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Abstract

The difficulty of intraoperative delineation of glial tumors is due to the peculiarities of their growth along vessels and nerve fibers with infiltration
of healthy white matter. Insufficiently complete removal of tumor tissues leads to recurrences, and excessive removal is fraught with neurological
complications. Optical spectroscopy methods are characterized by high speed, accuracy and non-invasiveness, which determines the prospects
of their use for intraoperative demarcation of the boundaries of such tumors. Fluorescence and diffuse reflectance spectroscopy have found wide
application in intraoperative neuronavigation, mainly for detecting the edges of diffuse gliomas. At the same time, in recent years the direction
of ex vivo spectral analysis of tumor samples using a combination of various optical spectroscopy methods, including both elastic and inelastic
scattering spectroscopy, has been actively developed. Obviously, the ability to obtain spectra intraoperatively and on fresh specimens is different.
The present article compares the results of the analysis of optical-spectral characteristics of intracranial tumors at intraoperative diagnosis and ex
vivo analysis and proposes a mathematical model for interpretation of the observed dependencies.
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Pesiome

CnoXHOCTb MHTPaonepaLyoHHOro ornpeAeneHus rpaHunL, rMyanbHbIX OMyxonei 0bycnoBieHa 0CO6EHHOCTAMM VX POCTa BAOJb COCYAO0B U
HepPBHbIX BOJIOKOH C MHMNbTpaLven 340posoro 6enoro Belectsa. Mpy 3TOM HeJOCTaTOYHO MOJIHOE YAaNeHNe ONyXoeBbiX TKaHe! NPUBO-
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[UT K peumanBam, a u36bITOYHOE yAaneHe YpeBaTo HEBPOOTMYECKUMI OCTIOXKHEHUAMN. MeTofbl OMTUYECKON CMEKTPOCKOMMN XapaKTepu-
3YI0TCA BbICOKOI CKOPOCTbIO, TOYHOCTbIO U HEVHBA3MBHOCTbIO, YTO 0OYC/aBIMBaET NePCNeKTUBHOCTb UX UCMONb30BaHUA ANA NHTpaonepa-
LIVOHHOW fiemapKaLuy rpaHuL, Takux onyxonen. CnekTpockonusa ¢pnyopecueHumn 1 anddy3HOro oTpaxxeHrs HaLu WUPOKOE NPYMEHEHME
B MHTPaornepaLvioHHON HeNpPOHaBMraLuy, rmaBHbIM 06pa3om, AnA obHapyxeHVsa Kpaes AudeysHbIX rurom. Mpu 3Tom B nocneaHne rofbl
aKTMBHO pa3BKBaETCA HampaBeHne ex Vivo CnekTpanbHOro aHan3a obpasLoB OnyXosiel C MOMOLLbI0 COYETaHNA Pa3fIMyHbIX METOAO0B ONTU-
YeCcKoW CMeKTPOCKOMUY, BKIKOYAOLLUX CMEKTPOCKONIIO KaK YMpyroro, Tak 1 Heynpyroro pacceaHnsa. O4eBrAHO, BO3MOXHOCTY PErncTpauum
CMEKTPOB MPU MHTPaomnepaLroHHON paboTe 1 Ha CBeXMX 06pa3Liax OTNNYaTCA. B HacToALleN cTaTbe NPOBEAEHO CPaBHEHNE Pe3y/bTaToB
aHanM3a OnTUKO-CNeKTPasbHbIX XapaKTepUCTUK BHYTPUYEPENHbIX OMyXosell Npy UHTPaornepaLyoHHON ANarHoCTKe 1 aHanuse ex vivo, a
TaKXe NpeAnoXKeHa MatemaTnyeckas MofeNb ANA MHTEPMpeTaLuy HabnohaembiX 3aBUCUMOCTEN.

KnioueBble cnoBa: rnnanbHble onyxonun, ontnyeckasa CNekTPoCKonuAa, pacceaHne, MaTeMaTnyeckoe MmogenmpoBaHme, MOHTE-KapJ‘IO mope-
nnpoBaHune.

KoHTakTbl: PomaHuwkuH W.[. e-mail: igor.romanishkin@nsc.gpi.ru.

ORIGINAL ARTICLES

AnauutuposaHua: Pomanuvwkun .1, Cagenbea T.A., OcnaHoB A., KanarmHa H.A., Kpreeukasa A.A., YoeHees A.M., JlnibkoB K.I, TopaiiHoB C.A.,
Lyran C.B., MaBnosa I'B., MpoHuH W.H., JloweHos B.B. CpaBHEHMEe ONTUKO-CREKTPasbHbIX XapakTePUCTUK MMO6acTOMbl MPU MHTPaonepa-
LIMOHHOW AMarHOCTUKeE 1 onTuyeckor buoncuu ex vivo // Biomedical Photonics. — 2024. - T. 13, N2 4. — C. 4-12. doi: 10.24931/2413-9432-2024—

13-4-4-12

Introduction

Currently, the primary line of therapy for highly
malignant brain tumors is surgical resection, but in vivo
tumor delineation remains a major challenge. Recent
technological advances in neurophotonic developments
such as Raman spectroscopy, thermal imaging, optical
coherence tomography, and fluorescence spectroscopy
have enabled the development of techniques for
minimally invasive neurosurgery [1]. Despite advances in
optical techniques, biopsy analysis remains the standard
diagnostic tool for tumor delineation.

Further development of intraoperative analysis
techniques with visual inspection would provide
neurosurgeons with real-time information, shorten
surgical procedure time, and enable more accurate
resection by detecting residual or hidden tumor foci.
Visual inspection tools can view and analyze the location,
size, shape, type, and extent of tumors [1-6].

Among the promising new optical techniques for
cancerdiagnosiswiththe possibility of intraoperativetissue
assessment is Diffuse Reflectance Spectroscopy (DRS).
DRS is a non-invasive or minimally invasive technique that
typically uses separate optical fibers — to deliver broadband
light to the tissue and to register diffusely reflected light
with a spectrometer. Diffuse reflectance signal formation
is possible because biological tissues are characterized by
their ability to scatter light multiple times, resulting in light
scattering from the source in all directions, with a portion
of the scattered light returning back. DRS can provide
such clinical information as total hemoglobin content,
tissue oxygen saturation, tissue lipid and water content,
and tissue scattering properties. The method has already
been used, for example, in studies to classify tumor tissue
in upper gastrointestinal cancers [7], to distinguish tumor
tissue from fibrosis in patients with rectal cancer as a
guide to surgery [8], and to record optical mammograms
and quantify absorption and scattering properties, from
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which hemoglobin concentration and oxygen saturation
of healthy and pathological breast tissue were obtained
and analyzed [9]. Studies have shown that DRS can aid
in intraoperative decision-making during cancer surgery,
including selecting the best resection plane and area, and
distinguishing fibrotic or healthy tissue from tumor tissue.

In neurosurgery, the DRS method has been used to
assess blood fractions and oxygen saturation changes
by spectroscopic signal and hemoglobin absorption
spectrum [10], to distinguish between glial tumors and
normal brain ex vivo by assessing DRS signal [11], and
to detect cancer in vivo without labels and in real time
during brain surgery [12].

However, the accuracy of tissue classification is
still insufficient and the DRS method requires further
development. In this paper, we interpret a number of our
findings on the diffuse light reflection spectra of intracranial
tumor tissues and compare the data obtained in vivo during
neurosurgical surgery for tumor removal, and ex vivo during
biobanking. The results of the comparison allows avoiding
methodological errors when translating such technologies.
The mathematical model of elastic multiple scattering of
light by the studied tissues proposed in the article allows
to take into account not only karyomorphometric data,
obvious in classical histological analysis with hematoxylin-
eosin staining, but also demonstrates the necessity to take
into account the contribution of larger structures, such as
myelin sheaths of nerves, as well as, on the contrary, smaller
ones, such as subcellular structures, e.g. mitochondria.

Materials and methods
Method and device for simultaneous registration of
diffuse reflectance and fluorescence spectra in vivo
Diffuse reflectance spectra of tumor tissues are
the object of the present study. The fluorescence of
5-aminolevulinic acid (5-ALA) induced protoporphyrin
IX (PpIX) was used as a marker of tumor changes in
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the area of interest. In the process of post-processing
of spectral data obtained in the clinic, we analyzed the
co-distribution of PplX and markers of structural changes
determined by the diffuse reflectance spectrum.

For simultaneous registration of diffuse reflectance
and fluorescence spectra, the device described in [13] was
used. The emission from a broadband source (halogen
lamp) was filtered through a 500-600 nm bandpass filter.
A laser source with a wavelength of 632.8 nm (He-Ne laser)
was used to excite the fluorescence. Diffuse reflectance
and fluorescence spectra were recorded simultaneously
in 500-640 and 640-850 nm spectral ranges, respectively.
Measurements were performed using a fiber-optic probe,
the illumination and the receiving fibers were collected in a
special bundle and placed on one side of the object, which
determined the specifics of signal registration in the diffuse
reflectance geometry (Fig. 1). Several hours before the
operation, a solution of 5-ALA hydrochloride was injected
into the patient’s body. The combined spectra of normal
tissue (usually the cerebral cortex at a distance from the
tumor projection) and pathologically altered tissue above
the tumor, in the tumor, and in the tumor bed (to control
the quality of the resection) were measured sequentially
during the tumor resection surgery. This paper presents
a retrospective analysis of in vivo data obtained at the
Burdenko Neurosurgery Center. Diffuse reflectance spectra
recorded during the removal of glioblastomas (in 38
patients, 163 samples in total) and anaplastic astrocytomas
(in 6 patients, 35 samples in total) were considered.
Glioblastoma samples were distributed as follows: 14
samples with normally appearing white matter (NAWM), 18
samples from the perifocal area of tumor, 86 samples from
tumor center, 18 samples with necrotic tissues. Anaplastic
astrocytoma samples included 21 samples from tumor
center, 11 - from perifocal area, 3 NAWM, and no necrosis.

OcsemumesnbHoe MpuemHoe
01Mo8o0KHO/ onmoeonokHo/ Fiber
Fiber optic from light optic to spectrometer
sogrce  p—— 061acme Haubonee
8eposamHozo nymu
npoxoxieHusa
demexkmupyembix

¢pomoHos/

The region of most
probable path of
detected photons

NAg

Puc. 1. Cxema perucrtpauumn curHana audey3HOro oTpaxkeHus:
I — paccTosiHWe OT LieHTpPa OCBETUTE/IbHOro BOJIOKHA A0 LieHTpa
npuemHoro BosiokHa, NA_ — yucioBas aneptypa OCBETUTENIbHOIO
BOJIOKHa, NA_— uncnosas aneptypa npuemMHOro BOJIOKHa.

Fig. 1. Scheme of registration of diffuse reflection signal: r —
distance from the center of the illumination fiber to the center of
the receiving fiber, NA, — numerical aperture of the illumination
fiber, NA, — numerical aperture of the receiving fiber.

Method and device for simultaneous recording of
diffuse reflectance and Raman spectra ex vivo

Studies of the combined method of ex vivo optical
biopsy oftumorsampleswereconductedinthelaboratory
of neurosurgical anatomy and preservation of biological
materials at the Burdenko Neurosurgery Research Center
on tumor tissue samples extracted during neurosurgical
operations, immediately after removal. Samples from
patients diagnosed with glioblastoma (n=60) were
studied. From each patient 1-4 biopsy specimens were
taken with subsequent verification by pathomorphologic
examination (84 specimens in total).

For all samples, Raman spectra were measured with
StellarNet Raman-HR-TEC-785 spectrometer under 785
nm excitation, fluorescence was measured at 405 nm
and 632.8 nm, and diffuse reflectance was measured
in 500-600 nm spectral range using Biospec LESA-01-
BIOSPEC spectrometer. In this paper, we use only diffuse
reflectance spectroscopy data in white light (to calculate
hemoglobin concentration) and at 632.8 nm, just as we
did in in vivo measurements performed in the operating
room. The results of our previous studies of this method
[14-16] showed a significant contribution of these
spectroscopic features to the principal components.

Algorithm for processing diffuse reflectance spectra

Raman, fluorescence, and diffuse reflectance spectra
were subjected both to preprocessing in order to
increase decoding properties and to various variants
of decomposition in order to highlight characteristic
features peculiar to the tissues under study.

Fromthefluorescence spectrum of PplX, we calculated
the values of the 632.8 nm integral backscatter laser
intensity (area under the spectrum curve in the range
of 625-640 nm) and the value of the PplIX fluorescence
index (ratio of the area under the spectrum curve in
the range of 690-730 nm to the value of the 632.8 nm
integral laser intensity). In this work, we consider only the
first of these parameters.

The spectrum of diffusely reflected by the tissue
broadband light was used to calculate the hemoglobin
concentration [17] in the sample and the light scattering
coefficient [18].

Model of light interaction with structural elements
of tumor tissues

To determine the influence of the measurement
geometry and biological processes occurring in the
tumor on the recorded signals, a mathematical model
of the studied biological tissue in different states
was developed. It considered both the variation of
individual tissue components using Mie theory and their
concentration and composition of the medium, for which
the Monte Carlo simulation method was chosen, which
has a higher accuracy in the tissue regions proximal
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to the illuminator and receiver than the diffusion
approximation of the radiative transfer theory [19].

Cells, organelles, elements of intercellular matrix, nerve
endings can be approximated by spheres and cylinders
with refractive indices corresponding to the content of
proteins and fats in them, and immersed in a medium
whose refractive index is determined by all the molecules
contained in it that are not accounted for as independent
scatterers. The scattering cross section of unpolarized light
by a spherical particle was determined according to [20].
The infinite cylinder solution, also proposed by Bohren
and Huffman, was used to model the scattering of an
electromagnetic wave on myelinated nerve fibers. Two
variants of wave incidence with respect to the plane in
which the cylinder lies: parallel and perpendicular to the
plane of incidence, were considered and averaged.

Numerical modeling of radiation propagation in
scattering and absorbing media

The Monte Carlo method is widely used for numerical
solution of the radiative transfer theory (RTT) equation,
which is based on modeling of photon transport in a
scattering medium. The initial conditions are set and
each act of photon scattering on the inhomogeneities of
the medium is traced up to its absorption or exit from the
sample. Free path length and rotation angle are random
variables with theory-based distribution. The scattering
and absorption probabilities are determined by the
u. and p_ coefficients. The main disadvantage of the
Monte Carlo method is the substantial expenditure of
computational resources, which renders it impractical for
addressing the inverse problem in real time. However, it
is possible to develop algorithms for data interpretation
based on Monte Carlo simulation, as was done in [21]
to describe the dependence of the diffuse reflection
coefficient on the absorption and scattering coefficients
for a semi-infinite medium.

In the present work, a Monte Carlo packet method
has been implemented in the Visual Studio development
environment using C# language tools. It is based on the
assumption that a set of photons begins to co-propagate
in the medium, but gradually the population of the packet
runs out due to absorption, and the remaining part of
the packet is scattered until the population of the packet
becomes too small. This technique allows us to increase the
dynamic range of the calculated distribution at unchanged
costs of machine time in case of the absorbing medium.
For registration of radiation the possibility of receiving
radiation with a given aperture on a given area at a given
distance from the source in the XY plane is realized.

Determination of input parameters of mathematical
modeling

The main characteristic of glial tumors is their growth
along myelinated nerve fibers and blood vessels without

forming a capsule, which leads to their infiltration into the
normal white matter of the brain [22]. At the organ-tissue
level, glial tumors consist of central and perifocal zones
[23] and lead to displacement, deviation, and destruction
of nerve tracts during their development [24]. The central
zone of glioblastoma multiforme (the most malignant
form of glial tumors) is characterized by the development
of necrosis in the tumor nucleus with concomitant
destructive changes of myelinated nerve fibers [25, 26].

At the tissue level, the number and shape of cell
membranes should also be taken into account. It is well
known that about 50% of the white matter consists of
myelin sheaths of nerve tracts, which are multilayered
membranes consisting of a lipid bilayer (70-85% of dry
matter) with protein inclusions (15-30%) [27, 28], which
causes its high refractive index. How developed the
surface of the astrocyte membranes is also important, as
this factor is altered by cell compaction in the tumor and
affects scattering.

In [29], diffusion tensor MRI was used to show that
fluctuations in the fractional anisotropy index correlate
with the integrity of nerve tracts formed by myelinated
fibers, as well as with the state of the cells. Thus, the
significant decrease of the fractional anisotropy index
in the center of glioblastoma is due to a high degree of
nerve fiber disintegration and necrotic changes, while its
more moderate deviations are observed in the perifocal
zone, where nerve tracts are still structured and intact glia

Ta6nmua 1

Pe3ynbraTtbl UcCnegoBaHusa NoKa3aTtens ppaKkLMOHHON
AHU30TPONUU ANK IMMaNbHbIX ONyX0Jien pa3IMyHOK
cTeneHu 03/10Ka4yecTBNeHuUs

Table 1
Results of the fractional anisotropy index study for
glial tumors with different degrees of malignancy

LlenTp HopmanbHoe
onyxonu FpaHuuya |6enoe BewecTBo
Muno6nactoma (IV cragun)
Glioblastoma (Grade IV)
0.257 0.467 [30]
0.13 0.16 0.47 [26]
cpefHee
0.13 0.2085 0.4685 average

AHannactuuyeckas actpouurtoma (lll cragun)
Anaplastic astrocytoma (Grade Ill)

0.165 0.168 0.391 [31]
0.223 0.467 [30]
cpefHee
0.165 0.1955 0.429 average
OnddysHasa actpoumntoma (Il cragun)
Diffuse astrocytoma (Grade Il)
0.144 0.259 0.391 [32]
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cells are observed. The numerical values of this coefficient,
averaged from data from the literature, are shown in Table 1.

For modeling purposes, to unify data from different
sources, the fractional anisotropy index values obtained
in each study were normalized for the tumor center and
margin to the values from normal white matter. After that,
the average values were calculated, which were reduced
to the absolute value of the fractional anisotropy index
by multiplication by its average value for normal white
matter for all studies.

As can be seen in Table 2, at the cellular level,
glioblastoma multiforme (Grade V) exhibits such
features as dense cellularity, atypical development of
nuclei, increase in their size, and pleomorphism (diversity
of shapes) [36]. Anaplastic astrocytoma is characterized
by increased cell density, anaplasia, and mitosis, but
to a lesser extent than glioblastoma. Benign tumors
show a moderate increase in cell density and nuclei size
without cellular atypia or mitotic activity [38, 39]. At the
subcellular level, the most critical changes occur in the
content and structure of mitochondria. In normal tissue,
mitochondria make up about 7-8% of the cell volume
[40, 41]. In liver tissue, mitochondria have been shown to
have a significant effect on light scattering by the cell [42,
43]. Also, by analyzing liver slices using phase-contrast
microscopy, Schmitt and Kumar showed a significant
contribution of organelles to light scattering by cells [44].

Results and discussion

Comparison of in vivo and ex vivo data

The results of our previous work have shown that in
the combined spectral analysis of glial tumor tissues,
one of the most prominent features in classification is

Ta6nauua 2

the intensity of diffuse light scattering [13, 16]. Results
confirming this observation were obtained in [12].

Our in vivo and ex vivo studies included different
kinds of pathomorphological data, which determined
the samples as coming from normal white matter,
perifocal tumor area, or actively growing part of tumor,
and the percentages of tumor and necrotic tissue in the
sample (Fig. 2). In our ex vivo biobanking studies of optic-
spectral characteristics, the samples were represented
as having a certain percentage of tumor/connective/
fibrotic/necrotic tissue. However, when we subdivide
this sample into quartiles by tumor tissue content (with
the exclusion of necrotic areas), we see a similar pattern
of correlation between the degree of malignancy in the
measured area and the scatter score. The lowest light-
scattering values correspond either to the perifocal zone
(in in vivo measurements) or to a tumor content of 25 to
50% in the sample (in ex vivo measurements), which are
reasonable to compare with each other. Some differences
in the distribution of light scattering in different types of
glioblastoma tissues are also observed. For example, in
in vivo measurements, we could afford to record spectral
dependencies from normal white matter far away from
the tumor, as this did not require its removal.

The healthy areas of white matter obtained in the
biobanking process, were the areas adjacent to the
tumor showing morphological signs of normality.
However, according to the light-scattering ratio for ex
vivo measurements, we can assume that these samples
were still subject to some changes. Our mathematical
model of the relevant structural changes occurring in
neural tissues during tumor development is presented in
the following section.

[aHHble KapuomopdoMeTpUM ANA rMUanbHbIX ONYX0Jien Ppa3sIMYHOM CTENeHU 0310KayecTBEHUs

Table 2

Karyomorphometry data for glial tumors of different degrees of malignancy

Makc. pnamertp,

McTonornyeckum Tun MKM

HopmanbHoe 6enoe BellecTso
Normal white matter 4-5[33]
MunounTapHas actTpounToma (cTeneHsb )
Pilocytic astrocytoma (Grade )

LnddysHana actpoumtoma (cTeneHs ll)
Diffuse astrocytoma (Grade ) 8.93+1.26 [35]
AHannacTuyeckas acTpoumToma
(cTeneHn )

Anaplastic astrocytoma (Grade ll)

9.61+0.9 [27]

Mmuno6nactoma (cteneHs V)

Glioblastoma (Grade IV) 10.65+3.44 [35]

OTHOLWeEeHune
MeHbLen ocn
3ANUNCca K

KnetouHas
NAOTHOCTDb,
1/mkm3

KnetouHasn
MAOTHOCTDb,
1/mm?

6onbLuen

= 850.9 [32] 0.025x1073
- 26891745 [34] 0.14x10°
0.74+0.13 [36] 2363+726 [37] 0.12x10°
0.65+0.15 [36] 4864+1428 [37] 0.34x10°
0.627+0.5 [38] 5540+2160 0.41x1073
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Fig. 2. Diffuse scattering index in tumor tissues (as scattering index at 632.8 nm) registered (a) intraoperatively in vivo and (b) in ex vivo

samples.

Comparison of results of mathematical modeling
and spectroscopic measurements of gliomas

Local changes in light-scattering properties and
accumulation of tumor marker (5-ALA induced PplX)
in the patient’s tissues during tumor removal were
investigated. For this purpose, the data of spectroscopic
study performed in vivo in different tumor sections were
compared with the subsequent sampling of histological
material from the same sections. As a result of the analysis
of structural features of nervous tissues, and in particular
healthy white matter of the brain and glial tumors of
different degrees of malignancy, as well as physiological
characteristics, a mathematical model of scattering signal
formation in the tissues under study was created using
Mie theory (Table 3). The optical parameters of the model
composition media obtained as a result of modeling are
shown in Table 4.

Comparison of the results of numerical modeling
of laser radiation propagation in a complex medium
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that contains scatterers with parameters corresponding
to the main structural elements of nervous tissues and
hemoglobin as the main chromophore and the data of
spectroscopic study carried out in vivo showed a good
correspondence between the developed mathematical
model and clinical data (Table 5).

As can be seen from the above results, both in
numerical experiment and in vivo spectroscopic studies,
differences in light-scattering properties were observed
for the center and edge of tumor of different degrees of
malignancy.

The light scattering of the central portion of benign
neoplasms is less pronounced than that observed in
glioblastoma. However, in both cases, this value is markedly
lower than that exhibited by normal white matter. (Fig. 2).
This can be explained by competing effects occurring
at the tissue level during tumor development affecting
the scattering signal. Gradual demyelination of nerve
fibers, their displacement and destructurization, as well

Mopdonornyeckme xapakTepUCTUKU, NOCAYKUBLUUE BXOAHbIMU A@HHbIMU AJ11 MOAENMPOBaHUA ONTUYECKUX CBOMCTB

OTAE/IbHbIX KOMMOHEHTOB HEPBHbIX TKAHEN
Table 3

Morphological characteristics that served as input data for modeling the optical properties of individual compo-

nents of neural tissues

Kpain onyxonu

MapameTp
P, 1/MKm? P, 1/MKm?
Hopma 4/05/08  00004/200/  1.39/142/ )
Normal tissue (100%) 0.07 1.455
Creneib II-Il 9.5/03/ 00007/70/  1.39/142/ 8.5/03/ 0.0005/70/ 139/1.42
Grade lI-1ll 0.8 (40%); 0.07 1455 0.8 (50%); 0.07 /1.455
0.48 (60%%) : : 0.48 (50%%) : :
Crenenib IV ! %%Ség,;/ﬁ)? / 0.0015/ 139/1.42/ %%/(26%2)-/ 0.0007 /30/ 139/1.42
Grade IV o 0-30/0.07 1455 o 0.07 /1.455

*a - AnaMeTp paccenBaTtena, 0 — NIOTHOCTb AAepP, N — NOKasaTeNnb nNpenomneHna. 3HaueHus npuseneHbl ona aapa / MUTOXOHAPUN / MUEeNnuHM-

31POBaHHbIX BOTOKOH.

*a - diameter of scatterers, p — nuclei density, n - reflectance index. Values are provided for nucleus / mitochondria / myelinated fibers.
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OnTuyecKkue cCBOMCTBA HEepPBHbIX TKaHeu ¢ pasnwmoﬁ Mopd)onorweﬁ, nony4yeHHble B pe3y/ibTaTe MaTeMaTUu4ecKoro
MOAeNUpPOBaHUS C UCMOJIb30BaHUEM MHOITOKOMMOHEHTHOW Moaenu COOTBETCTBYHOLNUX TKaHen

Table 4

Optical properties of nervous tissues with different morphology obtained by mathematical modeling using a multi-

component model of the corresponding tissues

AnuHa

MapameTp BOJIHbI, HM

C'reneub -1l C'reneub v

Ll,eH'rp Kpan Lleu'rp Kpan
onyxonun onyxonun onyxonun onyxonu

u, 1/cm 632.8 113.7
M, 1/em 710 88.4
u, 1w 632.8 17
M., 1/em 710 076

632.8 0.85
G

710 0.84
Ta6nuya 5

49.7 54.2 112.6 50.9
39.3 429 90 40.3
3 2.2 7.1 35
2 1.5 2.5 1.2
0.89 0.86 0.9 0.89
0.88 0.85 0.89 0.88

ConocTtaBneHne gaHHbIX UMUTALMOHHOIO MOAENTUPOBAHUSA U pe3ynbratoB CNEKTPOCKOMNUn in vivo

Table 5

Comparison of simulation results with in vivo spectroscopy

Crenenb -1l

AnddysHoe oTpakeHue
Mo OTHOLUEHUIO

K HOpMaanOI‘il TKaHN

MoHTe-Kapno

Monte Carlo 0.22+0.001

632.8 HM

Rzl 0.21+0.02

in vivo
as a decrease in the number of mitochondria due to the
transition of tumor cells from oxidative phosphorylation
to glycolysis, lead to a decrease in the scattering signal,
while an increase in the size and density of nuclei leads
to its increase. For different parts of the tumor of one
patient, this effect can be traced by comparing the central
part of the tumor and its edge, where these changes
are less pronounced than in the center. Here we see the
opposite picture. The tumor edge of benign neoplasms
exhibits higher scattering properties than the edge of
glioblastoma, because in this region in the former case
there is not yet significant destructurization of myelinated
fibers and the decline of the scattering signal is due to
the greatest extent to metabolic changes leading to
the depletion of intracellular composition, while in the
latter case all components leading to the decline of the
scattering signal are already evident, but cellular density
is not as pronounced as in the center of the tumor. Thus,
we can rank the considered areas of pathologically altered
tissues in the following order: normal white matter, edge of
benign tumor, center of benign tumor, edge of malignant

CreneHnb IV

0.41+0.002 0.56%0.001 0.28+0.001

0.37+0.02 0.53+0.02 0.26+0.02

tumor, center of malignant tumor, which illustrates the
competitive nature of parameters influencing the light
scattering signal.

Conclusion

The study of the scattering properties of glial tumors,
both in vivo during neurosurgical operations and ex vivo
during biobanking of the samples, showed that in the
regions with low accumulation of tumor marker (5-ALA
induced PplX) and insignificant changes perceived
visually, that the light scattering signal, registered at a
small distance between the light source and the receiver
and that mostly depends on the changes occurring at the
subcellular level, has the highest contrast compared to
the normal white matter of the brain. Thus, the diagnostic
value of analyzing the light-scattering properties of
neural tissues in the perifocal zone of glial tumors has
been demonstrated.
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