1' frontiers
in Oncology

ORIGINAL RESEARCH
published: 02 April 2019
doi: 10.3389/fonc.2019.00201

OPEN ACCESS

Edited by:
Mark Preul,
Barrow Neurological Institute (BNI),
United States

Reviewed by:
Eberval Figueiredo,
University of S&o Paulo, Brazil
Gregory Punisa Lekovic,
House Ear Institute, United States
Wolfgang Klemens P sterer,
Medical University of Vienna, Austria

*Correspondence:
Konstantin S. Yashin
jashinmed@gmail.com

Specialty section:
This article was submitted to
Cancer Imaging and Image-directed
Interventions,
a section of the journal
Frontiers in Oncology

Received: 03 December 2018
Accepted: 11 March 2019
Published: 02 April 2019

Citation:
Yashin KS, Kiseleva EB,
Gubarkova EV, Moiseev AA,
Kuznetsov SS, Shilyagin PA,
Gelikonov GV, Medyanik IA,
Kravets LY, Potapov AA,
Zagaynova EV and Gladkova ND
(2019) Cross-Polarization Optical
Coherence Tomography for Brain
Tumor Imaging. Front. Oncol. 9:201.

doi: 10.3389/fonc.2019.00201

Check for
updates

Cross-Polarization Optical
Coherence Tomography for Brain
Tumor Imaging

Konstantin S. Yashin *, Elena B. Kiseleva ?, Ekaterina V. Gubarkova 2,

Alexander A. Moiseev 3, Sergey S. Kuznetsov 4, Pavel A. Shilyagin 2, Grigory V. Gelikonov 3,
Igor A. Medyanik *, Leonid Ya. Kravets *, Alexander A. Potapov °, Elena V. Zagaynova® and
Natalia D. Gladkova 2

1 Microneurosurgery Group, University Clinic, Privolzhskgesearch Medical University, Nizhny Novgorod, Russial.aboratory
of Optical Coherence Tomography, Research Institute of Expnental Oncology and Biomedical Technologies, Privolzkg
Research Medical University, Nizhny Novgorod, Russidl-aboratory of High-Sensitivity Optical Measurements, Initite of
Applied Physics, Russian Academy of Sciences, Nizhny Novgoad, Russia,* Department of Anatomical Pathology,
Privolzhsky Research Medical University, Nizhny NovgorpRussia,® Federal State Autonomous Institution “N.N.

Burdenko National Scienti ¢ and Practical Center for Neurasrgery” of the Ministry of Healthcare of the Russian Federian,
Moscow, Russia, ® Research Institute of Experimental Oncology and Biomedicdkechnologies, Privolzhsky Research Medical
University, Nizhny Novgorod, Russia

This paper considers valuable visual assessment criteriaif distinguishing between
tumorous and non-tumorous tissues, intraoperatively, usg cross-polarization OCT (CP
OCT)—OCT with a functional extension, that enables detectio of the polarization
properties of the tissues in addition to their conventiondlght scattering.

Materials and Methods:  The study was performed on 176ex vivohuman specimens
obtained from 30 glioma patients. To measure the degree to wich the typical parameters
of CP OCT images can be matched to the actual histology, 100 imges of tumors and
white matter were selected for visual analysis to be underkan by three “single-blinded”
investigators. An evaluation of the inter-rater relialtili between the investigators was
performed. Application of the identi ed visual CP OCT critga for intraoperative use was
performed during brain tumor resection in 17 patients.

Results: The CP OCT image parameters that can typically be used for vial assessment
were separated: (1) signal intensity; (2) homogeneity ofténsity; (3) attenuation rate; (4)
uniformity of attenuation. The degree of match between the B OCT images and the
histology of the specimens was signi cant for the parametes “signal intensity” in both
polarizations, and “homogeneity of intensity” as well as #“uniformity of attenuation” in
co-polarization. A test based on the identi ed criteria shaved a diagnostic accuracy of
87-88%. Intraoperativein vivo CP OCT images of white matter and tumors have similar
signals toex vivoones, whereas the cortexin vivois characterized by indicative vertical
striations arising from the “shadows” of the blood vesselsthese are not seen inex vivo
images or in the case of tumor invasion.

Conclusion: Visual assessment of CP OCT images enables tumorous and
non-tumorous tissues to be distinguished. The most powerflaspect of CP OCT images
that can be used as a criterion for differentiation betweenutmorous tissue and white
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matter is the signal intensity. In distinguishing white mtgr from tumors the diagnostic
accuracy using the identi ed visual CP OCT criteria was 87-8%. As the CP OCT data is
easily associated with intraoperative neurophysiologitand neuronavigation ndings this
can provide valuable complementary information for the neasurgeon tumor resection.

Keywords: cross-polarization optical coherence tomograph y (CP OCT), malignant brain tumors, glioblastoma,
intraoperative imaging, imaging assessment

INTRODUCTION such “coherent backscattering” includes random polarorati
during light propagation in the media, depolarization during
Optical coherence tomography (OCT) is a label-free, reabtimthe backscattering process, and “regular” polarization glean
imaging technique that allows three-dimensional imagegssociated with propagation back and forth in birefringent
of biological tissues to be obtained at high resolutionmedia (19).
(around 2mm). OCT is similar to ultrasonic imaging, in  Some studies have demonstrated that tumorous tissue and
that both techniques detect re ected waves (light or acielist white matter can be di erentiated by visual assessment ofi suc
However, OCT uses a near-infrared light source (in the 7006CT images §-10). This paper presents criteria based on the
1,300 nm wavelength range). OCT is a promising method fofesults of the CP OCT study ek vivospecimens of human brain
intraoperative guidance during the resection of glial tusior samples #0), compared within vivo CP OCT images collected

(astrocytomas)1-3). during brain tumor resections.
Recently, OCT has been proposed for intraoperative use

in distinguishing tumorous and non-tumorous tissues using

handled probes4, 5) or microscope-integrated OCT systents ( MATERIALS AND METHODS

7). OCT can provide di erentiation between tumorous and non- __ . i .

tumorous tissues through both quantitativé 8) and qualitative This translational research was aimed to discover the CP OCT

(9, 10) assessment of the OCT signals. However, although visugiSt@l criteria for distinguishing timorous and non-tumous

assessment of the OCT data provided by clinically approvetiSSue during surgical removal of a glioma. The study consists
two consecutive stages. During rst part thex vivo CP

systems seems to be less sensitive when compared with fle ) > X .
calculation of optical coe cients (which is not approved for OCT analysis of brain human biopsy specimens matched to

clinical use), it is more user-friendly and intelligible. Mevhile, ~the actual histology was performed. Based on this data the

for the intraoperative application of OCT itis necessary dietr visual criteria for distinguishing white matter and timare

de ne the visual assessment criteria required for the OCages uSSue was discovered. The task of the second stage of the
in order to provide precise di erentiation between glioma tiss study was to develop the method _Of mtraopergtwg using of
and white matter. the CP OCT and to conrm the discovered criteria during

Conventional, intensity-based OCT has demonstrated!iomaremoval.
impressive results in detecting pathological changes iri &da )
tissues, such as those in the eye. However, the advancE@tients
visualization of structureless tissue types (brain, bjeaseds Ex vivo Study on Human Brain Specimens
novel contrast mechanisms such as can be achieved by usinglae ex vivostudy was performed on material from human brain
so-called functional extension of OCT—polarization-sausit specimens that had been obtained during tumor resection from
(PS) OCT (1). PS OCT can detect the polarization state30 patients with gliomas of diering degrees of malignancy:
changes of the probing light in the tissue and, by means ddstrocytoma Grades I-lln( D 8), astrocytoma Grade IlIn
this, generate tissue-specic contrastl( 12). Based on the D 7), and glioblastoma Grade I\h(D 15) (Figure 1A). The
birefringence of the tissue structure, PS OCT provides betteumor resections were performed taking into account eloduen
visualization of elongated structures and therefore presid brain areas and white matter tracts using a frameless nagigat
advanced imaging of myelinated nerve bers in nerves and theystem with uploaded functional MRI data and intraoperative
brain (13, 14), even showing the orientation of white matter neurophysiological monitoring (also “awake” surgery). The
tracts (L5, 16). Cross-polarization OCT (CP OCT) is a variant surrounding tumor white matter in the peritumoral area that
of PS OCT that allows imaging of the initial polarization was routinely subjected to coagulation was accurately athrk
state changes both due to birefringence and cross-saagteriand removed. Samples were taken from dierent parts of
in biological tissues1(7, 18). In CP OCT two co-registered each tumor.
images are recorded: parallel (conventional OCT image or The removed specimens were immediately placed in Petri
image in co-polarization) and orthogonal (image in cross-dishes and closed to prevent dehydration. Tissues also wpte ke
polarization) that detects tissue re ections with polaripatstate  on ice until transfer to the imaging stage. Before OCT imagin
orthogonal to the incident one. Only orthogonally polarizedthe tissue surface was cut to create a at fresh surface of the
backscattered light which is mutually coherent with theident  sample. The CP OCT study of each sample was no longer than
is contributing to the cross-polarized OCT image. The origin 30 min (including tissue preparation). In total, 176 samples of
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FIGURE 1 | Design of theex vivoand in vivoCP OCT study: (A) the ex vivostudy was performed on material from operative biopsies: 3@atients with gliomas of
different grades of malignancy; in total 274ex vivoimages were analyzed;B) the in vivostudy was performed on 17 patients with different grades of ralignant brain
tumors; in total 341in vivoimages were analyzedyC) working area for CP OCT scanning with the experimental CP OCdevice and on-mount optical probe;
specimen with schematic marking of the scanning area alonge central line (yellow dotted line);D) CP OCT device approved for clinical use, with a handled OCT
probe in a sterile cover;(F) in vivo, and (E) ex vivoCP OCT images in co- and cross-polarizations. The signal inross-polarized image is orthogonally polarized
backscattered light, which is mutually coherent with the icident one and can appear if the tissue has anisotropic strueires such as myelinated bers.

di erent tissue types were studied and 2&# vivoimages were glioblastoma Grade V(D 2), breast cancer metastagidy 1).
obtained. After surgery, any worsening in neurologic state During the tumor resections theén vivo OCT images were

patients was not recorded. collected using an approved CP OCT device with a handled probe
enclosed in a sterile cover. In total, 341 images of threasare
Intraoperative Study of interest were analyzed: cortex14, white matter 111, tumor

Here, in vivo CP OCT images were collected during tumorcore 116 Figure 1B).
resections in 17 patients with di erent malignant brain tunsor ~ This study was carried out in accordance with the
astrocytoma Grades I-lIn(D 5), astrocytoma Grade lli(D 9), recommendations of the World Medical Association's
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Declaration of Helsinki. The protocol was approved by theof 100 images (26 images of white matter and 74 images of
Ethical Committee of the Privolzhskiy Federal Research Mgdictumorous tissue: Grade 1112, Grade Il 22, Grade IV 40).
Center of the Ministry of Health of the Russian Federation.The CP OCT images selected for these tests corresponded to
All subjects gave written informed consent in accordancthwi specimens with typical histological structures of the tumonda

the Declaration of Helsinki. All studies were performed inwhite matter (cropped and damaged images, and images that,

accordance with the relevant guidelines and regulations. according to the histological samples contained large rigcro
) _ ) or hematoma areas were excluded). The rst test, aimed at
Cross-Polarization OCT Devices identifying the most useful CP OCT criteria, contained OCT

The ex vivo studies were performed with an multimodal images separately in co- and cross-polarization; the seaestd t
OCT device with cross-polarization detection developed bwimed at determining the diagnostic accuracy of distinguighi
the Institute of Applied Physics of the Russian Academy ofumor and white matter, contained OCT images separately in co
Sciences (Nizhny Novgorod, Russia),(22). The device operates and cross-polarization, and simultaneously in both polarizadi

at a central wavelength of In3n providing axial and lateral Each test was performed by three “blinded” investigators.
resolutions, in air, of 10 and IBm, respectively. The probing Inthe rsttest, the visual assessment of the CP OCT image was
beam uses circular polarization. The device has a scannteg rgperformed on the basis of the following parametefsgre 2)

of 20,000 A-scans/s and performs 2D lateral scanning withieach with only two possible alternatives, which were selected

a range of 2.4 2.4 mn? to obtain the 3D distribution of satisfy the condition of simplicity and high speed of evaloti
backscattered light in polarizations parallel and orthodatwa (the indicator should be as simple as possible in use, and easy to
the polarization of the probing beam. Thus, the resulting CRemember by the operating surgeon):

OCT image includes an upper part—co-polarization image ar@) The signal intensity (“intense’/“non-intense”)—the exage
a lower part—cross-polarization image. Scanning was perférm . .
level of the OCT signal throughout the image.

n cont.actl'ess modﬁgure 1Q'. B o i, . FZ) The homogeneity of intensity
Forin vivostudy, time-domain “Polarization-sensitive optica (*homogeneous’Fheterogeneous’)—the lack of variapit
coherence tomograph OCT-1300U” (BioMedTech LLC, Nizhny the brightness of the OCT signal,

Novgorod, Russia) was used-igure 1D). It is approved . Tt .
for clinical use (product license FCP 2012/13479 from 30(3) The attgnuatlon rate (h'gh./ IOW). as .estlmated by the
penetration depth of the probing radiation;

May 2012) has the same characteristics of laser radiationt(ai))s The uniformity of attenuation (“uniform’/non-unifom”)—

he experimental CP T device. However, its im . . . .

the e perime ta C. OCT de ce. rowever, 'ts age da the uniformity of the OCT signal attenuation along the
processing system is not as e ective, so the intensity of the . = . .

: Lo . T inferior border of the structural OCT image.

intraoperative images in co- and cross-polarization is lower
( 4 times) Figure 1F) compared to those obtained using the The extent to which the parameters were “informative” was

experimental CP OCT devic€&igure 1B. identi ed based on measuring the degree of association off ea
_ ) visual parameter with the results of the histology duringueis
Histological Study assessment by the three “blinded” investigators, betweemw

After imaging the scanning area on the specimen was marketthe degree of inter-expert reliability was also identi ed.
with histological ink, then the specimen was xed in 10% The second test was also performed by three “blinded”
formalin for 48 h and re-sectioned through the marked arem, sinvestigators (neurosurgeons) and was based on the main
that the plane of the histological sections coincided to@tefthe and additional visual criteria identi ed during the rst .
CP OCT images. For the histological evaluation, hematoxylsh There were two possible answers: “tumor’/“white matter”
eosin staining was used. Two histopathologists indepengent(Figure 3. The inter-rater reliability between the investigators
evaluated the histological slides, with their diagnoseésadding  was also recorded.
in 98% of cases.
Statistical Analysis

Visual Assessment of CP OCT Images The statistical analysis was performed using Statistica JMO, |
Based on an initial analysis of tle vivoCP OCT images of the SPSS Statistics 20. For evaluation of the associationaftiee
white matter and tumors the parameters of the CP OCT signatoe cients Q (Yule) and0 (phi) were used, with a statistically
for further analysis were selected. The di erential crigeior CP  signi cant value forQ 0.5 and for' > 0.3. The inter-rater
OCT images must satisfy the following conditions: reliability between investigators was registered using tbes$
kappa k) and Krippendor 's alpha &) coe cients: k (a) 0.8—
erfect agreement; 0.7 k (a) < 0.8—substantial agreemeit;

ae) < 0.7—poor agreement. For the second test the diagnostic test

parameters (sensitivity, speci city and accuracy) wereutated.

morphology of

Simplicity and high speed of evaluation (the signal indicégpr
should be as simple as possible in use, and easy for t
operating surgeon to remember);

Be informative (re ect the histological
the tissue);

Have a high degree of inter-expert reliability (i.e., notléag
in signi cant disagreements in interpretation).

Intraoperative Application of the CP OCT

There was no histopathological evaluation of theivoCP OCT
images, for error prevention and checking of complementarity
Visual assessment of the CP OCT images was performed usibhgtween the OCT image and tissue type, the scanning being
two special tests containing a training set and a proper tegterformed in areas with no doubt about their histology (white
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The signal intensity

The homogeneity of intensity

The attenuation rate

The uniformity of attenuation

FIGURE 2 | lllustration from the training set of CP OCT imagegA1-A6), (B1-B6), (C1-C6), (D1-D6) show examples of the assignment of certain characteristicot
the CP OCT signal;(A1-A6)—intense signals are marked with blue rectangles, violet—®w-intensity signal;(B1,B2)—the regions of homogeneous signals are
indicated by green rectangles;(B3—B6)—green areas and pale blue squares indicate areas of diffeméintensities; (C1-C6)—blue arrows denote regions with high
rates of signal attenuation, violet—with low signal atteration rates; (D1,D2,D6)—the green rectangles indicate areas with uniform attenuan of the signal;
(D3-D5)—rectangles of pale blue and green color indicate regions i different signal attenuation rates.
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Main criteria:
Co-polarization

intense non- intense
Cross-polarization

intense non- intense

Additional criteria:
Co-polarization

homogeneous heterogeneous

uniform uniform ®)

€V

Conclusion of visual assessment:
white matter tumor

FIGURE 3 | Examples of images from the training set for the second tes{A)—white matter, (B)}—tumor. The responder identi es tissue type using main critga: white
matter is characterized by high intense signal in co- and css-polarization unlike low intensity signal of tumorousdsue. In the doubtful case, the additional criteria
can be used.

matter and cortex far from the tumor mass, and of regions with images of tumorous tissue are characterized by low signal
the tumor core) using image guiding under a neuronavigatiorintensities in co- Figures 4A2-A5 and cross-polarizations
system and high magni cation of surgical microscope. TheFigures 4B2—B%. Grades I-1ll astrocytomas on the CP OCT
in vivoCP OCT data were compared with tk& vivoset and also  images are represented by low intensity and slowly attengati
combined with surgical microscope view, the preoperative MRsignals Figures 4A2-A4,B2-BY, however the signal may
and neuronavigation data, intraoperative neurophysiolaggmd be homogeneous Fgures 4A2,A4,B2,B} or heterogeneous
neuronavigation ndings. in the presence of cysts, calcication, and hemorrhaging
(Figures 4A3,B3. The CP OCT signal of a glioblastoma is of
low intensity, and heterogeneous with tessellated aredmsgbf
RESULTS intensity (Figures 4A5,B5 corresponding to areas of high cell

Ex vivo CP OCT Images of White Matter density, necrosis or hemorrhagingigure 4C5. The attenuation
and Tumorous Tissue rate of the CP OCT signal may be high or low with the

The CP OCT signal of thex vivaspecimens is more intense and attenuation along the inferior border of the image beingfonn

. . : - or non-uniform.
has a h|gher attenuation rate ('.n b.Oth .the initial and 0”“"”.’9" The initial comparative analysis of CP OCT images of brain
polarizations) than those obtaineid vivo. However, previous

X . . . . specimens with typical histological structures has demotestra
comparative analysis of the optical properties of white matte P P 9

and tumorous tissues has demonstrated that the CP OCTimag{gr']se capability of OCT to dierentiate between white matter

obtainedex vivoshow full qualitative similarity to then vivo Nd tumorous tissue. However, there are no clear criteria for
. q y distinguishing between white matter and tumorous tissue du

CP OCT images43). For the cortex there are also structural o . . .

8 . A to the variability of the signal characteristics of the glasn
di erences between thex vivoand in vivo images 23). In the L .
o . . . . _Therefore, it is also evident that OCT cannot be used for the
in vivo studies, the CP OCT images show a specic Vertlcaintraoperative grading of gliomas
striation arising from “shadows” of the blood vessels ledgtist '

under the tissue surfac&igure 5A1); this striation is practically . o
invisible on theex vivoimages due to vasoconstriction. Visual Asses;rr]ent .Cn.tena for CP OCT
Images for Distinguishing Between White

White Matter Matter and Gliomal Tissue
CP OCY analysis oéx vivospecimens showed that the white Between all investigators the values of the coe cients Q
matter on the CP OCT images in co- and cross-polarizationand 0 were high for the parameter “signal intensity” in
(Figures 4A2,B2 presented by a narrow stripe of high intensity co- and cross-polarization (Qc® 0.91-0.92,0co D 0.64—
OCT signal. Histologically, the white matter is represeritgch  0.65; QcrossD 0.92-0.94;0cross D 0.64-0.70) and also
regular and dense arrangement of myelinated béfig(re 4C1)  statistically signi cant for the parameters “the homogewei
and therefore is characterized by high scattering propertie®f intensity” (Qco D 0.86-0.940co D 0.47-0.50) and “the
This explains the presence of a high-intensity homogeneotis buniformity of attenuation” (QcoD 0.58-0.82,0co D 0.30—
rapidly decaying OCT signal in both co- and cross-polarizatio 0.44) in co-polarization. The inter-rater reliability beten
investigators was perfect for the parameter “signal intgisit
Gliomas in both polarizations ( D 0.90; D 0.90) and substantial
In gliomas the tissue elements are discohesive and disedderfor “the homogeneity of intensity” ( D 0.79; D 0.79) and
(Figures 4C2—-C¥% although there are a few elements with“the uniformity of attenuation” ( D 0.75; D 0.75) in co-
high-scattering propertied~{gure 4CH. Therefore, the CP OCT polarization {Table 1).
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D ot

FIGURE 4 | Ex vivoCP OCT images(A1-A5), (B1-B5) and corresponding histology(C1-C5) of white matter (A1-C1), diffuse astrocytoma Grade [(A2—-C2),
(A3-C3), diffuse astrocytoma Grade II{A4—C4) and glioblastoma(A5—C5); on the CP OCT image of diffuse astrocytoma Grade Il can be seemicrocysts typical for
this type of tumor (A3,C3); (A1-A5)—CP OCT images in co-polarization andB1-B5)—in cross-polarization. Histological imageg§C1-C5)-hematoxylin and eosin
staining.

TABLE 1 | Visual assessment criteria of CP OCT images for distinguisty TABLE 2 | The results of diagnostic test by visual assessment of the CRCT
between white matter and glioma tissue. images.
CP OCT image parameter White matter  Tumor Polarization Inter-rater Sensitivity, % Speci city, % Diagnostic
reliability accuracy, %

MAIN CRITERIA rate
The signal intensity in co-polarization Intense Non-intense

. . - N . Co- 0.83/0.83 89-93 67-73 83-84
The signal intensity in cross-polarization Intense Non-intense
ADDITIONAL CRITERIA Cross- 0.86/0.86 80-87 75-89 82-83

Co- and cross- 0.92/0.91 82-85 92-94 87-88

The homogeneity of intensity in co-polarization Homogenass Heterogeneous ;
simultaneously
The uniformity of attenuation in co-polarization  Uniform buniform

Based on the results of the rst test the most powerful craeri Intraoperative Visual Assessment of the

for the visual assessment of microstructural CP OCT image@P OCT Images
to enable di erentiation between glial tumor tissue and vehit The intraoperativein vivo CP OCT images of white matter
matter are the CP OCT signal intensities in co- and crossand tumors obtained by the certied OCT system with
polarization. Also for this aim, the homogeneity of inteysitind  the handled probe show full structural similarity to the
the uniformity of attenuation can be used as additionalenia. ~ ex vivoCP OCT images of brain specimens obtained using
the laboratory OCT setup, however, owing to di erences in
. . image processing between the OCT systems the intensity of
Diagnostic Accuracy of CP OCT Based on the intraoperative images in co- and cross-polarization are
Visual Assessment of Images lower (4 times).
The results of the second set of tests, using the identied The cortex is characterized by specic vertical striations
main and additional criteria, separately in co- and crossarising as the “shadows” of the blood vessels located justrund
polarization and simultaneously in co- and cross-polariaati the tissue surface={gures 5A1 6A1), and these striations can
(Table 2 demonstrate their great inter-rater reliability. The be considered as a speci ¢ cortex-indicator. The white nratte
test based on simultaneously assessing CP OCT imagéssue is characterized by its high attenuation, althoubk t
in co- and cross-polarization showed a higher diagnostiéntensity is lower in cross-polarization than for the sigrial
accuracy (87-88%). co-polarization Figures 5B1,B26B1). Regardless of the glioma
Using co-polarization showed higher sensitivity (89—93%)grade, the tumorous tissue is characterized by low-intgnsit
therefore using this regimen allows minimization of thekrisf  homogeneous or heterogeneous signals with low attenuation
failure of tumor detection. The high speci city of 92—-94% tha rate in co-polarization Figures 5C1 6A2,A3, images in co-
can be achieved by using simultaneous visual assessmdrg of polarization). Since the OCT device approved for clinical usg onl
images in co- and cross-polarization is associated with ofe | provides imaging at low intensity the signal in cross-polatian
risk of misguided white matter resection. is therefore almost absent from the tumdtigures 5C26A2,A3,
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FIGURE 5 | Intraoperative CP OCT images of cortexA1,A2), white matter (B1,B2) and diffuse astrocytoma Grade 1(C1,C2); the scanning areas of the
corresponding tissue types in the surgical eld are marked wh green (A1,A2), blue (B1,B2) and violet(C1,C2) dotted lines (D,E), and interrelated with the
neuronavigation data(F,G); (A1-C1)—CP OCT images in co-polarization andA2—-C2)—in cross-polarization. The white arrows show charactertc vertical striations
arising from “shadows” of the blood vessels located just undr the tissue surface.

images in cross-polarization) and very low from the cortexthat can be detected under the white light of the operating
(Figures 5A2 6A1, images in cross-polarization). The scanningmicroscope. In the case of visible cortical invasion by thedu
areas of the corresponding tissue types in the surgical elthe OCT scanning was performed from this area to visually
are marked with green (cortexgigures 5A1,A3, blue (white healthy brain tissue. In the case of visually intact cortéve,
matter, Figures 5B1,B2 and violet (di use astrocytoma Grade scanning was started from the central part of the tumor as
I, Figures 5C1,C2dotted lines Figures 5D,B and interrelated detected by the neuronavigation system.

with the neuronavigation dateFjgures 5F,G. Taking into account the variability of the CP OCT images

OCT scanning of the cortex was performed in 9 cases (53%pr a variety of di erent reasons (e.g., brain swelling), whe

In all the comparisons, the OCT and neuronavigation datadistinguishing white matter and tumor it is better to commen
showed that the tumor had widened through the tumor marginthe OCT scanning of white matter from a control area (where

Frontiers in Oncology | www.frontiersin.org 8 April 2019 | Volume 9 | Article 201



Yashin et al. Optical Coherence Tomography for Glioma Imaging

FIGURE 6 | Intraoperative CP OCT images in a patient with diffuse astrgtoma (Grade Il): of the corteXAl) with well-de ned (A2,A3; A6—green dotted line) and
invisible(A4,A5) tumor invasion, white matter(B1) close to the right corticospinal tract B2—blue color dotted line; C3,C4—marked by red color); the scanning areas
of corresponding tissue types in the surgical eld/A6,B2) are marked with green(A6) and, blue (B2) dotted lines and interrelated with the neuronavigation dat, where
the tumor is marked with a green line and the corticospinal &ct with a red line(C2,C3,C6). Preoperative MRI in T1 and TZC1) and the corticospinal tract
reconstruction based on the DTI beforg(C4) and after (C5) operation. (A1-A5,B1)—CP OCT images in co-polarization (upper image) and crosseggarization

(lower image).
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there is no doubt about the histology) to enable comparison ofumors the sensitivity/speci city reached 92%/100%; for low-
this scan with following images. In our study scanning oftoh  grade tumors sensitivity/speci city values were 100%/8@Yo (
area before tumor resection was performed only in 9 patient&nfortunately, at present, clinically approved OCT systems can
(53%), while in the other cases the identi ed criteritable )  provide only visual assessment, although that has been eutci
and standard CP OCT images of white matteigures 4A1,B1 to improve readability for neurosurgeons. Additionally, such
5B1,B2 were used. visual assessment for distinguishing white matter from ¢um
Perfect detection of white matter by OCT can be usefutissue also provides high sensitivity of (82-85%), speci city
when tumor resection is performed close to white matter tsact (92—94%), and diagnostic accuracy (87-88%). Therefore, it
Figure 6 shows the process of removal of a di use astrocytomaan be proposed for routine clinical use, although with
(Grade 1) in the right parietal lobe. The preoperative di usion some restrictions.
tensor imaging (DTI) data uploaded in the neuronavigation This paper deliberately references previously published data
system demonstrated that the tumor was closely adjacemngkd r (20 with regard to intraoperative approval of the visual CP OCT
cortico-spinal tract Figures 6C2—C3 Electrical stimulation in criteria identi ed for distinguishing white matter from tenor
this region had shown a response at a current of 5mA (pulséissue. These criteria have been speci ed in place of the puskjio
frequency of 60Hz, with a single phase duration of 1 ms irsuggested “loss of normal attenuation” from the tumorowsstie
trains lasting 4s), that meant the approximate distance td9, 10). However, this criterion remains relevant for the detenti
the tract was about 5mm. Based on the identied criteria,of tumor invasion into the cortex, which is characterized &y
OCT scanning demonstrated the presence of white matter ifitypical view” of vertical striations, disappearing in case®mh
this region. It was taken decision to stop further resectionthere are any changes of cortical microarchitecture. Ttseilte
On post-operative DTI, no change in the corticospinal tractof this study questions the signi cance of the “homogenéous
was detected. Therefore, the simultaneous use of subabrticriterion for distinguishing tumor and white matter becaus
electrostimulation and OCT was able to de ne more exactlyof the variability of the characteristics of the OCT signal
the required extent of resection close to eloquent whitdrom gliomas. For example, tumorous tissue may have a quite
matter tracts. homogeneous OCT signal, while, on the other hand, white
matter in the vicinity of necrotic areas or hematomas can lose
its homogeneity.
DISCUSSION The study has shown that CP OCT, as an extension of OCT,
broadens the functionality of the method. The assessment of
During surgery of inltrative brain tumors the benets of CP OCT images simultaneously in co- and cross-polarization
novel intraoperative imaging technologies are self-eviddne has shown a higher speci city (92-94% against 67—73%) and
to the lack of resolving capacity of the operating microscopeliagnostic accuracy (87—88% against 83—-84%) compared with
for distinguishing tumorous and non-tumorous tissues andconventional OCT. Therefore, this mode is e ective to use
the detection of any residual tumor2¢-27). In order to  during tumor resection closely adjacent to eloquent whitatter
overcome this problem, at present, the most commonly usettacts. Using CP OCT, based on visual assessment along with
technologies are uorescent visualization with 5-ALAR8¢  co-polarization, shows high sensitivity (89-93% against 82—
30) and intraoperative MRI 1, 32). However, these methods 85% when using co- and cross-polarization simultaneously)
have some limitations; therefore, the development of novednd therefore it is e ective in improving identi cation of the
intraoperative technologies has become particularly relfeva necessary extent of resection in non-eloquent brain areas.
OCT appears to provide a very promising method for routine In this study, discrete histological tissue types such aexpr
neurosurgical practice due to the clear bene ts of this metho white matter and tumor have been described. The formation
such as: safety (using a near infrared light source does nof the OCT signal and its di erences between tumor and
risk tissue damage); accuracy (high resolutiohO micron) the white matter can be explained using a simple model of the
absence of a requirement for contrast agents; imaging deptissructural organization of the tissue: tumorous tissue dsn
of more than 1 mm; the ability to obtain images at a distancaepresented as an assembly of tumor cells that are charaaderiz
and therefore the opportunity for integration into a surgical by low attenuation, compared to the high attenuation of
microscope or endoscopé,(3). myelin. However, di erentiation using visual assessment can
Obviously, the increased interest in OCT has been the resute di cult when comparing white matter with structureless
of the continuing improvements in several aspects of OCT, sucfor intact) myelin and tumorous tissue with necrosis (or
as imaging speed, sensitivity, the development of functionadecrosis alone), due to their similarity in optical properties
OCT extensions and signal data processing. The quantitativBeumorous tissue without necrosis forms the typical structure
assessment of OCT with the determination of various opticabf all Grade I-lll astrocytomas and the peripherial area of
coe cients such as backscattering3) and attenuation 4, 10,  glioblastomas (Grade 1V). Necrotic areas characterizedigly h
34) coe cients provides higher diagnostic accuracy comparedattenuation (forward cross-scattering) always presentlintiie
with the qualitative assessment of OCT images. Kut et aglioblastoma core, (2) tissues after radiotherapy (e.g.,hi t
have demonstrated the high diagnostic accuracy of OCT fotase of recurrent astrocytoma after combination treathand
distinguishing tumors from white matter on the basis of the(3) tissues following bipolar coagulation (total necrosisheT
optical attenuation coe cient: for patients with higher-gde high attenuation (forward cross-scattering) of white neatis
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the result of the high-density packaging of its myelin bers.surgical procedures was not possible due to its novel characte
Some events such as structural damage of the myelin, @nd the absence of permission for its clinical use. Therefore,
cerebral edema related to tumor growth, can lead to a sigmitc  the study demonstrates the advantages of CP OCT on fresh
decrease of attenuation and of forward cross-scatteri3fg). ( pathological specimens, but not for intraoperative CP OCT data
These myelin changes are typical of the peritumoral area ¢fhig In the ex vivoCP OCT study based on fresh specimens it is
grade astrocytomas. Probably, improvements in the quaivéa easier to “target” the region of interest and therefore pdevi
assessment of OCT data will allow these tissue types to laglvanced histological validation of CP OCT image in compariso
clearly distinguished. with in vivo CP OCT study, where image interpretation can
At the moment, in all doubtful cases, consideration must bébe complicated by the impact of several factors such as tissue
given to the patient’s preoperative data, localization of tiiefTO deformation during its removal, di culties in access to thegion
scanning area, and the distance from eloquent brain areas. Fof interest where the white matter is in ltrated by tumor, ae
example, if the preoperative clinical data is indicative ofw-lo bleeding and use of hemostatic materials a ecting the quality
grade glioma, during tumor resection no necrotic areas oelimy  of the CP OCT images. However, the promising results of this
damage would be expected, so the surgeon would not expectstudy allow us to recommend implementing a clinical CP OCT
nd necrotic areas or dramatic changes in the myelin struetu prototype based on the experimental one used in this study.
meaning that distinguishing between white matter and turnsor Further, only three raters were tested, therefore the tesul
not an issue In the case of a glioblastoma, the white matter imay be considered as preliminary. Increasing the number of
the peritumoral area might be characterized by low atterorati raters may improve the results in terms of visual assessment,
and forward cross-scattering, so the intensity of the CP OCTiagnostic accuracy, sensitivity and speci city for CP O®F f
signal could decrease in co- and cross-polarization. On thero  distinguishing white matter from tumor tissue.
hand in the case where there has been previous radiationglgera  The limitation of the intraoperative phase of the study was
(e.g., recurrent glioblastoma) the tumor mass could inel lack of morphological veri cation of scanning areas. Usintage
vast amount of necrotic tissue and be characterized by higguiding under neuronavigation system and high magni catio
intensity in the CP OCT images. Therefore, in both cases thef surgical microscope doesn’t provide exact informationuabo
di erentiation between white matter and tumorous tissue da  tissue morphology.
di cult. Consequently, in these doubtful cases, decisi@mut Nevertheless, while OCT does not provide molecular
the extent of resection should primarily be based on the dista information and cannot detect individual tumor cells, it
from eloquent brain areas. Hemorrhages can also compromideoks promising in assisting navigation during neurosurgiica
the interpretability of the OCT signalsl(), therefore, before procedures such as glioma resection, stereotactic biopsyrend t
scanning, they should be removed together with any necrotiplacement of electrodes for deep brain stimulation. For chihi
areas associated with bipolar coagulation. translation, OCT can be integrated into standard operating
In contrast to white matter, the cortex does not containequipment such as surgical microscopés), and probes for
densely packed myelin bers that might lead to di culties in stereotactic proceduresf). For the purposes of glioma surgery,
distinguishing between cortex and tumor, although tumor isthe cross-polarization mode provides a good illustration of a
characterized by higher cellularity and nuclear densityparing  functional extension to OCT, which can o er opportunities to
to cortex. Visual assessment of OCT signals based on tlegiorit  improve the visual assessment of OCT data.
“loss of normal attenuation” allows tumors to be distingheésl
from the cortex duringin vivo scanning (0, 23). Probably,
additionalin vivo studies would enable clearer determination of CONCLUSION
the optical di erences between cortex and tumor and o er better
de nitions for the quantitative OCT criteriaZ?3). CP OCT based on the visual assessment of obtained images
This study was based oex vivo brain specimens for a is a promising imaging tool for distinguishing tumorous
number of reasons: (1) the possibility of carrying out maxigma and non-tumorous tissues during glioma resection. The most
targeted histological examinations to appropriately validht powerful criteria are the signal intensities in co- and cross
OCT,; (2) the absence of strict time limitations, which matle i polarization. Further to this purpose, additional criteria Buas
possible to perform multiple scans to monitor the image qualitythe homogeneity of intensity and the uniformity of attenicat
The previously performed comparative analysis of the opticatan also be used. The simultaneous assessment of CP OCT
properties of white matter and tumorous tissues of the brainmages in co- and cross-polarization has demonstrated better
allow us to conclude that the CP OCT images obtaieadvivo  diagnostic accuracy for distinguishing white matter froomtor
show a full qualitative similarity to then vivo CP OCT images tissue than OCT alone. Dierentiation between cortex and
(29). Howeverex vivostudy is not representative for the cortex white matter can be performed based on the criterion “loss
by reason of the disappearance of the unique characteristics of normal attenuation” (loss of the “typical view” of vertica
the CP OCT signal iex vivoCP OCT images. striations on CP OCT images). In distinguishing white matter
The study has several limitations. One of them is the use aind tumors the diagnostic accuracy using the visual CP OCT
di erent CP OCT devices in the preclinical part and during the criteria was 87—88%. The CP OCT data is easily associated with
intraoperative scanning. Although the experimental devies h intraoperative neurophysiological and neuronavigation ings
some advantages due to a better signal characteristicsmotea and can provide supplementary information for neurosurgeons
detailed computer processing of the OCT data, using it duringluring tumor resection.
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