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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 1X) 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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Pesiome

Helipoxupyprua BHyTpuiepenHbIx onyxosein, 0CO6eHHO FnanbHOro NPONCXOXAEHNA, MPeACTaBIAET HETPVBUAbHYIO 3aAady B CUY X UH-
dunbTpaTMBHOrO pocTa. B nocneHve rofibl B HePOXMPYPrum akTMBHO UCMOSb3YIOTCA ONTUYECKIE METOAbI MIHTPaoNepaLVIOHHON HaBMraLuy,
OfHaKO OJVH 13 Hanbonee LWPOKO PacnpPOCTPaHEHHbIX MOAXOA0B, OCHOBAHHbI Ha CENEKTVBHOM HaKOMIEHUM OMyXOnblo GpiyopecLieHTHOro
KOHTpacTHoro Belyectsa (5-AJIK nHayLuupoBaHHoro npotonopoupurHa IX), He MOXeT 6bITb NPUMEHEH AJ1A 3HAUMMON YacTy ONyxXosieln BCep-
CTBME ero HW3KOro HaKomieHna. HanpoTue, cnekTPoCKonuA KOMOVMHALMOHHOIO pacceaHs, NO3BONALAA MPOBOAUTL aHaNn3 MoneKynap-
HOro CoCTaBa TKaHel C CoXpaHeHVeM BCex AOCTOMHCTB MeTofa $prlyopecLieHTHON CNEeKTPOCKONNY, He TpebyeT Npu 3TOM BBEAEHNA SK30reH-
HOTO KpacuTens 1 MoXeT OblTb BapraHTOM Bbi6opa NMpw MOCTPOEHMN CUCTEMbI MHTPaonepaLioHHON HaBUraLyn Uy ONTUYECKOo Gruoncuu.
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B HacTosLwwei paboTe npeacTaBfieHbl MeEPBble Pe3ysbTaThl UCMOb30BAHUA METOAA MaBHbIX KOMMOHEHT AN KnaccurKaLumm CneKTpoB KOM-
6MHALMOHHOTO paccesHnsA rMMo6aacToMbl YeNoBEKa C MPOMEXKYTOUHON 06paboTKON CMEKTPOB AJ1A MUHUMU3aLIMN BO3MOXHbIX OLUNGOK OT
dnyopecueHLMn Kak SHAOreHHbIX GpyopodopoB, Tak 1 GOTOCEHCMOUNN3ATOPOB, NCMONb3yeMbIX NPU GpIyOpPECLIEHTHOW HaBuraumn. B pe-
3ynbTate 6biin 06HAPYKEHbI Pa3NNYKsA B NPOCTPAHCTBE M1aBHbIX KOMMOHEHT, COOTBETCTBYIOWME 06pa3Lam TKaHel C MUKPOKMNCTO3HbIMY
KOMMOHEHTaMW, OBGLIMPHBIMU YYacTKamy HEKPO30B, GOKYCamMy CBEXKUX KPOBOM3NUAHWIA. [ToKa3aHO, YTO AAHHDBIN NMOAXOA MOXKET MOCYXNUTb
OCHOBOW [/1A1 MOCTPOEHUA CUCTEMbI aBTOMATUYECKOW MHTPaonepaLyioHHO KnaccuduKaLymy TKaHen Ha OCHOBE aHanun3a CNeKTPOoB KOMOUHa-

LUMNOHHOIo pacceAaHuns.
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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. Koljenovi¢ 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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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™ The spectral
resolution of the system was 4 cm™

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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Puc. 1. Cxema pa6oyei yCTaHOBKMU:

1. NCTOYHUK Y3KONONOCHOIO 1Ta3€PHOro U3Jly4eHUs C AJIMHOM BOJIHbI 785 HM

2. BO/IOKOHHO-ONTUYECKUIN KOHGOKasbHbIV 30HA A1 LOCTABKMW Na3epHOro uanyyeHus u curHana KP
3. Uccnepyembiii o6pasel; GUMONOrM4ecKom TKaH!

4. CneKTpoMeTp KOMOMHALMOHHOIO paccesiHusa cBeTa

5. KomnbloTep co cneuunanbHbiM NPorpaMmMHbIM o6ecrneyeHuem

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

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™, 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), nitrogenous bases (1181, 1572 cm™), disac-
charide (1461 cm™), deoxyribose (1430 cm™), and choles-
terol (1085, 1296, 1032, 1451, 1659 cm™), acyl residues of
lipids (1086 cm™) and phospholipids (1129 cm™).

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™ to the value of PC1,
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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-
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Puc. 3. CnekTtpbl KP 06pa3uoB TKaHU nauueHta K. 3HayeHUss MUHTEHCMBHOCTU HOPMUPO-
BaHbl HA MAaKCUMyM U CMeLleHbl Ans yao6cTBa npeactaBieHusi. BepTukanbHbiMU nono-
camu 0603HauYeHbl NMUKKU, XapaKTepu3ylowme GUOMOJIEKY/bl, COgepKaHUe KOTOPbIX MOBbI-
LWEHO B ONyX0NeBbIX TKaHAX: 6enku (1236, 1239 cm?, KpacHblii), a30TUCTblE OCHOBAHUS
(1181, 1572 cm?, cunuin), aucaxapug (1461 cm?, kentbiit), ne3okcupubo3a (1430 cm?,
nypnypHbii), pochonunupg (1129 cm?, cepblit), xonectepu (1085, 1296, 1032, 1451,
1659 cm?, 3eneHbli)

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?, red), nitrogenous bases (1181, 1572 cm®, blue), disaccharide
(1461 cm?, yellow), deoxyribose (1430 cm?, magenta), and phospholipid (1129 cm?,
gray), cholesterol (1085, 1296, 1032, 1451, 1659 cm™*, green)
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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™).

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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Fig. 6. PCA of the Raman spectra of tumor tissue samples from four patients, measured in the operating room ex vivo

and in the biobank

The pathomorphological description of patient C's
tissues also mentioned, against the background of the
main features of multiform glioblastoma, microcystic
structure, and foci of recent hemorrhages.

Conclusion

The paper presents the first results of the main com-
ponent method for classification of spectra of glioblas-
toma tissue samples with intermediate processing of
spectra to minimize possible errors due to fluorescence
of both endogenous fluorophores and photosensitizers
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