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Резюме
Нейрохирургия внутричерепных опухолей, особенно глиального происхождения, представляет нетривиальную задачу в силу их ин-
фильтративного роста. В последние годы в нейрохирургии активно используются оптические методы интраоперационной навигации, 
однако один из наиболее широко распространенных подходов, основанный на селективном накоплении опухолью флуоресцентного 
контрастного вещества (5-АЛК индуцированного протопорфирина IX), не может быть применен для значимой части опухолей вслед-
ствие его низкого накопления. Напротив, спектроскопия комбинационного рассеяния, позволяющая проводить анализ молекуляр-
ного состава тканей с сохранением всех достоинств метода флуоресцентной спектроскопии, не требует при этом введения экзоген-
ного красителя и может быть вариантом выбора при построении системы интраоперационной навигации или оптической биопсии.

Abstract
Neurosurgery of intracranial tumors, especially of glial origin, is a non-trivial task due to their infiltrative growth. In recent years, optical methods 
of intraoperative navigation have been actively used in neurosurgery. However, one of the most widely used approaches based on the selective 
accumulation of fluorescent contrast medium (5-ALA-induced protoporphyrin IX) by the tumor cannot be applied to a significant number of 
tumors due to its low accumulation. On the contrary, Raman spectroscopy, which allows analyzing the molecular composition of tissues while 
preserving all the advantages of the method of fluorescence spectroscopy, does not require the use of an exogenous dye and may become a 
method of choice when composing a system for intraoperative navigation or optical biopsy.
This work presents the first results of using the principal component method to classify Raman spectra of human glioblastoma with intermedi-
ate processing of spectra to minimize possible errors from the fluorescence of both endogenous fluorophores and photosensitizers used in 
fluorescence navigation. As a result, differences were found in the principal component space, corresponding to tissue samples with microcystic 
components, extensive areas of necrosis, and foci of fresh hemorrhages. It is shown that this approach can serve as the basis for constructing a 
system for automatic intraoperative tissue classification based on the analysis of Raman spectra.
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Introduction
The main problems of  intracranial tumor neuro-

surgery are related to the complexity of tumor border 
demarcation due to the peculiarities of their growth. 
Glial tumors are known to propagate  into the healthy 
white matter of the brain as tumor cells move along the 
blood vessels and nerve tracts due to the friendly micro-
environment formed by the tumor-recruited  immune-
competent cells. Such  infiltration  into healthy tissue 
makes radical resection  impossible without creating a 
significant neurological deficit for the patient. In this re-
gard, various  intraoperative navigation methods have 
been actively used  in neurosurgery  in recent years, al-
lowing for the most accurate differentiation of tumor 
and normal tissues, among which the optical technolo-
gies are particularly distinguished due to their efficiency 
and non-invasiveness. It  is well known that protopor-
phyrin IX induced by 5-aminolevulinic acid is used for in-
traoperative navigation  in glioblastoma surgery [1, 2]. 
Recently, many other methods for determining tumor 
borders have been  investigated, including quantitative 
exogenous fluorescence analysis [3, 4], endogenous flu-
orescence lifetime  imaging [5–7], optical coherence to-
mography (OCT) [8], hyperspectral imaging [9], and Ra-
man scattering spectroscopy (RSS) [10, 11]. Each of these 
methods has its advantages, but RSS stands out among 
them as it allows for direct analysis of the molecular com-
position of the studied tissues without  introducing any 
dyes, which leads to additional  interest  in this method 
as a diagnostic procedure which can determine tumor 
tissues characterized by a low level of accumulation of 
fluorescent markers, for example, tissues of benign glial 
tumors.

The first results of an RSS-based brain tumor analy-
sis were obtained by K. Tashibu [12]. The author  inves-
tigated the relative water concentration  in normal and 
edematous brain tissues of rats by analyzing the CH and 
OH groups in the range of high wavenumbers. Cytotoxic 
and vasogenic models of brain edema in rats were also 

studied [13]. The works of A. Mizuno et al. [14, 15] pro-
vide the spectra of  various brain tumors containing  in-
tense peaks characteristic for lipids. These early studies 
provided the  impetus for further study of human brain 
tumors.

The development of fiber-optic probes [16] was the 
main factor that promoted the use of RSS for in vivo re-
search. S. Koljenović et al. [17] examined pig brain tissue 
with the use of fiber-optic probes. As a result, it is shown 
that the analyzed Raman spectra of gray matter are 
dominated by bands associated with proteins, DNA, and 
phosphatidylcholine, while the white matter spectra are 
dominated by cholesterol and sphingomyelin.

Fiber-optic probes have also contributed to ex-
perimental studies of metastasis [18]. Melanoma cells 
were  injected  into the carotid artery of mice to cause 
brain metastasis. Serial sections were prepared from the 
whole mouse brain for analysis by Fourier spectroscopy 
and RSS methods. While metastatic melanoma cells were 
not detected with Fourier-infrared spectroscopy, RSS 
allowed for their detection with  irradiation at a wave-
length of 785 nm.

Ex vivo tissue studies provided essential  information 
about the nature and composition of normal and tumor 
tissues. In the above study [15], the authors used RSS and 
Fourier spectroscopy to study  various human brain tis-
sue samples and showed that the spectra of normal but 
edematous, gray and white matter were similar to the 
spectra of normal gray and white matter  in rats. It was 
observed that the spectra of gliomas, neurinomas, and 
neurocytomas are similar to those of gray matter in rats. 
In the study [19], 24 Raman maps were produced from 
unstained and unfixed sections of 20 glioblastoma tissue 
samples obtained from 20 patients. The necrotic tissues 
were found to have  increased levels of cholesterol and 
cholesterol ester.

C. Krafft et al. [20, 21] performed brain tissue RSS for 
qualitative and quantitative analysis of lipid content. 
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В настоящей работе представлены первые результаты использования метода главных компонент для классификации спектров ком-
бинационного рассеяния глиобластомы человека с промежуточной обработкой спектров для минимизации возможных ошибок от 
флуоресценции как эндогенных флуорофоров, так и фотосенсибилизаторов, используемых при флуоресцентной навигации. В ре-
зультате были обнаружены различия в пространстве главных компонент, соответствующие образцам тканей с микрокистозными 
компонентами, обширными участками некрозов, фокусами свежих кровоизлияний. Показано, что данный подход может послужить 
основой для построения системы автоматической интраоперационной классификации тканей на основе анализа спектров комбина-
ционного рассеяния.

Ключевые слова: глиобластома, оптическая биопсия, спонтанное комбинационное рассеяние, метод главных компонент.
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Higher levels of lipids  in normal tissues and higher he-
moglobin content have been reported, and a lower ratio 
of lipids to proteins  in  intracranial tumors cases. Thus, 
RSS can be used to differentiate between normal and tu-
mor tissues, as well as to determine the type and degree 
of malignancy of the tumor.

Due to the new facts about the relative content of lip-
ids in brain tumors, Raman spectra of lipid extracts from 
seven human tissue samples were obtained [22]. Glioma 
tissues were characterized by  increased water content 
and reduced lipid content, the results being consistent 
with the data obtained in the study of pig tissues.

Raman scattering (RS) was used to discover that the 
ratio of phosphatidylcholine to cholesterol  is higher  in 
gliomas compared to healthy tissues. The use of RSS 
helped differentiate brain tumors  in children from nor-
mal brain tissue and distinguish similar types of tumors 
from each other [23].

Some works related to  intraoperative  in vivo studies 
of brain tumors have been published recently. As men-
tioned earlier, surgical resection  in the case of  intracra-
nial tumors  is challenging: any residual tumor cells can 
lead to a relapse, while healthy tissue removal can lead 
to cognitive impairment. Thus, early resection, as well as 
maintaining the functional status of patients, are crucial 
to achieving optimal results.

In a study involving 10 patients [24], the authors ob-
tained real-time Raman spectra of healthy brain tissues, 
tumors, and necrotic tissues  in  vivo  in real-time mode. 
Another study [10] shows differences in the Raman spec-
tra between normal and tumor tissues  in terms of the 
position of peaks of phospholipids, proteins, and nucleic 
acids.

The effectiveness of RSS was compared with that 
of MRI, which  is a standard  imaging method [25]. It  is 
crucial to recognize that modern imaging technologies, 
including standard MRI, do not allow for the detection 
of distant invasive cells of glial brain tumors, since this 
restriction significantly reduces the effectiveness of 
surgical treatment of glioma. The authors of the paper 
demonstrate that RSS can detect  invasive tumor cells 
far beyond the tumor detected by MRI in humans dur-
ing surgery. RSS detects an invasion at a distance of ~ 
3.7 cm and ~ 2.4 cm outside the borders of the MRI con-
trast zone.

To sum up the above, it is possible to conclude that 
RSS  is the option of choice for  intraoperative naviga-
tion  in neurosurgery of  intracranial tumors, especially 
of glial origin. RSS has a high spatial resolution, high 
data collection rate, and high sensitivity to changes in 
the molecular composition of tissues. It can detect  in-
vasive tumor cells without slowing down the neurosur-
gical process and complement or replace MRI-guided 
neuronavigation as a method for determining tumor 
boundaries.

Materials and methods
A spectroscopic system consisting of a Raman-HR-

TEC-785 Raman scattering spectrometer (StellarNet, 
USA), a narrow-band laser radiation source with a wave-
length of 785  nm (the width at half the amplitude of 
the laser peak of 0.2 nm, power up to 500 mW) Ramu-
laser™ 785 (StellarNet, USA), and a fiber-optic confocal 
probe for laser radiation and Raman scattering signal 
delivery (fig. 1) was used  in this study. The use of the 
probe made it possible to receive a signal from an area 
less than 0.5 mm in diameter on the sample surface. The 
spectrometer was controlled from a computer with the 
software developed by us that allows recording a series 
of Raman spectra. This system allows recording spec-
tra in the range of 800–1000 nm, which corresponds to 
the range of Stokes shifts of 200–2750 cm-1. The spectral 
resolution of the system was 4 cm-1.

The studied material was obtained during the remov-
al of human  intracranial tumors (4  patients diagnosed 
with glioblastoma multiforme) and provided by the 
N. N. Burdenko National Medical Research Center of Neu-
rosurgery. The material was examined under two condi-
tions: in the operating room immediately after removal, 
ex vivo (2 patients, 7 tissue samples), and in the biobank 
2 hours after removal (3 patients, 6 samples). During its 
transfer from the operating room to the biobank, the ma-
terial was stored in saline.

The Raman spectra of each sample were recorded in 
a series of 5 measurements, with subsequent averaging. 
The exposure time of each measurement was 30 seconds 
(a total of 2.5  minutes per series) due to the technical 
limitations of the spectrometer used. Before each series, 
the background was measured (a series of 5 spectra of 
30  seconds each), with the laser turned off. The back-
ground signal and Raman spectrum were measured in a 
darkened room.

During preprocessing, the spectra were first averaged 
within each series to reduce the contribution of random 
noise to the resulting signal. The corresponding average 
background spectrum was then subtracted from the 
average Raman spectra to exclude errors caused by the 
measurement conditions.

The obtained spectra were characterized by a high in-
tensity of fluorescence, which  is a noise signal for the 
RSS and worsens its decoding properties. To exclude the 
fluorescence component from the recorded signal, the 
algorithm presented in the paper [26] was used (Fig. 2). 
The method uses a continuous wavelet transform to de-
termine the position of sharp Raman peaks and subtract 
the smooth background signal. The resulting spectrum 
was smoothed by a third-order Savitzky–Golay filter.

One of the difficulties in characterizing a tissue sample 
from the Raman spectrum is due to the high dimension-
ality of the obtained spectra, i. e., a large number of sig-
nificant Raman peaks from various organic compounds. 
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Raman spectra, unlike, for example, fluorescence spec-
tra, are characterized by a large number of characteristic 
spectral lines, and their visual  interpretation becomes a 
non-trivial task. To solve this problem, the principal com-
ponent analysis (PCA) method was used as a dimension-
ality reduction method. Each spectrum represents a point 
on a hyperplane with a dimension corresponding to the 
number of values in the measured Raman spectrum. The 
PCA method rotates the coordinate system so that the 
axes lie along the data in the direction of the largest dis-
persion. With this rotation, each principal component is 
a linear combination of values along the original axes. At 
the same time, we do not need to consider those axes on 
which the data spread after such a rotation  is minimal. 
This provides dimensionality reduction.

Results and discussion
Raman spectra of human glioma tissue specimens 

were obtained. Each of the samples was verified as glio-
blastoma multiforme WHO Grade  IV. Foci of necrosis 
and vascular proliferation were found in all samples.

The Raman spectra obtained from each of the sam-
ples were processed according to the above methods. 
This allowed us to obtain spectra with minimized mea-
surement errors and free from the fluorescent signal. As 
an example, fig. 3 shows the Raman spectra for patient 
K with the selection of the main peaks that characterize 
biomolecules whose content  is  increased  in tumor tis-
sues.

Patient K had the following distribution of material by 
biopsy: 1 – tumor, 20% necrosis; 2 – tumor, less than 30% 
necrosis; 3 – tumor, less than 40% necrosis, pronounced 
angiomatosis; 4 – tumor, up to 90% necrosis (of vascular 
genesis, being a conglomerate of thick-walled  vessels 
and adjacent tumor tissue). The difference  in the com-
position of the material is manifested in the difference in 
the  intensity of the Raman peaks; however, the peaks 
that characterize glial tumors remain clearly visible (Fig. 
3). Fig. 3 shows the significant contribution of cholester-
ol, protein, disaccharide, and nitrogenous bases into the 
process. As shown in the works of [19, 22], cholesterol can 
be associated with necrosis, which corresponds to the 
data of tumor specimen morphological studies.

The main components were analyzed in the spectral 
range of 900–1700 cm-1, since it is in this region that the 
peaks characteristic of glial tumors predominate [27]. The 
main spectral features were observed for protein (1236, 
1239  cm-1), nitrogenous bases (1181, 1572  cm-1), disac-
charide (1461 cm-1), deoxyribose (1430 cm-1), and choles-
terol (1085, 1296, 1032, 1451, 1659 cm-1), acyl residues of 
lipids (1086 cm-1) and phospholipids (1129 cm-1).

The PCA result showed that the main differences 
(71% of the variance) are explained by the first two prin-
cipal components (Fig. 4). If we consider the load spectra 
(how strongly the Raman signal affects the value of the 
principal component) of the first two components (Fig. 
5), we can see a positive contribution of the Raman sig-
nal  in the range of 1300–1450 cm-1 to the value of PC1, 

Рис. 1. Схема рабочей установки:
1. Источник узкополосного лазерного излучения с длиной волны 785 нм
2. Волоконно-оптический конфокальный зонд для доставки лазерного излучения и сигнала КР
3. Исследуемый образец биологической ткани
4. Спектрометр комбинационного рассеяния света
5. Компьютер со специальным программным обеспечением

Fig. 1. Working setup diagram:
1. Source of 785 nm narrow-band laser radiation
2. Fiber optic confocal probe for delivery of laser radiation and Raman signal
3. Sample of biological tissue
4. Raman spectrometer
5. Computer with special software
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Рис. 2. Работа метода вычитания флуоресцентного сигнала из спектра КР. Сверху – 
измеренный спектр КР и построенная методом [26] модель гладкого спектра 
флуоресценции. Снизу – спектр КР без флуоресценции
Fig. 2. The work of the method of subtracting the fluorescent signal from the Raman 
spectrum. Above are the measured Raman spectrum and the smooth fluorescence spec-
trum model constructed by the method [26]. Below is the Raman spectrum without fluo-
rescence

Рис. 3. Спектры КР образцов ткани пациента К. Значения интенсивности нормиро-
ваны на максимум и смещены для удобства представления. Вертикальными поло-
сами обозначены пики, характеризующие биомолекулы, содержание которых повы-
шено в опухолевых тканях: белки (1236, 1239 см-1, красный), азотистые основания 
(1181, 1572 см-1, синий), дисахарид (1461 см-1, желтый), дезоксирибоза (1430 см-1, 
пурпурный), фосфолипид (1129 см-1, серый), холестерин (1085, 1296, 1032, 1451, 
1659 см-1, зеленый)
Fig. 3. Raman spectra of patient K. tissue samples. Intensity values are normalized to 
a maximum and shifted for ease of presentation. The vertical lines indicate the peaks 
characterizing the biomolecules, the content of which is higher in tumor tissues: proteins 
(1236, 1239 cm-1, red), nitrogenous bases (1181, 1572 cm-1, blue), disaccharide 
(1461 cm-1, yellow), deoxyribose (1430 cm-1, magenta), and phospholipid (1129 cm-1, 
gray), cholesterol (1085, 1296, 1032, 1451, 1659 cm-1, green)
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Рис. 4. Собственные значения главных компонент
Fig. 4. Eigenvalues of the principal components

Рис. 5. Спектры нагрузки для первых двух главных компонент. Цветом выделены 
сдвиги, соответствующие биомолекулам, содержание которых повышено 
в опухолевых тканях (см. рис. 3)
Fig. 5. Loading score spectra for the first two principal components. Highlighted in color 
are the shifts corresponding to biomolecules, the content of which is higher in tumor tis-
sues (see Fig. 3)

probably caused by high blood content. In this case, the 
PC2 value decreases with the increase of the signal from 
proteins, nitrogenous bases, and cholesterol (values at 
shifts of 1032 and 1085 cm-1).

Distributions of the measured spectra from the first 
two principal components were obtained (Fig. 5, left). 
The material measured in the operating room forms a 
dense group  in the third quarter of the PC1/PC2  co-
ordinate plane. At the same time, no groups of mea-
sured samples are formed on the PC1/PC3 plane (Fig. 
5, on the right), which suggests that the use of more 
than two main components when considering the 

measured data set is redundant. The Raman spectra of 
specimens from patient B, characterized by a massive 
hemorrhage, also lie  in the negative PC1  range. The 
pathomorphological description of the tumor tissues 
of patient B showing the highest differences from the 
rest of the analysis by principal component method in-
cludes, in addition to the basic features of glioblasto-
ma, such features as gliomezodermal scar tissue, and 
the presence of microcystic component, large areas of 
necrosis, and foci of fresh hemorrhage  in the tumor. 
The pattern corresponds to glioblastoma with thera-
peutically induced changes.
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