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HIGHLIGHTS GRAPHICAL ABSTRACT

e Raman spectroscopy has a potential to
serve as a tool for differentiation of
brain tumor from normal brain tissue.

e Raman spectroscopy could be helpful in
distinguishing malignant lesion from
benign with high sensitivity and
specificity.

e Raman spectroscopy could be helpful in 5::;:3::“'
identification of tumor type with high P @
sensitivity and specificity.

o There is a need for more studies on Sl aED B
Raman spectroscopy accuracy in differ- T
entiation of brain tumor types and sub- :
types, especially in vivo.

Original studies

ARTICLE INFO ABSTRACT
Keywords: Importance: There are several methods of intraoperative tumor border identification, but none of them is perfect.
Raman spectroscopy There is a need of a new tool.

Brain tumor
Brain surgery
Tumor borders
Intraoperative

Objective: Raman spectroscopy, being a noninvasive, requiring no tissue preparation, quick technique of sub-
stance structure identification, is a potential tool for intraoperative identification of brain tumor. This meta-
analysis aimed to assess the accuracy of Raman spectroscopy in differentiation of normal brain tissue from brain
tumor.

Data sources: PubMed, Google Scholar, Scopus and Web of Science databases were searched until October 1,
2024.

Study selection: All English-language articles reporting efficacy and accuracy of Raman spectroscopy for brain
tumor differentiation were analyzed, sufficient data to construct 2x2 table was extracted. Exclusion criteria:
studies using data from national databases; reviews, conference abstracts, case studies, letters to the editor;
studies with irrelevant or not sufficient data; not human tissue used in the experiment. 6112 records were found;
after exclusion, the suitability of 64 full-text articles was evaluated. 18 studies were reviewed and included into
the meta-analysis.

Data extraction and synthesis: The meta-analysis was performed in accordance with PRISMA guidelines and rec-
ommendations. Methodological quality was assessed according to the QUADAS-2 guidelines. Data were extracted
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by multiple observers and any discrepancies were resolved by discussion and consensus. Data were pooled using
a random-effects model.

Main outcome(s) and measure(s): The primary outcome was pooled sensitivity, specificity and diagnostic odds
ratio (DOR) for Raman spectroscopy.

Results: The manuscript presents 18 studies which were used to calculate pooled values. The pooled sensitivity,
specificity and pooled diagnostic odds ratio (DOR) of RS for discriminating glioma and normal brain tissues were
0,965, 0,738 and 61,305 respectively. For GBM the results were 0,948, 0,506 and 78,420 respectively. For
meningioma pooled values were 0,896, 0,913, and 149,59. For metastases pooled values were 0,946, 0,862 and
133,90 respectively.

Conclusions and relevance: Raman spectroscopy has a potential to serve as a tool for differentiation of brain tumor
from normal brain tissue. Not only could it be helpful in distinguishing malignant lesion from benign with high
sensitivity and specificity, but also indicate type of tumor. There is a need for more studies examining the ac-
curacy of spectroscopy in differentiating brain tumors from healthy tissues, especially in vivo and in differen-
tiation of brain tumor subtypes.

Key points

Question: Is Raman spectroscopy (RS) an effective tool for dis-
tinguishing of normal brain tissue from brain tumor?

Findings: The pooled sensitivity, specificity and pooled diagnostic
odds ratio (DOR) of RS for discriminating glioma and normal brain
tissues were 0,965, 0,738 and 61,305 respectively. For GBM the re-
sults were 0,948, 0,506 and 78,420 respectively. For meningioma
pooled values were 0,896, 0,913, and 149,59. For metastases pooled
values were 0,946, 0,862 and 133,90 respectively.

Meaning: Raman spectroscopy has a potential to serve as a tool for
differentiation of brain tumor from normal brain tissue. Not only
could it be helpful in distinguishing malignant lesion from benign
with high sensitivity and specificity, but also indicate type of tumor.

1. Introduction

Central Nervous System (CNS) tumors are the third most common
type of cancer and the third leading cause of cancer-related death among
adolescents and young adults (ages 15-39) [1], whereas in children
under the age of 20 brain tumors are the leading cause of cancer death
globally [5]. Approximately 90,000 people receive a primary brain
tumor diagnosis annually [2]. Almost 36 % of primary brain tumors are
malignant [3,4,6]. Survival outcome for primary brain tumors mostly
depends on patient’s age, tumor location within brain and thus surgical
treatment possibilities and tumor’s grade. CNS World Health Organi-
zation (WHO) grade 1 tumors have the best relative survival rate, and
CNS WHO grade 4 tumors have the worst survival rate, with only 6,8%
of patients living for five years after diagnosis [7].

The most common types of primary brain tumors are gliomas, me-
ningiomas, and pituitary adenomas [3].

If tumor is resectable, glioma surgery aims to extensively remove
tumor tissue infiltrating the brain while not causing damage to critical
brain structures at the same time. The more extensive the resection of
glioma tissue, the better survival outcome is expected [8,9].

One of the limitations for glioma extensive removal, apart from pa-
tient’s neurological deficits and poor quality of life, is the fact that the
tumor border is mostly blurred due to the infiltrative growth of tumor
tissue. It is essential for neurosurgeon to be able to differentiate intra-
operatively brain tissue infiltrated with tumor from healthy one.
Currently there is no such technique that could provide quick, effective,
reliable and affordable for most centers differentiation of glioma from
normal brain tissue and therefore there is a need to find such a method.

Nowadays there are several methods that can be used to facilitate
identification of tumor borders at the operating room: intraoperative
neuronavigation, intraoperative fluorescence-guided microsurgery,
intraoperative frozen section, intraoperative MRI and intraoperative
ultrasound. Unfortunately none of the above fulfills the requirements of
perfect visualization tool [10,11].

In recent decades Raman spectroscopy (RS) is reported to be a
promising method of cancer diagnosis of different tissues such as brain,
skin, breast, colorectal, gastric, esophagus, larynx, cervix and urogenital
tract [12,13,14].

RS is a technique of substance identification based on the analysis of
light scattering off the surface of the substance after it has been illu-
minated with a laser.

RS is a non-contact technique that does not require sample prepa-
ration, so it can analyze nearly each sample without damaging it [15].
This noninvasiveness along with rapidity of RS method makes it a po-
tential tool for intraoperative identification of tissue type.

RS can be performed either ex vivo (tissue sample is excised and
placed onto a spectrometer slide) or in vivo (a custom-built handheld
probe performs Raman analysis during direct contact with brain tissue
intraoperatively) [37,42].

This meta-analysis aimed to give a systematic evaluation of the ac-
curacy of RS for discriminating brain tumor and healthy brain tissues.

2. Methods
2.1. Overview

The meta-analysis was performed in accordance with the preferred
reporting items for systematic reviews and meta-analyses (PRISMA)
guidelines and recommendations [30,31]. PRISMA checklist can be
found in Appendix 3.

2.2. Search strategy

An electronic search of articles reporting data on accuracy of RS for
brain tumor differentiation was performed — PubMed, Google Scholar,
Scopus and Web of Science databases were searched until October 1,
2024. All titles and abstracts were reviewed for suitability and after-
wards the full texts of potentially relevant articles were retrieved so as to
perform a thorough eligibility analysis based on the selection criteria.
Any discrepancies during the selection and extraction processes were
resolved by discussion and consensus.

2.3. Selection criteria

All English-language articles that reported on efficacy and accuracy
or RS for brain tumor differentiation were analyzed, sufficient data to
construct 2x2 table was extracted. The criteria for excluding studies
were: (1) studies which did not present brain tumor types, analyzed RS
accuracy only for tumor vs non-tumor tissue differentiation
[63,65,68-70]; (2) studies that used data from national databases; (3)
reviews, conference abstracts, case studies, and letters to the editor; (4)
studies with irrelevant data [53,54,57,58,61,64,66,71,72]; (5) not
human tissue used in the experiment; (6) studies from which true pos-
itive (TP), true negative (TN), false positive (FP) and false negative (FN)
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values could not have been extracted [48-52,55,56,59,60,62,671; (7) 2.5. Data extraction
studies where TP, TN, FP, FN values were given for samples or patient

count, but not for spectra [42,74,78].

2.4. Outcomes

Extracted data from included articles was put into a spreadsheet
using Microsoft Excel (2019; Microsoft Corporation, Redmond, WA,
USA). We recorded: the first author’s last name and year of publication
as a study identifier; number of total patients; number of patients in test

The primary outcome of interest was Raman’s spectroscopy effec- group (not training); number of tissues; number of spectra; tumor type;

tiveness as a method of brain tumor identification.

mean age; sample type; cross validation; diagnostic algorithm; RS type;
number of true positive (TP), false positive (FP), true negative (TN) and
false negative (FN) or, if TP, FP, TN, FN were not available, 95 % con-
fidence intervals of sensitivity, specificity and accuracy of RS.

Table 1
Detailed characteristics of the 18 studies.
Study Sample N1 N2 N3 N4 Tumor type
type
Koljenovic et al. 2005 [27] ex vivo 20 20 38 115 meningioma
Leslie et al. 2012 [33] ex vivo 44 28 64 649 glioma
Aguiar et al. 2013 [34] ex vivo - - - 172 GBM, meningioma, medulloblastoma
Kalkanis et al. 2014 [35] ex vivo 17 17 40 1198 GBM
Jermyn et al. 2015 [37] in vivo 17 15 - 161 glioma
Ji et al. 2015 [36] ex vivo 22 19 53 1684 glioma
Galli et al. 2019 [38] ex vivo 209 202 1070 glioma, GBM, metastases, meningioma
Riva et al. 2021 [29] ex vivo 63* 38* 63 3450 glioma
Livermore et al. 2021 [40] ex vivo 73 62 73 11,624 glioma,
GBM
Jabarkheel et al. 2022 [41]  ex vivo 29 20 160 678 glioma
Kopec et al. 2021 [73] ex vivo 8 8 — 135,600 metastasis, GBM, glioma, meningioma, pituitary
adenoma, neurofibroma
Auner et al. 2012 [75] ex vivo — — 19 435 glioma, medulloblastoma
Klamminger et al. 2021 ex vivo 53 59 117 570 GBM
[76]
Bury et al. 2020 [77] ex vivo 96 - - 1881 meningioma, glioma
Ember et al. 2024 [79] in vivo 67 668 1329 metastasis, GBM, meningioma
Klamminger et al. 2024 ex vivo 82 82 - 679 metastasis, GBM, glioma, meningioma
[801]
Uckermann et al. 2024 in vivo 29 218 metastasis, GBM, glioma, meningioma
[81] ex vivo 48 73 375
Qingbo Li, Shufan Chen - 242 205 265 411 glioma
2024 [82]
Study Mean Sample state  Cross Classification RS Ratings of the quality of the evidence (see text for
age validation algorithm explanation)
Koljenovic et al. 2005 [27] 59 frozen yes LDA NIRS 1
Leslie et al. 2012 [33] — fresh, frozen yes SVMA CRM 2
Aguiar et al. 2013 [34] - frozen no DBA NIRS 1
Kalkanis et al. 2014 [35] 63.9(GBM), frozen no DFA CRM 1
31.8
(normal)
Jermyn et al. 2015 [37] 53 fresh yes BTC NIRS 1
Ji et al. 2015 [36] — fresh no — SRSM 1
Galli et al. 2019 [38] - fresh yes QDA CRM 1
Riva et al. 2021 [29] - fresh yes - NIRS 1
Livermore et al. 2021 [40] — fresh yes LDA CRM 1
Jabarkheel et al. 2022 [41] - fresh yes LR CRM 1
Kopec et al. 2021 [73] - fresh yes PLS-DA CRM 1
Auner et al. 2012 [75] - fresh and yes DFA CRM 2
frozen
Klamminger et al. 2021 60.34 frozen yes SVM - -
[76]
Bury et al. 2020 [77] — frozen — LDA, QDA CRM
Ember et al. 2024 [79] 63.5 fresh no - - -
Klamminger et al. 2024 - frozen yes RFC - 1
[80]
Uckermann et al. 2024 - fresh - - HT -
[81] - — - DMS-DLFF miniature -
RS
Qingbo Li, Shufan Chen — fresh yes BTC HT —

2024 [82]

*tissues, not patients. N1 number of total patients, N2 number of patients in test group (not training), N3 number of tissues, N4 number of spectra. GBM glioblastoma
multiforme, NIRS near infrared Raman spectrometer, CRM confocal Raman microscope, SRSM Stimulated Raman scattering microscopy, DRS Dispersive Raman
spectrometer, LR Logistic Regression, DBA Distance-based analysis, QDA quadratic discriminant analysis, LDA linear discriminant analysis, SVMA support vector
machine analysis, DFA discriminant function analysis, PLSA-DA Partial Least Squares Discriminant Analysis, DFA discriminant function analysis, BTC boosted trees
classification, RFC random forest classification, SVM support vector machines, DMS-DLFF deep learning features fusion, HT handheld probe RS “-” means no data was

provided by authors.
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2.6. Quality assessment

Methodological quality for each study was assessed according to the
QUADAS-2 guidelines [32]. All QUADAS-2 items were used to evaluate
the eligible articles. Online Appendix 2 presents QUADAS-2 detailed
analysis, including bias assessment. Ratings of the quality of the evi-
dence were based on the rating scheme listed below (modified from the
Oxford Centre for Evidence-based Medicine for ratings of individual
studies [47]): rating 1 — properly powered and conducted randomized
clinical trial; systematic review with meta-analysis; rating 2 — well-
designed controlled trial without randomization; prospective compara-
tive cohort trial; rating 3 — case-control studies; retrospective cohort
study; rating 4 — case series with or without intervention; cross-sectional
study; rating 5 — opinion of respected authorities; case reports. The re-
sults are presented in Table 1.

Detailed information on materials and methodology adopted in each
research findings is presented in Appendix 1.

2.7. Statistical analysis

In this meta-analysis we calculated pooled sensitivity and specificity,
with 95 % confidence intervals (CI), summary receiver operator char-
acteristics (SROC) [44] curves and diagnostic odds ratio (DOR) for every
diagnostic test.

As a first step, TP, TN, FP and FN values (spectra count) were
extracted from each study and put into Excel sheet. Then all the records
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were grouped by study ID (last author’s name and publication year) and
brain tumor type. In this way we received four groups, within which
statistical analysis of effectiveness of RS as a diagnostic test was per-
formed: GBM only, all gliomas (including GBM), meningiomas and
metastases.

The pooled sensitivity and specificity were calculated based on the
DerSimonian Laird method (random effects model). Sensitivity and
specificity are pooled by

Sem — ;::TPI ﬁ::fuTNi

o (TPi+ENi) > o (TNi+FPi)

SROC curves were constructed to visualize the relationship between
sensitivity and specificity. DOR computation method was Moses’ con-
stant of linear model.

Potential heterogeneity was explored with meta-regression analysis
and subgroup analysis. Weighted least squares (inverse variance) was
selected as a model estimation method.

Meta Disc version 1.4 was used to perform the above analysis.

and Spe = formulas.

3. Results
3.1. Search results

By searching the database, 6112 records were found; after reviews,
case studies, conference abstracts were removed, 363 articles remained.
154 duplicates were removed. Of these, the suitability of 64 full-text
articles was evaluated. Finally, 18 studies

Identification of new studies via databases and registers

Records identified from:
5 Databases (n = 4):
E PubMed (n = 5,172) Records removed before screening:
'; Google Scholar (n = 645) Duplicate records (n = 2,876)
@ Scopus (n = 290)
2 Web of Science (n = 5)
Records screened Records excluded
(n = 3,236) (n=2769)
Reports sought for retrieval Reports not retrieved
g (n=467) (n=NA)
5
e
&
Reports excluded:
Reports assessed for eligibility Lack of sufficient primary data (n = 39)
(n=64) lack of tumor subtypes (n = 5)
lack of specra count (n = 3)
§ New studies included in review
3 (n=18)
£

Fig. 1. Flow chart showing search strategy. FromHaddaway, N. R., Page, M. J., Pritchard, C. C., & McGuinness, L. A. (2022). PRISMA2020: An R package and Shiny
app for producing PRISMA 2020-compliant flow diagrams, with interactivity for optimised digital transparency and Open Synthesis Campbell Systematic Reviews,

18, €1230. https://doi.org/10.1002/c12.1230.
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[27,29,33-38,40,41,73,75-77,79-82] were reviewed and included into
the meta-analysis. Fig. 1 shows the study identification process.

The detailed characteristics of the studies are shown in Table 1.

The number of the included patients, if provided, varied from 8 to
242. The number of the spectra retrieved, if provided, varied from 115 to
135600. The total number of spectra was 162299, with an average of
8542 and mean value 678.

Three studies ([37,79,81]) performed RS in vivo during tumor
resection surgeries, all other studies based on ex vivo samples.

Six studies [27,34,35,76,77,80] used frozen tissue samples for
analysis, ten studies [29,36-38,40,41,73,79,81,82] used fresh tissue
samples, while two studies [33,75] used both.

Meningioma was a subject of investigation in seven studies
[27,34,38,73,77,79,81], GBM in nine studies
[34,35,38,40,73,76,79-81], gliomas in general in thirteen studies
[29,33,36-38,40,41,73,75,77,80-82] and metastases in five studies
[38,73,79-81].

3.2. Diagnostic accuracy in glioma group

Thirteen studies [29,33,36-38,40,41,73,75,77,80-82] examined
glioma. The detailed data for each study is presented in Table 2.

The pooled sensitivity and specificity of RS for discriminating glioma
and normal brain tissues were 0,965 (95 % CI 0,962-0,967) and 0,738
(95 % CI 0,736-0,739). Fig. 2 (A and B) demonstrates the forest plots.
The pooled DOR was 61,305 (95 % CI 22,758-165,14), which demon-
strates that tests are discriminating correctly with high accuracy [45].
The SROC curve analysis was used to summarize overall diagnostic ac-
curacy (Fig. 3 (A)).
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3.3. Diagnostic accuracy in GBM group

Nine studies [34,35,38,40,73,76,79-81] examined GBM. The pooled
sensitivity and specificity of RS for discriminating GBM and normal
brain tissues were 0,948 (95 % CI 0,943-0,952) and 0,506 (95 % CI
0,503-0,509). Fig. 2 (C and D) demonstrates the forest plots. The pooled
DOR was 78,420 (95 % CI 29,150-210,97), which demonstrates that
tests are discriminating correctly with high accuracy [45]. The SROC
curve is shown in Fig. 3 (B).

3.4. Diagnostic accuracy in meningioma group

Seven studies [27,34,38,73,77,79,81] examined meningioma. The
pooled sensitivity and specificity of RS for discriminating meningioma
and normal brain tissues were 0,896 (95 % CI 0,898-0,894) and 0,913
(95 % CI 0,910-0,916). Fig. 2 (E and F) demonstrates the forest plots.
The pooled DOR was 149,59 (95 % CI 23,342-958,68). The SROC curve
is shown in Fig. 3 (C).

3.5. Diagnostic accuracy in metastasis group

Five studies [38,73,79-81] examined metastasis. The pooled sensi-
tivity and specificity of RS for discriminating metastasis and normal
brain tissues were 0,946 (95 % CI 0,941-0,951) and 0,862 (95 % CI
0,864-0,860). Fig. 2 (G and H) demonstrates the forest plots. The pooled
DOR was 133,90 (95 % CI 23,340-768,17). The SROC curve is shown in
Fig. 3 (D).

3.6. Between-study heterogeneity

The chi-squared test for homogeneity (likelihood ratio test for sen-
sitivities and specificities and Cochran’s Q test based upon inverse

Sensitivity,95 % CI

Specificity,95 % CI

DOR,95 % CI

0,800 (0,563-0,943)
0,909 (0,882-0,932)
0,945 (0,866-0,985)
0,968 (0,955-0,978)
0,806 (0,757-0,849)
0,300 (0,119-0,543)
0,950 (0,944-0,955)
0,972 (0,964-0,979)
0,800 (0,593-0,932)
0,866 (0,843-0,886)
0,897 (0,819-0,949)
0,913 (0,865-0,949)
0,643 (0,351-0,872)
0,940 (0,835-0,987)
0,694 (0,563-0,804)
0,979 (0,977-0,982)
1,000 (0,971-1,000)
0,970 (0,963-0,977)
0,965 (0,935-0,984)
0,919 (0,906-0,930)
0,735 (0,556-0,871)
0,938 (0,892-0,969)
0,897 (0,758-0,971)
0,336 (0,300-0,374)
0,949 (0,926-0,967)
1,000 (0,933-1,000)
1,000 (0,805-1,000)
0,900 (0,902-0,898)
not enough data

0,981 (0,959-0,993)
1,000 (0,852-1,000)
0,525 (0,361-0,685)
0,947 (0,942-0,952)

1,000 (0,962-1,000)
0,910 (0,888-0,929)
1,000 (0,590-1,000)
0,997 (0,992-0,999)
0,649 (0,589-0,706)
0,976 (0,915-0,997)
0,497 (0,494-0,500)
0,718 (0,674-0,759)
0,800 (0,519-0,957)
0,352 (0,319-0,385)
1,000 (0,768-1,000)
0,813 (0,755-0,862)
0,857 (0,421-0,996)
1,000 (0,863-1,000)
0,796 (0,720-0,859)
0,739 (0,737-0,740)
0,941 (0,894-0,971)
0,683 (0,645-0,719)
0,808 (0,736-0,867)
0,696 (0,671-0,721)
0,808 (0,606-0,934)
0,986 (0,958-0,997)
1,000 (0,962-1,000)
0,895 (0,876-0,911)
0,960 (0,945-0,972)
1,000 (0,590-1,000)
1,000 (0,292-1,000)
0,912 (0,910-0,915)
not enough data

0,960 (0,946-0,971)
1,000 (0,590-1,000)
0,855 (0,742-0,931)
0,861 (0,863-0,859)

Table 2

Sensitivity, specificity and DOR values for individual studies, calculated based on TP, TN, FP, FN. Grouped by tumor type.
Study Tumor type Sample type
Aguiar et al. 2013 GBM frozen
Ember et al. 2024 GBM fresh
Galli et al. 2019 GBM fresh
Kalkanis et al. 2014 GBM frozen
Klamminger et al. 2021 GBM frozen
Klamminger et al. 2024 GBM frozen
Kopec et al. 2021 GBM fresh
Livermore et al. 2021 GBM fresh
Uckermann et al. 2024 GBM fresh
Bury et al. 2020 Glioma frozen
Galli et al. 2019 Glioma fresh
Jabarkheel et al. 2022 Glioma fresh
Jermyn et al. 2015 Glioma fresh
Ji et al. 2015 Glioma fresh
Klamminger et al. 2024 Glioma frozen
Kopec et al. 2021 Glioma fresh
Leslie et al. 2012 Glioma fresh and frozen
Livermore et al. 2021 Glioma fresh
Qingbo Li, Shufan Chen 2024 Glioma -
Riva et al. 2021 Glioma fresh
Uckermann et al. 2024 Glioma fresh
Auner et al. 2012 Glioma fresh and frozen
Aguiar et al. 2013 Meningioma frozen
Bury et al. 2020 Meningioma frozen
Ember et al. 2024 Meningioma fresh
Galli et al. 2019 Meningioma fresh
Koljenovic et al. 2005 Meningioma frozen
Kopec et al. 2021 Meningioma fresh
Uckermann et al. 2024 Meningioma fresh
Ember et al. 2024 Metastasis fresh
Galli et al. 2019 Metastasis fresh
Klamminger et al. 2024 Metastasis frozen
Kopec et al. 2021 Metastasis fresh
Uckermann et al. 2024 Metastasis fresh

0,839 (0,663-0,945)

1,000 (0,832-1,000)

693,00 (35,618-13483,3)
101,40 (69,227-148,52)
231,67 (11,336-4734,3)
9424,2 (3315,3-26789,4)
7,698 (5,264-11,257)
17,143 (3,138-93,657)
18,773 (16,768-21,018)
88,068 (63,101-122,91)
16,000 (3,229-79,273)
3,489 (2,780-4,380)
241,67 (13,418-4352,6)
45,713 (25,031-83,482)
10,800 (0,997-117,00)
692,14 (34,391-13930,0)
8,819 (4,482-17,350)
135,02 (120,83-150,88)
3873,6 (224,83-66737,0)
0,360 (52,848-93,676)
117,33 (53,863-255,56)
26,015 (21,403-31,621)
11,667 (3,384-40,220)
1037,4 (284,76-3779,5)
1491,0 (78,264-28404,9)
4,304 (3,373-5,491)
453,21 (265,43-773,85)
1605,0 (29,581-87082,9)
245,00 (4,124-14555,8)
93,722 (89,946-97,656)
not enough data

1216,8 (511,68-2893,5)
705,00 (12,846-38692,2)
6,509 (2,541-16,670)
110,73 (100,51-121,99)
197,55 (10,320-3781,5)
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A Sensitivity (95% Cl)
@ Livermore 0,97 (0,96 -0,98)
. Galli 0,90 (0,82-0,95)
- Leslie 1,00 (0,97 -1,00)
. Jermyn 064 (0,35-0,87)
e Ji 094 (0,83-0,99)
® Riva 092 (0,91-0,93)
. Jabarkheel 091 (0,86-0,95)
®  Auneretal. 2012 0,94 (0,89-0,97)
* Bury et al. 2020 087 (0,84-0,89)
-#_ Qingbo Li. Shufan Chen 20240,97 (0,94 - 0,98)
. Kopec et al. 2021 0,98 (0,98-0,98)
—_— Klamminger et al. 2024 0,69 (0,56 -0,80)
—_— Uckermann et al. 2024 0,74 (0,56-0,87)
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Fig. 2. Individual and pooled values of sensitivity and specificity and their 95% CIs of RS to differentiate normal tissues from glioma (A and B), GBM (C and D),

meningioma (E and F) and metastasis (G and H).

variance weights for likelihood ratios and diagnostic odds ratios) and
the I-square index were performed. Primarily between-study heteroge-
neity was substantial or considerable in most outcomes. Potential het-
erogeneity in sensitivity and specificity was analyzed with meta-
regression analysis and subgroup analysis. Brain tumor type, sample
type (fresh/frozen) and sample acquisition type (ex vivo/in vivo) were
used as co-variants in meta-regression. None of them could explain the
heterogeneity (p > 0.05) (see Table 3). Classification algorithm and RS
type were not analyzed as not all studies reported these data.

Subgroup analysis by sample type revealed that for fresh sample type
pooled sensitivity and specificity were 0,970 and 0,739 for glioma,
0,952 and 0,500 for GBM, 0,900 and 0,913 for meningioma, 0,948 and
0,862 for metastasis.

For frozen sample type pooled sensitivity and specificity were 0,856
and 0,417 for glioma, 0,919 and 0,940 for GBM, 0,382 and 0,902 for
meningioma.

4. Discussion

RS is a technique of substance structure identification based on
analysis of light scattering off the surface of the substance after it has
been illuminated with a laser. The scattered light can provide a lot of
information about the structure of the substance and thus can be very
helpful in identification and quantification of chemical components.
When light is scattered off a surface, it can either have the same energy
(and thus the same wavelength and frequency) as the emitted light or a
different energy. When the scattered and emitted light have the same
energy, this is called Rayleigh or elastic scattering. Raman or inelastic
scattering occurs when energy of scattered light is different (frequency
shift); this happens when molecule, illuminated with light, absorbs some
of that light to excite a molecular vibration. Since the frequencies
(wavelength) of light absorbed by a molecule being illuminated are
unique to the molecule and type of bonds, detecting these frequencies of
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Fig. 3. Summary receiver operating characteristics (SROC) curve of RS to differentiate normal tissues from glioma (A), GBM (B), meningioma (C) and metastasis (D).

Table 3
Relative diagnostic odds ratio (RDOR) of co-variants in the meta-regression
analysis.

Variant p-value RDOR 95 % CI

Sample type 0,7384 1,30 (0,26; 6,40)
Brain tumor type 0,5488 1,27 (0,57; 2,84)
Sample acquisition type 0,9911 1,01 (0,12; 8,89)

light could allow to identify which molecules are present in the sub-
stance [16]. The Raman spectrum, which is a plot of Raman shifts,
creates so called chemical fingerprint providing information on struc-
ture of big range of substances by determining biochemical differences
within a biological tissue. Every organic particle has a characteristic
vibration frequency which is visualized in the Raman spectrum as a
peak. Numerous studies [17-29,43] report assignment of Raman peaks
with their biological interpretation. Raman spectra are often recorded in
the fingerprint region (400-1800 cm ™) [83]. In this way RS can provide
information on the vibrational structure of a tissue and identify main
biomolecular alterations at the tissue and cellular level. The most
important biomolecular changes which can be detected by RS in brain
tumor tissue are: 1) alterations in lipid composition (tumor tissue can

have altered lipid metabolism and decreased lipid content, changes in
phospho-/sphingolipids or cholesterol bands can be detected by RS)
[871; 2) nucleic acids alterations which is especially helpful in case of
some brain tumors with the overexpression of certain genes and a
change in DNA or RNA content [86,87]; 3) protein changes (RS can
detect elevated protein content, specific for some tumors, or changes in
protein structure such as a-helices, -sheets) [86,87]; 4) metabolic shifts
(elevated tyrosine, phenylalanine, and tryptophan levels or increased
glycolysis can be associated with tumors) [86,87]; 5) changes in gly-
cosaminoglycans and proteoglycans; 6) changes in vascularization of
brain tumor based on presence hemoglobin [87]; 7) identification of
tumor-specific biomarkers such as accumulation of lipofuscin or
collagen degradation.

To excite a Raman spectrum, there must be a strong source of elec-
tromagnetic radiation. The excitation radiation in most of cases is in the
form of visible light, but ultraviolet and near-infrared radiation is also
used [83]. Using laser waves in the visible light range can cause exci-
tation of fluorescence, which can interfere with the Raman signal and in
some cases even cause sample decomposition [83]. This is one of the
limitations of RS.

The Raman spectrometer consists of a light source, a mono-
chromator, a sample holder, and a detector [83]. Lasers, used as
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excitation light sources in RS, may differ depending on the analyzed
tissue type. The choice of wavelength for laser excitation is one of the
most important parameters in RS. RS requires no special tissue prepa-
ration such as freezing or staining. 2 mm® sample size is enough.
Therefore no special reagents are required.

The first study on appliance of RS in brain tissue analysis was pub-
lished in 1990 by Tashibu [84]. At a time, water content in brain tissue
was analyzed with RS. Since then, there have been many studies
examining the use of RS to analyze the structure of brain tumors and
distinguish them from healthy brain tissue [50,85,63,67-70]. As a step
further, researchers have investigated the possibilities of RS appliance in
differentiation of brain tumor types (primary vs metastatic) and sub-
types of primary brain tumors along with molecular markers (low-grade
gliomas vs high-grade, brain tumors subtypes according to WHO clas-
sification) [39,59,71,72]. Moreover, several studies have reported
appliance of RS for differentiation of necrotic, infiltrative and vital re-
gions of brain tumor [18,60]. The ability to distinguish healthy brain
tissue from regions of tumor infiltration is crucial for gross total resec-
tion and thus the patient’s prognosis.

Most of available studies applying RS on brain tissues perform
Raman analysis ex vivo — tissue sample is excised, washed in 0,9% saline
solution and put onto a spectrometer slide for further analysis. In order
to enable repeatable measurements, the same acquisition parameters
must be applied such as temperature, number of sampling points,
exposure time, number of spectral accumulations, power of the laser etc.
Afterwards, the data needs to be preprocessed (i.e. noise subtraction,
vector normalization) in a certain repeatable way, before the statistical
analysis could be conducted. To sum up, in case of ex vivo RS, the cost
estimate should include, apart from the spectrometer itself and the
station for data processing with appropriate software, the costs of daily
technical maintenance and calibration of the spectrometer so that all the
measurements are performed in accordance with the developed
protocol.

Jermyn et al [37], Herta et al [42], Uckermann et al [81] and Qingbo
Li, Shufan Chen [82] proved that RS could be successfully applied in
vivo, using handheld probe without making harm to a patient. For
example Jermyn et al [37] developed a handheld contact fiber optic RS
probe capable of single-point submillimeter Raman signal detection. The
probe, containing fiber optic cables which were connected to a NIR

NIR laser

CCD camera
and spectrometer|

\ W\
A !

A ks WW"\ N N
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spectrum-stabilized lase, was connected to a high-speed and high-
resolution charge-coupled device spectroscopic detector. The laser and
the imaging spectrometer were sending Raman spectra to a computer in
real time (see Fig. 4).

Desroches et al [61] have developed and presented first in-human
use of a RS guidance system integrated with a brain biopsy needle.

In this meta-analysis we have succeeded do identify eighteen studies
investigating appliance of RS in differentiation of brain tumor tissue
from healthy one with distinguishing of a tumor type
[27,29,33-38,40,41,73,75-77,79-82] which are built in a way allowing
to calculate pooled sensitivity and specificity of the method. More than
162,000 spectra were included in the meta-analysis. RS was proved to
distinguish healthy brain tissue from glioma with 96,5% pooled sensi-
tivity, 73,8% pooled specificity, from GBM with 94,8% pooled sensi-
tivity, 50,6% pooled specificity, from meningioma with 89,6% pooled
sensitivity, 91,3% pooled specificity and from metastasis with 94,6%
pooled sensitivity, 86,2% pooled specificity. The pooled DORs for gli-
oma, GBM, meningioma and metastasis were 61,3, 78,4, 149,6 and
133,9 respectively.

The DOR is a measure of test performance combining the strengths of
sensitivity and specificity, as prevalence independent indicators, it can
be used even as a single indicator. It ranges from zero to infinity; the
higher the DOR, the better test performance is. When DOR is less than
one, the test is in the wrong direction, while a DOR of exactly one means
that the test the test gives no information [64].

Jietal [36] differed from other included studies, as its object of study
was accuracy of Stimulated Raman scattering (SRS) microscopy. SRS
uses two synchronized pulse lasers, a pump beam and a Stokes beam, to
coherently excite the vibration of molecules. When the frequency dif-
ference between the Stokes and pump beams equals the vibration fre-
quency of a chemical bond, the intensity of pump beam decreases and
the intensity of the Stokes beam increases, which is detected by SRS
microscopy [46]. SRS microscopy could be widely used for imaging
biomolecules in cells such as lipids, cholesterol, proteins, nucleic acids.
It has been also used for direct imaging of different types of tissues and
organs such as brain or skin [46]. SRS microscopy presents results with a
speed, specificity and resolution [46]. Illustrative comparison of SRS
and traditional microscopy of intrinsic brain tumors can be found in Ji et
al [36].

Raman colleion fibers

|
\ Raman laser fiber
\
éand—pass filter
— Long-pass filter
Two-component
— front lens

Fig. 4. The handheld probe for Raman spectroscopy — drawn based on Herta et al [42].
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Although Herta et al [42] was excluded from the meta-analysis due to
lack of data for reconstruction of 2x2 table, authors of the manuscript
felt strong need to mention the study as it compared in vivo RS with 5-
ALA and showed that RS was capable to detect tumor-infiltrated brain
with higher sensitivity but lower specificity than 5-ALA.

This meta-analysis aimed to assess the accuracy of RS in differenti-
ation of normal brain tissue from brain tumor. The meta-analysis proved
that RS has a potential of being successfully used for accurate brain
tumor identification intraoperatively — primarily for tumor borders
identification, enabling total tumor resection, and secondarily during
brain tumor biopsy aiming to avoid reoperation in cases of non-
diagnostic first biopsy. In both cases spectral analysis could be per-
formed right after sample is retrieved in a traditional way, within several
minutes after sample retrieval, or in vivo on live tissue.

The meta-analysis has its limitations. Primarily between-study het-
erogeneity was substantial or considerable in most outcomes which
weakens the robustness of the results. Potential sources of bias are:
number of spectra analyzed per each study; different techniques of RS
and different classification algorithms; different sample states: fresh/
frozen, ex vivo/in vivo; possible contamination of samples with blood;
repeatable conditions and settings of RS may not have been maintained
within each study.

We see certain limitations of RS itself for brain tumor tissue rapid
identification. Although RS doesn’t require reagents or tissue prepara-
tion (apart from sample washing with saline solution), a spectroscope
should be used by a qualified person and further spectral analysis should
be performed by an expert in the area. In order to enable intraoperative
appliance of RS for brain tumor identification and differentiation, there
is a need for automatic neural classifiers. Apart from that, repeatable
conditions for RS should be guaranteed in order to assure reliable
results.

5. Conclusions

Raman spectroscopy has a potential to serve as a tool for differen-
tiation of brain tumors from normal brain tissue. Not only could it be
helpful in distinguishing a malignant lesion from benign with high
sensitivity and specificity, but also indicate the type of tumor.

RS was proved to distinguish healthy brain tissue from glioma with
0,965 sensitivity and 0,738 specificity, from GBM in particular with
0,948 sensitivity and 0,506 specificity, from meningioma with 0,896
sensitivity and 0,913 specificity, from metastasis with 0,946 sensitivity
and 0,862 specificity. The DOR within particular brain tumor groups
was high: 61,305 for gliomas, 78,420 for GBM, 149,59 for meningioma
and 133,90 for metastasis, which indicates RS is an effective perfor-
mance test.

Due to the small count of patients in a majority of available studies,
more clinical trials with essential amount of patients are required to
further evaluate the accuracy of RS. More reports on RS appliances in
vivo using hand-held probe are required. More studies investigating
accuracy of RS in differentiation of brain tumor subtypes are required,
especially studies on classification of genetic subtypes of high-grade and
low-grade gliomas by detecting specific gene mutations such as Iso-
citrate dehydrogenase 1 mutation.
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