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Abstract
The di�culty of intraoperative delineation of glial tumors is due to the peculiarities of their growth along vessels and nerve �bers with in�ltration 
of healthy white matter. Insu�ciently 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 di�use re�ectance spectroscopy have found wide 
application in intraoperative neuronavigation, mainly for detecting the edges of di�use 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 di�erent. 
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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Резюме
Сложность интраоперационного определения границ глиальных опухолей обусловлена особенностями их роста вдоль сосудов и 
нервных волокон с инфильтрацией здорового белого вещества. При этом недостаточно полное удаление опухолевых тканей приво-
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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 �uorescence 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 
cancer diagnosis with the possibility of intraoperative tissue 
assessment is Di�use Re�ectance Spectroscopy (DRS). 
DRS is a non-invasive or minimally invasive technique that 
typically uses separate optical �bers – to deliver broadband 
light to the tissue and to register di�usely re�ected light 
with a spectrometer. Di�use re�ectance 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 �brosis in patients with rectal cancer as a 
guide to surgery [8], and to record optical mammograms 
and quantify absorption and scattering properties, from 

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 �brotic 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 classi�cation is 
still insu�cient and the DRS method requires further 
development. In this paper, we interpret a number of our 
�ndings on the di�use light re�ection 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 

di�use re�ectance and �uorescence spectra in vivo
Di�use re�ectance spectra of tumor tissues are 

the object of the present study. The �uorescence of 
5-aminolevulinic acid (5-ALA) induced protoporphyrin 
IX (PpIX) was used as a marker of tumor changes in 

дит к рецидивам, а избыточное удаление чревато неврологическими осложнениями. Методы оптической спектроскопии характери-
зуются высокой скоростью, точностью и неинвазивностью, что обуславливает перспективность их использования для интраопера-
ционной демаркации границ таких опухолей. Спектроскопия флуоресценции и диффузного отражения нашли широкое применение 
в интраоперационной нейронавигации, главным образом, для обнаружения краев диффузных глиом. При этом в последние годы 
активно развивается направление ex vivo спектрального анализа образцов опухолей с помощью сочетания различных методов опти-
ческой спектроскопии, включающих спектроскопию как упругого, так и неупругого рассеяния. Очевидно, возможности регистрации 
спектров при интраоперационной работе и на свежих образцах отличаются. В настоящей статье проведено сравнение результатов 
анализа оптико-спектральных характеристик внутричерепных опухолей при интраоперационной диагностике и анализе ex vivo, а 
также предложена математическая модель для интерпретации наблюдаемых зависимостей.

Ключевые слова: глиальные опухоли, оптическая спектроскопия, рассеяние, математическое моделирование, Монте-Карло моде-
лирование.
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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 PpIX and markers of structural changes 
determined by the di�use re�ectance spectrum.

For simultaneous registration of di�use re�ectance 
and �uorescence spectra, the device described in [13] was 
used. The emission from a broadband source (halogen 
lamp) was �ltered through a 500–600 nm bandpass �lter. 
A laser source with a wavelength of 632.8 nm (He-Ne laser) 
was used to excite the �uorescence. Di�use re�ectance 
and �uorescence spectra were recorded simultaneously 
in 500–640 and 640–850 nm spectral ranges, respectively. 
Measurements were performed using a �ber-optic probe, 
the illumination and the receiving �bers were collected in a 
special bundle and placed on one side of the object, which 
determined the speci�cs of signal registration in the di�use 
re�ectance 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. Di�use re�ectance 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.

Method and device for simultaneous recording of 
di�use re�ectance and Raman spectra ex vivo

Studies of the combined method of ex vivo optical 
biopsy of tumor samples were conducted in the laboratory 
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 veri�cation 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, �uorescence was measured at 405 nm 
and 632.8 nm, and di�use re�ectance was measured 
in 500–600 nm spectral range using Biospec LESA-01-
BIOSPEC spectrometer. In this paper, we use only di�use 
re�ectance 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 signi�cant contribution of these 
spectroscopic features to the principal components.

Algorithm for processing di�use re�ectance spectra
Raman, �uorescence, and di�use re�ectance 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.

From the �uorescence spectrum of PpIX, 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 PpIX �uorescence 
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 
�rst of these parameters.

The spectrum of di�usely re�ected by the tissue 
broadband light was used to calculate the hemoglobin 
concentration [17] in the sample and the light scattering 
coe�cient [18].

Model of light interaction with structural elements 
of tumor tissues

To determine the in�uence of the measurement 
geometry and biological processes occurring in the 
tumor on the recorded signals, a mathematical model 
of the studied biological tissue in di�erent 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 

Рис. 1. Схема регистрации сигнала диффузного отражения: 
r – расстояние от центра осветительного волокна до центра 
приемного волокна, NA

s
 – числовая апертура осветительного 

волокна, NA
R
– числовая апертура приемного волокна.

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

s
 – numerical aperture of the illumination 

fiber, NA
R
 – numerical aperture of the receiving fiber.
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to the illuminator and receiver than the di�usion 
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 in�nite cylinder solution, also proposed by Bohren 
and Hu�man, was used to model the scattering of an 
electromagnetic wave on myelinated nerve �bers. 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 
µs’ and µa coe�cients. 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 di�use re�ection 
coe�cient on the absorption and scattering coe�cients 
for a semi-in�nite 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 �bers and blood vessels without 

forming a capsule, which leads to their in�ltration 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 �bers [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 
a�ects scattering.

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

Таблица 1
Результаты исследования показателя фракционной 
анизотропии для глиальных опухолей различной 
степени озлокачествления 
Table 1
Results of the fractional anisotropy index study for 
glial tumors with different degrees of malignancy

Центр 
опухоли 

Tumor 
center 

Граница 
Edge

Нормальное 
белое вещество

Normal white 
matter 

Источник 
Reference

Глиобластома (IV стадия)
Glioblastoma (Grade IV) 

0.257 0.467 [30]

0.13 0.16 0.47 [26]

0.13 0.2085 0.4685 cреднее
 average

Анапластическая астроцитома (III стадия)
Anaplastic astrocytoma (Grade III) 

0.165 0.168 0.391 [31]

0.223 0.467 [30]

0.165 0.1955 0.429 cреднее
average

Диффузная астроцитома (II стадия)
Di�use astrocytoma (Grade II) 

0.144 0.259 0.391 [32]
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cells are observed. The numerical values of this coe�cient, 
averaged from data from the literature, are shown in Table 1. 

For modeling purposes, to unify data from di�erent 
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 IV) 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 signi�cant e�ect on light scattering by the cell [42, 
43]. Also, by analyzing liver slices using phase-contrast 
microscopy, Schmitt and Kumar showed a signi�cant 
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 classi�cation is 

the intensity of di�use light scattering [13, 16]. Results 
con�rming this observation were obtained in [12].

Our in vivo and ex vivo studies included di�erent 
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/
�brotic/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 di�erences 
in the distribution of light scattering in di�erent types of 
glioblastoma tissues are also observed. For example, in 
in vivo measurements, we could a�ord 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.

Таблица 2 
Данные кариоморфометрии для глиальных опухолей различной степени озлокачествления
Table 2
Karyomorphometry data for glial tumors of different degrees of malignancy

Гистологический тип 
Histological type 

Макс. диаметр, 
мкм

Max diameter, 
μm 

Отношение 
меньшей оси 

эллипса к 
большей 

Inverse aspect 
ratio of the 

ellipsis

Клеточная 
плотность,  

1/мм2

Cell density,  
1/mm2 

Клеточная 
плотность,  

1/мкм3

Cell density,  
1/μm3

Нормальное белое вещество 
Normal white matter 4–5 [33] - 850.9 [32] 0.025×10-3

Пилоцитарная астроцитома (степень I)
Pilocytic astrocytoma (Grade I) - - 2689±745 [34] 0.14×10-3

Диффузная астроцитома (степень II)
Di�use astrocytoma (Grade II) 8.93±1.26 [35] 0.74±0.13 [36] 2363±726 [37] 0.12×10-3

Анапластическая астроцитома
(степень III)
Anaplastic astrocytoma (Grade III) 

9.61±0.9 [27] 0.65±0.15 [36] 4864±1428 [37] 0.34×10-3

Глиобластома (степень IV)
Glioblastoma (Grade IV) 10.65±3.44 [35] 0.627±0.5 [38] 5540±2160 0.41×10-3
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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 PpIX) 
in the patient’s tissues during tumor removal were 
investigated. For this purpose, the data of spectroscopic 
study performed in vivo in di�erent 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 
di�erent 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 

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, 
di�erences in light-scattering properties were observed 
for the center and edge of tumor of di�erent 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 e�ects occurring 
at the tissue level during tumor development a�ecting 
the scattering signal. Gradual demyelination of nerve 
�bers, their displacement and destructurization, as well 

Рис. 2. Вариация индекса диффузного рассеяния в опухолевых тканях (представлен сигнал диффузного отражения на длине 
волны 632.8 нм), регистрируемая (a) интраоперационно in vivo и (b) на образцах из операционной ex vivo.
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.

а b

Таблица 3 
Морфологические характеристики, послужившие входными данными для моделирования оптических свойств 
отдельных компонентов нервных тканей
Table 3
Morphological characteristics that served as input data for modeling the optical properties of individual compo-
nents of neural tissues

 
Параметр 
Parameter 

Центр 
Center

Край опухоли
Tumor edge

a, мкм
 a, μm

ρ, 1/мкм2

ρ, 1/μm2 n a, мкм 
a, μm

ρ, 1/мкм2

ρ, 1/μm2 n

Норма 
Normal tissue 

4 / 0.5 / 0.8 
(100%)

0.0004 / 200 / 
0.07

1.39 / 1.42 / 
1.455 -

Степень II–III
Grade II–III

9.5 / 0.3 / 
0.8 (40%); 

0.48 (60%*)
0.0007 / 70 / 

0.07
1.39 / 1.42 / 

1.455
8.5 / 0.3 / 
0.8 (50%); 

0.48 (50%*)
0.0005 / 70 / 

0.07
1.39 / 1.42 

/1.455

Степень IV 
Grade IV 

10.65 / 0.25 / 
0.8 (20%); 

0.48 (80%*)
0.0015 / 

0-30 / 0.07
1.39 / 1.42 / 

1.455
9.5 / 0.25 / 
0.8 (40%); 

0.48 (60%*)
0.0007 / 30 / 

0.07
1.39 / 1.42 

/1.455

*a – диаметр рассеивателя, ρ – плотность ядер, n – показатель преломления. Значения приведены для ядра / митохондрии / миелини-
зированных волокон.
*a – diameter of scatterers, ρ – nuclei density, n – re�ectance index. Values are provided for nucleus / mitochondria / myelinated �bers.
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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 di�erent parts of the tumor of one 
patient, this e�ect 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 signi�cant destructurization of myelinated 
�bers 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 

tumor, center of malignant tumor, which illustrates the 
competitive nature of parameters in�uencing 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 PpIX) and insigni�cant 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.

This work was �nancially supported by the Ministry of 
Science and Higher Education of the Russian Federation 
(Agreement No. 075-15-2021-1343 dated October 4, 2021).

Таблица 4 
Оптические свойства нервных тканей с различной морфологией, полученные в результате математического 
моделирования с использованием многокомпонентной модели соответствующих тканей 
Table 4
Optical properties of nervous tissues with different morphology obtained by mathematical modeling using a multi-
component model of the corresponding tissues

Параметр
Parameter

Длина 
волны, нм

Wavelength, 
nm

Норма
Normal 
tissue 

Степень II–III
Grade II–III

Степень IV
Grade IV

Центр 
опухоли 

Tumor 
center

Край 
опухоли 

Tumor 
edge

Центр 
опухоли 

Tumor 
center

Край 
опухоли 

Tumor 
edge

µs, 1/см 
µs, 1/cm 

632.8 113.7 49.7 54.2 112.6 50.9

710 88.4 39.3 42.9 90 40.3

µa, 1/см 
µa, 1/cm 

632.8 1.7 3 2.2 7.1 3.5

710 0.76 2 1.5 2.5 1.2

G
632.8 0.85 0.89 0.86 0.9 0.89

710 0.84 0.88 0.85 0.89 0.88

Таблица 5 
Сопоставление данных имитационного моделирования и результатов спектроскопии in vivo 
Table 5
Comparison of simulation results with in vivo spectroscopy

Диффузное отражение  
по отношению  

к нормальной ткани 
Di�use re�ectance compared 

to normal tissue

Степень II–III
Grade II–III

Степень IV
Grade IV

Центр опухоли 
Tumor center

Край опухоли 
Tumor edge

Центр опухоли 
Tumor center

Край опухоли 
Tumor edge

Монте-Карло
Monte Carlo 632.8 нм 

632.8 nm 

0.22±0.001 0.41±0.002 0.56±0.001 0.28±0.001

in vivo 0.21±0.02 0.37±0.02 0.53±0.02 0.26±0.02
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