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Despite intensive therapy regimen, brain cancers present with a poor prognosis, with an esti-
mated median survival time of less than 15 months in case of glioblastoma. Early detection and
improved surgical resections are suggested to enhance prognosis; several tools are being explored
to achieve the purpose. Raman spectroscopy (RS), a nondestructive and noninvasive technique,
has been extensively explored in brain cancers. This review summarizes RS-based studies in brain
cancers, categorized into studies on animal models, ex vivo human samples, and in vivo human
subjects. Findings suggest RS as a promising tool which can aid in improving the accuracy of
brain tumor surgery. Further advancements in instrumentation, market-assessment, and clinical
trials can facilitate translation of the technology as a noninvasive intraoperative guidance tool.
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1. Introduction

Despite intensive therapy regimen, brain cancers
still present a poor prognosis. The diagnostic clas-
si¯cation of brain tumors is majorly based on the
scheme proposed by Bailey and Cushing,1 and re-
¯ned by several people,2,3 including Kernohans and
Mabon.2 The World Health Organization (WHO)
took further initiatives and formalized the criteria,
which are also frequently updated.4 Brain cancers
arise from the brain cells which are a part of the
nervous system. The neuroglial common progenitor

cells di®erentiate into neuronal and glial progenitor
cells which further di®erentiate to form components
of the nervous system, such as neurons, oligoden-
drocytes, and astrocytes. The two most common
brain tumors, medulloblastoma and glioblastoma,
arise from the neuronal and glial lineages, respec-
tively. Despite intensive therapy regimen, the sur-
vival rates are poor for brain cancers. Patients with
WHO grade II and III tumors typically survive
> 5 years, and 2–3 years, respectively, while the
prognosis for WHO grade IV tumors is variable;
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most glioblastoma patients often die within a year,4

and the median survival time is estimated to be less
than 15 months.5

The current diagnosis includes a combination of
CT scans, magnetic resonance imaging (MRI), and
electroencephalogram while the standard treat-
ment, especially in case of gliomas, involves surgical
resection along with adjuvant radio- and chemo-
therapy. However, surgical resection can be a tricky
a®air as post-surgery residual cancer cells may lead
to recurrence while excision of healthy tissues can
lead to cognitive de¯cits in patients.6,7 Thus, better
tools for diagnosis as well as real-time guided sur-
gery are needed for better outcomes. As biochemical
changes often precede morphological changes, tools
which are sensitive to tissue biochemistry could be
more conducive for early diagnosis. The changes in
tissue biochemistry are also re°ected in the optical
properties of the tissues, and thus in the recent
decades, optical techniques, especially Raman
spectroscopy (RS), have been extensively explored
as noninvasive and objective diagnostic tools in
several cancers.8 RS is based on the principle of
inelastic or Raman scattering which was experi-
mentally veri¯ed by Sir C. V. Raman.9 Due to
minimal interference from water, a major constitu-
ent of living organisms, RS can serve as a candidate
tool for in vivo explorations.

2. Methodology

Raman spectra can be acquired from ex vivo tissues,
bio°uids such as serum, as well as in vivo. As RS
does not need any processing or staining of samples
that are required for conventional diagnosis such as
histopathology, the samples can be placed on sub-
strates such as aluminium and calcium °uoride,
and quality spectra can be acquired in a few sec-
onds. The raw spectra are pre-processed to remove
contributions of optical components and other
background signal. As minor spectral di®erences
between the diseased and healthy tissues may not
be visually apparent, the pre-processed spectra are
subjected to multivariate analysis — unsupervised
as well as supervised. Principal component analysis
(PCA) is one of the most commonly used unsuper-
vised multivariate method while Linear discrimi-
nant analysis (LDA) is a commonly used supervised
method.10,11 The supervised methods are usually
used to build and train spectral models which can

test unknown spectra. Usually, corresponding his-
topathological information is used as a reference to
build robust spectral models, which in turn are used
to test independently obtained spectra for objective
diagnosis. The methodologies to apply RS on vari-
ous biological samples have been reviewed by Butler
et al.12

3. Raman Spectroscopy-Based

Exploration in Brain Cancers

In this review, the studies which have employed RS
to evaluate brain cancers have been categorized as
those carried out on animal models, ex vivo human
tissues, and in vivo studies on human subjects.

3.1. Animal studies

Animal models often enable the ¯rst line ex vivo as
well as in vivo testing of new tools. The earliest RS-
based analyses of brain samples were carried out by
Tashibu et al. and Mizuno et al. Tashibu et al. in-
vestigated relative water concentration in normal
and edematous rat brain tissues by analyzing CH
and OH groups in the high wavenumber region.13

The same groups also investigated cytotoxic and
vasogenic brain edema rat models.14 Mizuno et al.
used Fourier transform (FT) RS to explore rat brain
and published spectra of di®erent brain tumors.15,16

Spectra were acquired from cerebral cortex, cau-
date-putamen, white matter of the cerebrum, thal-
amus, and myelin fraction, and identi¯cation of
gray and white matters was achieved based on
higher lipid content in the white matter.15 These
early studies provided the impetus for further re-
search on human biopsy samples which are de-
scribed in the next section. Animal models were also
used to study normal and necrotic brain tissues by
Amharref et al.17 Raman microspectroscopy of 15-
�m-thick brain sections followed by pseudo color
maps were compared with histopathology and bio-
markers for Ki-67 and MT1-MMP.

A major innovation that catapulted RS to in vivo
studies was the development of ¯beroptic probes.
Koljenovic et al. characterized porcine brain tissues
using ¯ber-optic probes18 and developed least-
squares ¯tting-based multivariate model to dis-
criminate brain structures. The Raman spectra
of gray matter and white matter were analyzed
and it was shown that gray matter spectra were
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dominated by bands associated with proteins,
DNA, and phosphatidylcholine while white matter
spectra were dominated by cholesterol and sphin-
gomyelin. Fiber optic probes also facilitated the
metastasis studies in mouse models. Kra®t et al.19

injected melanoma tumor cells into the carotid ar-
tery of mice to induce brain metastasis. Serial sec-
tions were prepared from whole mouse brains for
Fourier transform infrared (FTIR) and Raman im-
aging, and for histopathological assessment. While
metastatic melanoma cells were not observed in the
FTIR images, Raman spectra enabled their detec-
tion at 785 nm. Kirsch et al. also employed mela-
noma cell injection into the carotid artery of mice to
induce brain metastasis. They created a bony win-
dow in the mice skull to enable in vivo studies using
a ¯ber-optic probe. Cortical and subcortical tumor
cell aggregates could be localized with an accuracy
of �250�m.20In vivo studies were also carried out
by Beljebbar et al., however, they used a micro-
probe coupled to their spectrometer instead of a ¯-
beroptic probe. A glioblastoma Wistar rat model
was used in this study, obtained after injecting a C6
glioma cell suspension into brain cortex, and se-
quential progression was monitored at days 4, 6, 8,
11, 13, 15, and 20 post tumor injection.21 Tanahashi
et al. compared spectra obtained from mouse mod-
els of avian sarcoma-based in¯ltrative glioma cells
and tissues to spectra from normal mouse astrocytes
and normal tissues and could distinguish the in¯l-
trative tumors using RS.22

3.2. Ex vivo studies (human samples)

Ex vivo tissues-based studies have given major
insights regarding the nature and composition of
healthy and cancerous tissues. Mizuno et al. also
employed Fourier transform Raman spectroscopy
(FTRS) to investigate various human brain tissue
samples and reported that spectra from normal but
edematous gray and white matter were similar to
those from normal rat gray and white matter.
Spectra from gliomas, neurinomas, and neurocy-
toma were observed to be similar to rat gray matter
spectra.16 Koljenovic et al. obtained 24 Raman
maps from unstained and un¯xed cryosections of 20
glioblastoma tissue samples from 20 patients. LDA-
based classi¯cation model (n ¼ 11 tissues) was
evaluated using the remaining nine sections to ob-
tain 100% accuracy. Biochemical di®erences be-
tween necrosis and vital tumor were analyzed using

di®erence spectra. Necrotic tissues revealed higher
cholesterol and cholesterol-ester levels.23 Kra®t
et al. acquired Raman spectra of major and minor
brain lipids to obtain spectral pro¯les for qualitative
as well as quantitative analyses and reported higher
levels of lipids in normal tissues, and higher hemo-
globin but lower lipid to protein ratios in intracra-
nial tumors; thus RS could be used to distinguish
normal and tumor tissues, and to determine the
tumor type and grade.24,25 Koljenovic et al. also
suggested that similar diagnostic information is
present in both the ¯ngerprint and the high wave-
number region.26 In view of emerging information
on relative lipid content in brain tumors, RS and
mass spectrometry of lipid extracts from seven
human tissue specimen was carried out by Kohler
et al.27 Gliomas were characterized by increased
water- and decreased lipid-content, and the results
were similar to that observed in porcine tissues.
Further, RS suggested phosphatidylcholine to cho-
lesterol ratios were elevated in gliomas while mass
spectrometry detected higher cholesterol ester with
respect to cholesterol, in lipid extracts of gliomas.27

Rabah et al. were the ¯rst to study pediatric brain
tumor using RS and could distinguish neuroblasto-
ma and ganglioneuroma.28 Wills et al. used fresh
and frozen pediatric neuroblastoma and other neu-
ral crest tumors and found encouraging classi¯ca-
tion using RS.29 Leslie et al. employed RS to
distinguish pediatric brain neoplasms from normal
brain tissue, and similar tumor-types from each
other. Spectra from normal brain (n ¼ 321), glioma
(n ¼ 246), and medulloblastoma (n ¼ 82) showed
an accuracy of 96.9%, 96.7%, and 93.9%, respec-
tively.30 Meningioma, glioma, and brain metastasis
(from 15 patients each) were distinguished with
respect to normal brain samples (n ¼ 7) by Gajjar
et al. who used both FTIR and RS to achieve the
goal.31 In the recent years, di®erent types of brain
tumors have been explored by several groups, in-
cluding Aguiar et al. (tumors: glioblastoma, me-
dulloblastoma, and meningioma; normal:cerebellum
and meninges),32 Beleites et al. (astrocytoma),33

Kalkanis et al. (normal brain, glioblastoma multi-
forme, and necrosis),34 Kast et al. (normal brain,
necrosis, di®usely in¯ltrating glioma and solid glio-
blastoma),35 Kast et al. (boundaries of normal gray
and white matter, glioblastoma and necrosis).36

New multivariate methods to obtain a higher ac-
curacy of classi¯cation have also been explored. Liu
et al. employed learning vector quantization neural
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network to distinguish white matter and tumors.37

which yielded a better classi¯cation e±ciency. In a
recent and interesting study, band-wise feature ex-
traction, sound synthesis from Raman spectra and
feedback mechanism was employed to achieve
classi¯cation of spectral data from ¯xed and paraf-
¯n embedded tissue sections. Support vector ma-
chine, K-nearest neighbor classi¯er, and LDA were
used as classi¯ers and it was shown that feature
extraction, along with dimension reduction may
also be used as a potential approach to obtain better
results.38

3.3. In vivo studies

Intraoperative in vivo brain cancer studies have
been reported recently. As mentioned earlier, sur-
gical resection in case of brain cancers is tricky; any
residual cancer cells may lead to recurrence while
the removal of healthy tissue can result into cogni-
tive impairment. Thus, early resection as well as
preserving the functional status of patients is crucial
for optimal outcome.39 Desroches et al. explored
several confounding factors such as linearity of sig-
nal as well as ambient light sources for optimal
conditions in an operation theatre. Raman spectra
of normal brain, cancer and necrotic tissues (n ¼ 10
patients) demonstrated in vivo, real time investi-
gation; necrotic tissues could be distinguished with
an accuracy, sensitivity, and speci¯city of 87%,
84%, and 89%, respectively.40 The same group

carried out further intraoperative studies using
handheld contact probe and could di®erentiate
normal brain from dense cancer with sensitivity and
speci¯city of 93% and 91%, respectively. They could
detect previously undetectable di®usely-invasive
cancer cells in grade 2–4 glioma patients.41 Figure 1
shows the mean in vivo Raman measurements for
normal (n ¼ 66 spectra) and cancerous tissues
(n ¼ 95 spectra) along with the major biomolecules
contributing signi¯cant di®erences. The same group
could obtain improved detection by employing ar-
ti¯cial neural network methods.42 E±cacy of RS has
also been compared with MRI which is considered a
standard imaging modality. Jermyn et al. extended
their previous intraoperative study and compared
the Raman ¯ndings with \T1-contrast-enhanced
and T2-weighted MRI sequences", and reported
that RS could detect cancer up to �3.7 cm for
T1-contrast enhanced and �2.4 cm for T2 MRI
boundary.43 Recently, researchers from Canada
have explored brain needle biopsy and used RS in
the high wavenumber region to provide a proof of
concept in human subject.44 A summary of major
studies carried out on animal models, ex vivo studies
on human samples, and in vivo studies on human
subjects are summarized in Table 1.

4. Conclusion

While the above-mentioned studies are encourag-
ing, the translation of RS to clinics and operation

(a) (b)

Fig. 1. Raman spectra for discrimination of cancer tissue. (a) Average Raman spectra of in vivomeasurements for normal brain (all
66 spectra averaged) and tissue containing glioma cancer cells (all 95 spectra averaged). Corresponding molecular contributors are
identi¯ed for the most signi¯cant di®erences between the spectra for normal and cancer tissues. Chol. ¼ cholesterol. (b) Receiver
operating characteristic curve analysis of in vivo detection of glioma based on Raman spectroscopy, generated using the boosted
trees classi¯cation method. AUC ¼ area under the curve. From Ref. 41. Reprinted with permission from AAAS.
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theatres needs further e®orts in terms of develop-
ments in instrumentation as well as improved
algorithms to acquire large number of spectra with
better signal-to-noise ratio, in a clinically imple-
mentable time, on a real-time basis. Advancements
over RS, including stimulated RS and Coherent
Anti-Stokes Raman Scattering have shown en-
couraging outcomes in brain cancer diagnosis.45–51

Further, market-assessment and safety studies, fol-
lowed by clinical trials are needed to advance the
technology as an intraoperative guidance tool. In
conclusion, RS, as shown by several recent reports,
is a promising tool which can aid in improving the
accuracy of brain tumor diagnosis and surgical
procedures.
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