibers randomly arranged under the cortex — Figure 4 
(a2)), which leads to higher backscattering as well as 
to more prominent polarization effects (as seen from 
Figure 3, blue curve) in comparison with gray matter 
(Figure 4 (a1)) and glioma tissue (Figure 5 (a1)) which 

White matter
Grey matter
C6-glioma

%

Attenuation coefficient (mm–1) Forward cross-scattering coefficient (mm–1)

Figure 3. Optical coefficients histograms for different tissue types: white matter (blue), grey matter (orange), and 
C6-glioma (green):
(a) backscattering coefficients relation; (b) attenuation coefficient; (c) forward cross-scattering coefficient
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Figure 4. Initial and processed en-face CP OCT images of normal brain tissues and their margins
Unprocessed initial en-face CP OCT images of grey matter in co- (b1) and cross- (c1) polarizations, grey matter–white matter 
margin in co- (b2) and cross- (c2) polarizations and corresponding color-coded maps of grey matter (d1), (e1), (f1), grey 
matter–white matter margin (d2), (e2), (f2). Optical coefficients: (d1), (d2) backscattering coefficients relation in log scale; (e1), 
(e2) attenuation coefficient; (f1), (f2) forward cross-scattering coefficient in log scale. Histological images (a1), (a2), hematoxylin 
and eosin staining. GM — grey matter, WM — white matter
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consist mostly of round-like structures (cells) with loose 
spatial arrangement and do not manifest pronounced 
backscattering and polarization properties (as seen from 
Figure 3, green and orange curves). While attenuation 
coefficient provides clear differentiating for white 
matter from gray matter and glioma tissue (Figure 3 
(b)), 2D distribution of polarization-related coefficient 
may form specific appearance of white matter due to 
higher standard deviation of the coefficients distribution 
(Figure 3 (c)).

Optical coefficients color-coded maps of normal 
brain tissues and their margins. Color-coded maps 
of normal grey matter and its margin with white matter, 
corresponding en-face CP OCT images and histology 
are presented in Figure 4. Grey matter and white matter 
could be differentiated by each of suggested coefficient. 
Visually it is well-defined on color-coded maps which are 
generated across the grey matter–white matter margin 
(Figure 4 (d2)–(f2)).

Optical coefficients color-coded maps of 
tumorous–non-tumorous brain tissues and their 
margins. Color-coded maps of C6-glioma and its 
margin with white matter, corresponding en-face CP 
OCT images and histology are presented in Figure 5. 
Similar to previously described differences between grey 
matter and white matter, the white matter and C6-glioma 
could also be distinguished by optical coefficients. In 
Figure 5 (d2)–(f2), the white matter forms a narrow band 
(arrows) which is seen in red (d2), (e2) and light blue (f2) 
color. The left part of the image represents brain basal 
structures (hippocampus). Note, that these structures are 
better differentiated from tumor tissue in the right side 
of the image in backscattering coefficients relation (d2) 
while showing almost identical features in attenuation 
coefficient channel (e2).

Visually, every coefficient differentiates white matter 

and other tissue types. Color-coded maps look more 
representative in margin detection in comparison to en-
face CP OCT images.

Discussion
Infiltrative growth of brain tumors causes difficulty in 

achieving gross total tumor resection. An introduction 
of innovative minimally invasive methods like OCT for 
intraoperative guidance appears to be a critical challenge 
for the modern brain tumor surgery. Various approaches 
for qualitative evaluation of OCT images and scoring 
algorithms for gliomas/normal differentiation criteria have 
been actively developed [21, 25, 26], but still remain an 
actual scientific task. Kut et al. [21] demonstrated that 
attenuation coefficient estimated from 3D OCT images 
could be used to quantitatively differentiate between 
tumorous and non-tumorous tissues and help guide brain 
tumor resections. A color-coded map denoting regions 
of high and low attenuation, corresponding to glial tumor 
and normal tissue, respectively, was generated to provide 
visual feedback to the surgeon. The system’s algorithm 
was developed using ex vivo human tissues and tested 
during in vivo mouse surgery. However, direct transfer of 
established in ex vivo human samples optimal attenuation 
threshold to in vivo mouse brain with glial tumor model 
needs to be clarified.

CP OCT functionality lies between polarization-
sensitive microscopic OCT and OCT without polarization 
sensitivity. Although it does not provide orientation of 
each myelin fiber, it is sensitive to cumulative polarization 
effects which lead to cross-scattering.

In this study, a method for obtaining three optical 
coefficients was developed using OCT images in co- and 
cross-scattering channels for more contrast detection of 
glial tumor margin. CP OCT can differentiate white matter 
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Figure 5. Initial and processed en-face CP OCT images of tumorous–non-tumorous brain tissues and its margin
Unprocessed initial en-face CP OCT images of C6-glioma in co- (b1) and cross- (c1) polarizations, C6-glioma–white matter margin 
in co- (b2) and cross- (c2) polarizations and corresponding color-coded maps of C6-glioma (d1), (e1), (f1), C6-glioma–white 
matter margin (d2), (e2), (f2). Optical coefficients: (d1), (d2) backscattering coefficients relation in log scale; (e1), (e2) attenuation 
coefficient; (f1), (f2) forward cross-scattering coefficient in log scale. Histological images (a1), (a2), hematoxylin and eosin staining. 
Hi — hippocampus, WM — white matter, T — tumor. Arrows indicate white matter
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and glial tumor, which have certain dominant values on 
color-coded maps. In addition, presence of clearly visible 
delineation between white matter and grey matter can be 
potentially used in stereotactic functional neurosurgery 
for precise identification basal ganglia (for example, 
subthalamic nucleus which is surrounded by white 
matter tracts). There is a problem of poor differentiation 
capability between C6-glioma and grey matter, which both 
have low coefficients values and look similar on the color-
coded maps. It can cause difficulties in determination of 
tumor margin along basal structures of grey matter (e.g., 
thalamus) in deep-seated glioma. Due to that, it offers 
challenge to suggest combination of optical coefficients 
and optimize the CP OCT numerical processing 
procedure which will be the next step of our research.

Conclusions
A method for 3D CP OCT data quantification using co- 

and cross-scattering images was developed and applied 
to images of tumorous and non-tumorous brain tissues. 
Color-coded maps of proposed coefficients distribution in 
different brain tissues and brain tumor were constructed. 
Contrast of infiltrative tumor margin with white matter 
on color-coded maps was demonstrated. A more 
accurate determination of tumor margins is obtained 
using processed CP OCT images in comparison with 
unprocessed initial images.
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