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Abstract:

In the surgical treatment of malignant tumors, it is crucial to characterize the tumor as precisely 
as possible. The determination of the exact tumor location as well as the analysis of its properties 
is very important in order to obtain an accurate diagnosis as early as possible. In neurosurgical 
applications, the optical, non-invasive and in situ techniques allow for the label-free analysis of 
tissue, which is helpful in neuropathology. In the past decades, optical spectroscopic methods 
have been investigated drastically in the management of cancer. In the optical spectroscopic 
techniques, tissue interrogate with sources of light which are ranged from the ultraviolet to the 
infrared wavelength in the spectrum. The information accumulation of light can be in a reflection 
which is named reflectance spectroscopy; or interactions with tissue at different wavelengths 
which are called fluorescence and Raman spectroscopy. This review paper introduces the optical 
spectroscopic methods which are used to characterize brain tumors (neuro-oncology). Based on 
biochemical information obtained from these spectroscopic methods, it is possible to identify 
tumor from normal brain tissues, to indicate tumor margins, the borders towards normal brain 
tissue and infiltrating gliomas, to distinguish radiation damage of tissues, to detect particular 
central nervous system (CNS) structures to identify cell types using particular neurotransmitters, 
to detect cells or drugs which are optically labeled within therapeutic intermediations and 
to estimate the viability of tissue and the prediction of apoptosis beginning in vitro and in 
vivo. The label-free, optical biochemical spectroscopic methods can provide clinically relevant 
information and need to be further exploited to develop a safe and easy-to-use technology for 
in situ diagnosis of malignant tumors.
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Introduction
Application of optical spectroscopic methods in 

diagnosis of cancer has been an attractive area of 
interest during the past decades. Optical spectroscopy 
is dealing with a group of methods that provide the 
structural or functional data from cells and tissues by 
optical exploration. All types of optical spectroscopic 
methods are dealing with light-tissue interplays. These 
interplays can be utilized for data extraction of the 
structure or chemistry of the investigated tissue. There 

are various famous optical spectroscopy methods such 
as diffuse reflectance, fluorescence, vibrational and 
Raman spectroscopy. In fluorescence spectroscopy, a 
tissue absorbs a wavelength of light and emits it at a 
longer wavelength. This technique can be used to obtain 
information about the endogenous fluorophores or an 
injected fluorophore. In reflectance spectroscopy, a tissue 
is illuminated by light which is scattered and/or directly 
reflected back. Due to the alternations of morphology and 
structure at the cellular and subcellular level, reflectance 
spectroscopy can easily differentiates gray and white 
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matter 1,2. Another type of optical interrogation, Raman 
spectroscopy, relies upon the fact that a small fraction 
of light undergoes inelastic (Raman) scattering from 
the tissue. The scattered light have slight shifts in the 
wavelengths due to interactions between the incident light 
and biochemical groups such as amide bands, methyl 
groups, and ringed structures on subcellular structures 
such as nucleic acids and proteins. More information 
about the biochemistry of the underlying tissues may 
be collected from Raman spectra 3,4.

Approximately, 2.3% of all deaths related to cancer is 
due to the brain cancer 5. In order to provide optimal and 
personalized therapy, it is crucial to precisely determine 
localization and boundaries of tumors as well as their 
exact properties and characteristics as early as possible 
to adjust therapy accordingly. The most prevalent 
neoplasms of the brain reported in adults are gliomas 
and brain metastases 6. Gliomas demonstrate a diverse 
group of brain tumors with signed intra- and inter-tumor 
variation. They are the most common of primary brain 
tumors, accounting for over 60% of all cases 1,7. In the 
case of for instance high-grade malignant gliomas, it is 
important to remove the overall tumors and to maintain 
the surrounding functional brain 8. Malignant gliomas 
are a severe pathology due to their invading features 
and restricted intracranial region. MRI images before 
operation can give the localization and size information 
about the tumor. These images can be used for neuro-
navigation during surgery but they cannot compensate for 
intra-operative tissue changes and alterations, eg, shifts 9. 
Intra-operative MRI requires profound constructional 
changes of the operating theatre, and special, expensive 
equipment 10; it is time-consuming (15–30 min) and is 
used to optimize the extent of resection 11; for resection 
control and not during ongoing surgery. Information 
about localization of certain tumor types can also be 
obtained by fluorescence monitoring 12. Nevertheless, 
there is no method available that allows the localization 
of every type of brain tumor during surgery. The exact 
normal and tumorous tissue delineation during surgery 
is an unsolved problem. Additionally, it is not possible 
to detect small micrometastases before the blood-brain 
barrier breakdown with the technology which is clinically 
available 13, 14. To optimize the resection strategy and 
decide upon radical resection of aggressive and highly 
malignant glioma, a biopsy sample of suspicious tissue 
is removed and the morphology of tissue is appraised by 
a trained pathologist 15. This method is time-consuming 
(approximately 30 min) and it is only applicable after 
removal of the tissue. On the other hand, neurosurgery 

renders it possible to visually access the tumour and 
therefore theoretically opens the possibility to perform 
in situ diagnosis without tissue removal through the 
application of non-invasive optical analysis of suspicious 
tissue. New advanced optical methods allow the label-
free investigation of tissues and have the potential 
for histopathological diagnosis 16 which can address 
biochemical properties.

Therefore, the present paper focuses on the various 
optical spectroscopic method for the pathology assessment 
of brain cancer and novel methods for the in vivo 
discrimination of margins of the tumor. In this paper, 
we first discuss the advantages of optical techniques 
in clinical oncology, the optical spectroscopy principle 
and the common experimental setup. Furthermore, 
we describe several optical spectroscopy methods in 
diagnosis of cancer. Various famous optical spectroscopy 
methods including diffuse reflectance spectroscopy, 
fluorescence spectroscopy, vibrational spectroscopy 
and Raman spectroscopy. Our focus in this review is 
on optical spectroscopy in neuro-oncology 17-21. So, due 
to relatively minor investigated in clinical applications, 
the alternative optical spectroscopy methods including 
light scattering spectroscopy 22, coherent backscattering 
spectroscopy 23, and low coherence spectroscopy 24, are 
not discussed. Some specific applications are discussed 
in the other section.

Advantages of optical techniques in clinical 
oncology

Nowadays, optical spectroscopic techniques can be 
served as acceptable methods in comparison to other 
imaging techniques including magnetic resonance 
imaging (MRI), x-ray computed tomography (CT) and 
ultrasonography in clinical oncology.

Optical techniques possess several advantages 
compared to above mentioned modalities which cause 
them to be acceptable in clinical management of cancer: 
the irradiation in optical range is not ionizing and does 
not cause a health problem even for a long time of 
exposure; the optical experiments have sensitivity to 
alternations of biochemistry and morphology that are 
related to carcinogenesis; technical improvements in the 
detectors and sources of light have made it possible to 
reach to real time measurements in several conditions; 
the fiber-optic probes development and miniaturization 
of detectors has made it practical to combine optical 
spectroscopy with systems of endoscopy to achieve to 
interior organs 25.
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In general, the depth of penetration of light is small 
in comparison with x-ray or ultrasound. However, 
modulation of wavelengths of light can vary the sensing 
depth of optical experiments from a several micrometers 
to hundred centimeters 26. The tunability of sensing depth 
can add extra flexibility and sensitivity for special clinical 
applications.

Principles of optical spectroscopy for cancer 
diagnosis

Several light tissue interplays such as absorption, 
fluorescence and scattering are the basis of optical 
spectroscopy for tissue characterization. When a specie 
absorbs excitation light photons without radiating 
any photons, absorption occurred. In the whole 
optical spectrum, the major light absorber in tissues 
is hemoglobin 27. Total concentration of hemoglobin 
shows the vascularization degree, which is important in 
testing angiogenesis within cancer progress. Depending 
on the degree of oxygenation, the absorption spectrum 
of hemoglobin can change. Therefore, hemoglobin 
oxygenation is the other significant factor as well as 
total hemoglobin concentration, which have effect on 
the absorption of tissue. The hemoglobin oxygenation 
changes could show the variations in the balance between 
the need and the reserve of the oxygen in tissues while 
the hemoglobin is the oxygen carrier in the blood. The 
absorption of lipid and water is in near infrared region 
of light. Several studies have represented that lipid and 
water amounts are considerably distinguished between 
normal and cancerous breast tissue 28.

Vibrational optical spectroscopy is relying on the 
specific wavelength of light absorption via vibrational 
levels of molecules. In case of biological samples and 
tissues, which consist of a variety of different biochemical 
compounds, vibrational spectra are the products of the 
complex overlap of multiple bands of the chemical 
bonds of all tissue constituents. Therefore, vibrational 
spectra comprise the entire information about cell or 
tissue biochemistry and are referred to as biochemical 
fingerprint. Vibrational spectroscopic techniques therefore 
have been gaining increasing attention for biomedical 
applications, investigation of disease mechanisms, and 
diagnosis over the past years 29, 30. Fourier-transform 
infrared spectroscopy (FT-IR) is relying on the infrared 
radiation absorption by the sample and its use in 
biomedical science has been studied for many decades.

After interplaying with a molecule of the tissue, 
when one photon is bend from the direction of incident, 

elastic or inelastic scattering occurred. Elastic scattering 
or Raleigh scattering is a kind of scattering which 
happens without the alternation of frequency of the 
photon. Nuclei, mitochondria and collagen fibers 31 are 
the major tissue elastic scatterers. Due to the variations 
in the size of nuclei, the ratio of nucleus to cytoplasm 
and the collagen fibers density in cancer cells, elastic 
scattering has been shown to be effective in detecting 
epithelial pre cancers 32, 33. When the alternation in the 
frequency happens, inelastic scattering took place. Based 
on whether the reduction or addition of the frequency of 
scattered photons, inelastic scattering is named Stokes 
or anti Stokes Raman scattering 34. Raman scattering is 
the basis of Raman spectroscopy. Collagen, water, the 
nucleus and cytoplasm of the cell, fat and cholesterol like 
lipid deposits are Raman scatterers in tissues 35.

When a molecule return from an excited singlet state 
to the lower singlet state and emits light, fluorescence 
occurred. The wavelength of the radiation is often 
longer than the wavelength of excitation, because of the 
dissipation energy in the action. When a fluorescence light 
emitted from fluorophore molecules (molecules exhibiting 
fluorescence), it subjects to absorption and scattering. 
Flavin adenine dinucleotide (FAD) and nicotinamide 
adenine dinucleotide (NADH) are the most extensively 
studied fluorophore molecules which are metabolic 
coenzymes in the action of reduction oxidation for energy 
production for cellular functions. The fluorescence of 
these two fluorophores has been investigated to explore 
the metabolic rate change of tissues 36. The range of 
wavelength in fluorescence spectroscopy is usually bigger 
than that in Raman spectroscopy. In diffuse reflectance 
spectroscopy, light intensity measurements are done at 
the excitation wavelengths, which are sensitive to the 
absorption and scattering features of the tissues.

Experimental Instrumentation

The main components of an optical spectroscopy 
system are listed below:

1. A source of light (such as laser);
2. Wavelengths selection elements (such as a band-pass 

filter) for the selection of both the illumination and 
emission radiations;

3. A fiber for illumination light delivery and emission 
light collection;

4. A detector for signal intensity measurements.
Xenon lamp is usually used to utilize a large range 

of wavelengths in diffuse reflectance spectroscopy and 
fluorescence spectroscopy. When high power excitation 
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light is needed, lasers can also be used. Monochromator 
can be used as dispersing element for detection that is 
usually connected to a single-channel detector such as a 
photomultiplier tube (PMT). Another dispersing element 
is a spectrograph, which can be connected to a multi-
channel detector such as a charge coupled device (CCD). 
Usually, the excitation source in Raman spectroscopy 
is a high power laser, due to the weak Raman signals. 
A filter with transmission of laser light wavelength and 
suppression of other wavelength, is usually used. In the 
detection section, a long pass or notch filter is applied 
to remove the excitation wavelength.

Optical spectroscopy techniques in clinical 
cancer diagnosis

As it was mentioned, various optical spectroscopic 
methods can play important roles in many aspects of 
clinical brain cancer. In this section, some applications 
of these methods are reviewed separately.

Fluorescence and Diffuse Reflectance 
Spectroscopy

Diffuse reflectance and fluorescence spectroscopy 
have been investigated in the evaluation of tumor 
margin or characterization of the tissue during 
neurosurgical operation 37. The application of diffuse 
reflectance spectroscopy in identification of tissue types 
for improving the intracerebral guidance within deep 
stimulation of brain has been investigated by Antonsson 
et al 38. For various functional targets of the internal 
globus pallidus (GPi), subthalamic nucleus (STN) and 
zona incerta (Zi), diffuse reflectance spectroscopy 
experiments were performed in 10 patients. There are 
considerable discrimination between the white and gray 
matter intensities which is at least 14% (P < 0.05) for MRI 
and 20% (P < 0.0001) for spectral sorted information. The 
use of diffuse reflectance and fluorescence spectroscopy 
to discriminate pediatric neoplastic and epileptogenic 
brain from normal brain in an in vitro experiment was 
studied by Lin et al 39. Diffuse reflectance spectroscopy 
was performed between wavelengths of 400 and 900 nm; 
fluorescence spectroscopy was performed at 337, 360, 
and 440 nm excitation wavelengths for every sample. 
The spectroscopic results are in good correlation with 
pathological results for classification of brain samples 
abnormalities. Statistically significant differences (P < 
0.01) were obtaied for both raw and normalized diffuse 
reflectance and fluorescence spectroscopic data for three 

different matter of neoplastic and normal white matter of 
brain, neoplastic and normal gray matter of brain, and 
epileptogenic and normal gray matter of brain.

Diffuse reflectance spectra were used for assessment of 
the of optical nerve discrimination feasibilities by Stelzle 
et al to find the foundation in a feedback control system 
to improve nerve maintenance in maxillofacial and oral 
laser surgery 2,40. In the range of 350–650 nm wavelength, 
diffuse reflectance spectroscopy were performed on nerve 
tissue, fat tissue, mucosa, skin, bone, muscle and cartilage 
of ex vivo pig heads. Tissue identification was made using 
principal components analysis (PCA) in addition to linear 
discriminant analysis (LDA) to discriminate nerve tissue 
from various kinds of soft and hard tissue in the facial 
section by means of diffuse reflectance spectroscopy. 
Nerve tissue was discriminated accurately from fat 
tissue, mucosa, skin, bone, muscle and cartilage with a 
78% specificity of over and a sensitivity of more than 
86%. These results demonstrated the overall feasibility 
of applying diffuse reflectance spectroscopy in remote 
discrimination of nerve.

Fourier-Transform Infrared Spectroscopy (FT-IR)

Compositional information about the biochemistry of 
nervous tissue, grey and white matter can be obtained 
from FT-IR spectra. Bands in the region of 1000–1350 
cm–1 are dominated by the vibrations of phosphate groups 
and carbohydrates and mainly indicate the presence of 
phospholipids, DNA/RNA, and carbohydrates in the 
context of cells and tissue. Prominent bands of amide II 
and amide I bond vibrations of proteins are recognized at 
around 1550 and 1650 cm–1, respectively. Bands related 
to C-H bond vibrations in lipids and proteins are found 
in the high-energy region from 2800–3000 cm–1 41. Used 
as an imaging technique, FT-IR can provide spatially 
resolved image of distribution of tissue components.

For investigation of brain tumors, FT-IR spectroscopy 
has been intensively used. Primary brain tumors as 
well as brain metastases of peripheral tumors can be 
localized and discerned from normal brain tissue with 
high specificity 42-44. The type of primary tumor can 
be identified in case of brain metastases 45. The main 
components that allow differentiation of normal and tumor 
tissues and tumor-grading are the tissue lipid content 
and alternations related to nucleic acids 46. Furthermore, 
collagen content and distribution of collagen subtypes are 
changed in brain neoplasms which can be investigated 
by FT-IR spectroscopy 47.

It is possible to gain some diagnostic information 
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including the glioma grade, expression of hormones 
or tumor vascularization 48-50. The pathologically 
and clinically increased hormone production could 
be extracted from the spectral information using 
chemometrical analysis as well as tumor identification 49. 
Chemometrical analysis can sort spectral data according 
to similarities and differences 51. They can be used to 
build colorful maps of the tumorous tissue 52.

Attenuated total reflection FT-IR (ATR FT-IR) is a 
type of infrared spectroscopy technique which can offer 
the advantage of measuring non-transparent samples 
such as bulk tissue. This technique requires tight contact 
between the sample of interest and the core of the ATR 
crystal or a fiber optic probe in an endoscopic setup 53. 
Infrared radiation propagates in the crystal, generating 
an evanescent wave that penetrates a few micrometers 
of the sample. Spectral changes in the backscattered 
light are used to obtain information about the sample’s 
biochemical properties. This is especially interesting for 
direct analysis of biopsy tissue 54. Using fiber optics, 
it holds great potential for future clinical application 
and in situ diagnosis of malignant glioma. The use of 
optical ATR FT-IR spectroscopy for the analysis of native 
human brain tumor biopsies indicates the possibility of 
this method to find differences of extracellular matrix 
components among different tumor types.

Raman Spectroscopy

In comparison to FT-IR spectra, in the Raman spectra 
vibrational bands are better separated. So, the spectra 
contain a higher degree of information. It is worth to 
mention that the technique can be applied on non-dried 
tissue because the spectral contribution of water does 
not interfere with relevant bands of biological tissue as 
it does in FT-IR spectroscopy 55. So, this property makes 
Raman spectroscopy suitable for in situ diagnosis.

Raman spectroscopy of tissue permitted the 
discrimination of healthy and tumor and necrotic tissues 
in rat brain tissue samples 56 and was used to study 
brain functions in living mice and rats 57. Brain injury 
caused by traumatic insults related to caspase-3-activated 
apoptosis can also be detected by Raman spectroscopy 58. 
Raman mapping can identify brain tumors in the living 
animal 59. Ex vivo studies on human brain tumor samples 
have proven the capability of the method to distinguish 
normal and tumorous tissues of adults and children 60-62. 
Raman micro-spectroscopy of primary brain tumors can 
provide diagnostic information on the malignancy grade 
and cell density 63.

Raman spectroscopy was carried out for in vivo 
mapping the surface of intercerebral tumors of rat brains 
and comparison with hematoxylin-and-eosin (H&E) 
stained coronal parts of the same area by Kirsch et 
al 59. A multivariate chemometric method of k-means 
cluster analysis of the spectra was applied for colorful 
map construction of the rat brain surface. Surprisingly, 
the mapping by Raman spectroscopy could find a tumor 
below the surface that was not evident and cognizable 
in photomicrographs visually.

In another recent study, Raman spectroscopy was 
applied for the assessment of C6 glioblastomas implanted 
in rat brains by Beljebbar et al 64. At first, Raman 
spectroscopy was applied for classification of tissue cut 
from the implanted brain tumors. The classification was 
based on a set of reference spectra acquired from purified 
DNA and lipids. The comparison was done between the 
Raman spectroscopy results and those from conventional 
histopathology as the classification standard. Principal 
component analysis (PCA) was applied as a chemometric 
method on the spectra acquired with 100% accuracy 
for classification. It was assessed that reducing the 
acquisition times from 100 s to 10 s had small impact on 
the signal averaging while obtaining a robust procedure. 
For demonstration of possibility of clinical utilization, 
by means of a handheld Raman microprobe, implanted 
tumors were investigated in vivo over 20 days. A distinct 
discrimination of spectra of normal tissue before tumor 
implantation from spectra acquired on days 4 and 20 
after implantation was observed using hierarchical cluster 
analysis. The immunohistochemistry staining and the 
spectra were strongly correlated. Spectral signs were 
correlated with invasive and proliferative characteristics 
of the tumors. It is significant to find such spectral 
signs that can play an important role in diagnosis the 
biochemical change between cancerous and normal brain 
tissue 65.

The possibility of spectral signs determination 
relating to the lipids concentrations in the tissues was 
examined using Raman spectroscopy of lipid extracted 
from malignant tumors and normal tissues of brain. The 
concentration variations in the of phosphatidylcholine and 
cholesterol were significant between normal and cancerous 
cells 66. Raman spectroscopic results of the lipid extracts 
were in good agreement by mass spectrometric data. 
Discrimination between neural crest-derived pediatric 
tumors were investigated using Raman spectroscopy 67, 68. 
Raman spectroscopy of freshly resected tissue or biopsies 
obtained from 39 patients were acquired and analyzed 
by PCA statistical method. For discrimination between 
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nerve sheath tumors, neuroblastomas, ganglioneuromas, 
pheochromocytomas and normal adrenal glands, good 
sensitivity and specificity was attained 67.

For ex vivo Raman spectroscopy of fresh human tumor 
samples, grading of astrocytoma was proved using fiber 
optic probes 69. There are many researches that focus on 
the application of Raman spectroscopy to perform optical 
biopsies for tumor recognition 63. Technical advances in 
the development and miniaturizing of Raman fiber probes 
may allow short acquisition times of approximately 10 
s in concert with high-quality spectra acquisition 64,70. 
Raman endoscopy has already been performed in a clinical 
context (> 300 patients) for gastric cancer diagnosis and 
provided diagnostic information 71.

In order to increase the sensitivity and also reduce 
acquisition time, different techniques are used to enhance 
Raman signal intensity. A famous enhancing technique 
is surface-enhanced Raman scattering (SERS). This 
method exploits the electrochemical interaction of 
molecules adsorbed by nanostructures. Raman signal 
enhancements as much as approximately 1010 can be 
achieved by putting the sample onto a suitable surface. 
This technique is applicable for the analysis of chemical 
substances or single cells, but not for large tissue samples. 
Additionally, nanoparticles and compounds that exhibit 
strong SERS signals were employed as alternatives to 
fluorescent or colorimetric markers. In this context, 
spectroscopy is not used to reproduce tissue properties but 
to detect and reproduce the distribution of experimentally 
introduced compounds in a sample. This can be used for 
the detection and research of cancer and other diseases to 
visualize the distribution of known markers detected by 
classical immunohistochemistry 72. Another enhancement 
technique is resonance Raman spectroscopy. If the energy 
of the beam of the exciting laser approaches the optical 
band gap of a tissue constituent, selected by appropriate 
tuning of the excitation wavelength, the amplification of 
the Raman signal takes place. The Raman signal intensity 
is increased around 1000-fold and the resulting Raman 
spectrum is dominated by the bands of the resonance-
enhanced molecule. So, detection of specific compounds 
at very low molecular concentrations, such as NADH, 
flavins, collagens, carotenoid, elastin and the heme 
proteins can be done 73.

Some Specific Applications

Detection of Pediatric brain tumor

The utility of diffuse reflectance spectroscopy to 

discriminate intraoperatively between pediatric tumors 
and normal parenchyma of brain at the edge of resection 
cavities was evaluated using an in vivo human experiment. 
Diffuse reflectance spectra were obtained from normal 
and tumorous brain areas of 12 pediatric patients during 
their tumor resection procedures, using a spectroscopic 
system with a hand-held optical probe. Statistical methods 
were used and the results showed that diffuse reflectance 
spectral intensities between 600 and 800 nm are effective 
in terms of differentiating normal cortex from pediatric 
brain tumors. Furthermore, probe movements induce 
large variations in spectral intensities between 400 and 
600 nm 74.

Infiltrating Tumor Margin (ITM) in Brain

Intraoperative identification of brain tumor margins 
using optical spectroscopy was studied in a pilot clinical 
trial of brain tumor of 26 patients. Diffuse reflectance and 
autofluorescence spectroscopy was used for identification 
of brain tumors and infiltrating tumor margins (ITM). 
Using autofluorescence and diffuse reflectance at 460 and 
625 nm wavelengths, a two-steps empirical discrimination 
algorithm was constructed with 100% of sensitivity and 
76% of specificity in discriminating of ITM and normal 
tissues of brain. The contamination of blood was the main 
difficulties that decrease the brain tumor demarcation 
accuracy using optical spectroscopy. Generally, this study 
indicates the feasibility of optical spectroscopy to conduct 
the resection of brain tumor intraoperatively with great 
sensitivity 2.

Many attempts at the use of optical systems in surgical 
resection of gliomas have relied upon the introduction 
of an exogenous fluorophore such as 5-aminolevulonic 
acid (5-ALA). Where the blood-brain barrier (BBB) 
breakdown has happened, 5-ALA is got by gliomas but 
not in normal brain 75, 76. As a preliminary step of using 
optical spectroscopy, one type of portable, handheld 
system has been constructed and employed recently 
which can be used to obtain spectroscopic data quickly, 
and nearly real-time, in the operating room 37. In one 
clinical trial for gliomas, spectral data of 24 patients 
with glioma and 11 patients with mesial temporal lobe 
epilepsy were acquired, in whom the pathologically-
normal temporal cortex was used as control brain tissue. 
Results of the combination of diffuse reflectance and 
fluorescence spectroscopy obtained 80% sensitivity 
and 89% specificity in distinguishing solid tumor from 
normal tissues. Furthermore, infiltrating tumor margins 
were discriminated from normal tissues with 94% 
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sensitivity and 93% specificity 77. These results suggest 
that it may be possible to develop an “optical biopsy” 
tool. A new optical spectroscopy probe compatible with 
a biopsy needle has been designed and has completed 
preclinical testing. A clinical trial is underway to examine 
the efficacy of the smaller probe as a surgical adjunct 
in stereotactic brain biopsy. It may be possible for these 
tools to prepare the surgeon with near real time feedback 
on the adjacency of tumor remnants. These techniques 
may develop the percentage of resected tumor, in the 
way that has been suggested in preliminary studies 
with 5-ALA described above. Additional advantages of 
these systems are that they are portable, fast, and easily 
put into the operative field. These inexpensive systems 
can reduce the need for more costly surgical adjuncts 
including intra-operative MR (iMR) and multiple frozen 
section tissue analyses 37.

Optical Spectroscopy of Radiation Necrosis

A common clinical problem in patients with malignant 
gliomas who have been under intensive adjuvant therapy 
is the development of new masses 78. The lesions may 
demonstrate the recurrent of tumor, radiation necrosis, 
or a combination of tumor and radiation injury. 
Existing imaging methods including positron emission 
tomography (PET) and magnetic resonance spectroscopy 
(MRS) are often unable to discriminate recurrent tumor 
from radiation necrosis 79, 80. Therefore, tissue biopsy 
stays the gold standard for clinical decision-making. 
Unfortunately, even needle biopsies of new areas of 
contrast enhancement are confounding due to difficulties 
related to sampling error 81. Recently, a novel spectral 
feature was encountered in patients with radiation injury 
and radiation necrosis 82. A shift of the predominant 
spectral peak, the fluorescence peak at 460 nm, 40 nm 
to the right has been identified as a hallmark of radiation 
injury to the central nervous system. A special peak has 
only been observed in patients with prior radiotherapy. 
Absence of this peak has a 94% positive predictive value 
in ruling out radiation injury of the cerebrum. These 
spectral characteristics may be exploited to improve the 
yield of stereotactic biopsies.

Optical Spectroscopy for Neuro-Navigation

Optical spectroscopy can also be applied for 
identification of specific brain structures, such as nuclei, 
which can be important in neuro-navigation. Diffuse 
reflectance and fluorescence spectra were obtained from 

cat brain in vivo to identify the optical and fluorescence 
characteristics of various anatomical components 
encountered on a trajectory from cortex through midbrain. 
A representative two-dimensional plot of a set of diffuse 
reflectance and fluorescence spectra was recorded from a 
single interrogation path. By comparison, it can be found 
that a depth-dependence in intensities and line-shape 
variations in fluorescence and diffuse reflectance spectra 
exist, which correlate with the anatomical structural 
encountered along the interrogation pathway 37.

In addition, spectroscopic techniques have been used 
in vivo to detect the excitatory amino acids glutamate and 
aspartate 83, 84. Several neurotransmitters and precursors 
are endogenous fluorophores. Fluorescence can detect 
the characteristics of dopamine and other metabolites 
in brain and tumor, which may have utility in guiding 
surgical navigation, through metabolite detection as 
well as by assessing the effects of therapy, especially if 
certain metabolites, neurotransmitters, and endogenous 
fluorophores are produced in response to anti-tumoral 
agents 37.

Cell and Tissue Viability

Nicotinamide adenine dinucleotide and nicotinamide 
adenine dinucleotide phosphate [NAD(P)H] has long 
been considered as a dominant fluorophore of tissue, 
with an emission wavelength peak at 450-470 nm. Optical 
measurements of NAD(P)H have been used for decades 
to interrogate cellular physiology due to its primary role 
in oxidative phosphorylation and aerobic respiration 85. 
In addition, NAD(P)H is involved in nucleotide donation 
for DNA repair and is consumed during active cell death 
during poly (ADP-ribose) polymerase (PARP) cleavage 86.

Optical Spectroscopic methods may be useful to rapidly 
assess the utility of promising agents or novel techniques 
in the treatment of neurological disorders. For example, 
an in vivo fluorescence spectroscopy probe system that 
can be implanted to monitor relative NAD(P)H levels 
during therapeutic interventions have been developed 37. 
Continuous or intermittent monitoring could allow the 
identification, in near-real time (within minutes to hours, 
instead of days to weeks) of response to a therapeutic 
intervention. In animal models of tumors, for example, 
if there were no change in the NAD(P)H levels, it would 
be likely that this therapy was not producing cellular 
killing and would likely be ineffective.

Using the example of malignant brain tumors, a patient 
is usually treated with chemotherapy for 2-3 months prior 
to obtaining a MRI to assess the utility of treatment. If 
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the tumor has grown, the agent is abandoned and another 
chemotherapeutic regimen begun. Using a minimally-
invasive optical spectroscopy device, information 
regarding the efficacy of chemotherapy as measured by 
NAD(P)H autofluorescence could be achieved within 
a few hours or days rather than awaiting the next 
MRI, several months later. Thus, optical spectroscopy 
could become an effective means of identifying useful 
chemotherapies tailored to individual responses 37.

Conclusions

Optical spectroscopic methods have been reviewed as 
a useful in vitro/in vivo method in the neuro-oncology 
science. Some specific applications including detection 
of glioma tumor margins, identification of cerebral 
radio-necrosis, and assessment of tissue viability, are 
also discussed. As a future prospective application, 
Optical spectroscopy has the ability to be a useful method 
for monitoring the therapeutic response in a variety 
of neurological conditions that rely upon cell killing 
(neoplasia) or tissue survival (stroke, neurodegenerative 
diseases). Furthermore, optical spectroscopy has the 
potential to track a new generation of fluorophores for 
surgical navigation, monitoring delivery of therapeutic 
agents, and pharmacokinetic studies. These developments 
may permit the rapid development of commercial 
optical spectroscopic tools useful for neuro-oncology 
in a variety of clinical applications. However, there is a 
need for continual improvement of optical spectroscopic 
instrumentation in order to accomplish at the necessary 
level for clinical applications.

References

1. Lin WC, Toms SA, Motamedi M, Jansen ED, Mahadevan-
Jansen A. Brain tumor demarcation using optical 
spectroscopy; an in vitro study. J Biomed Opt. 2000; 5(2): 
214-220.

2. Lin WC, Toms SA, Johnson M, Jansen ED, Mahadevan-
Jansen A. In Vivo Brain Tumor Demarcation Using Optical 
Spectroscopy. Photochem Photobiol. 2001;73(4):396-402.

3. Ntziachristos V, Bremer C, Weissleder R. Fluorescence 
imaging with near-infrared light: new technological 
advances that enable in vivo molecular imaging. Eur Radiol. 
2003;13(1):195-208.

4. Petry R, Schmitt M, Popp J. Raman spectroscopy—a 
prospective tool in the life sciences. Chemphyschem. 
2003;4(1):14-30.

5. El-Zein R, Bondy M, Wrensch M. Epidemiology of brain 
tumors, in Brain tumors, Springer, 2005.

6. Mut M, Schiff.“Unmet needs in the treatment of 
glioblastoma,” Expert Review of Anticancer Therapy. 
2009;9(5):545–51.

7. Valdés PA, Kim A, Leblond F, Conde OM, Harris BT, 
Paulsen KD, et al. Combined fluorescence and reflectance 
spectroscopy for in vivo quantification of cancer biomarkers 
in low-and high-grade glioma surgery. J Biomed Opt. 
2011;16(11):116007.

8. Moliterno JA, Patel TR, Piepmeier JM. Neurosurgical 
approach. Cancer J. 2012;18(1):20-5.

9. Simon M, Schramm J. Surgical management of intracranial 
gliomas. Recent Results Cancer Res 2009; 171: 105–24.

10. Albayrak B, Samdani AF, Black PM. Intra-operative 
magnetic resonance imaging in neurosurgery. Acta Neurochir 
(Wien). 2004;146(6):543-56.

11. Senft C, Bink A, Franz K, Vatter H, Gasser T, Seifert V. 
Intraoperative MRI guidance and extent of resection in 
glioma surgery: a randomised, controlled trial. Lancet 
Oncol. 2011;12(11):997-1003.

12. Sankar T, Delaney PM, Ryan RW, Eschbacher J, Abdelwahab 
M, Nakaji P, et al. Miniaturized handheld confocal 
microscopy for neurosurgery: results in an experimental 
glioblastoma model. Neurosurgery. 2010;66(2):410-8.

13. Duyn JH. The future of ultra-high field MRI and fMRI for 
study of the human brain. Neuroimage. 2012; 62(2): 1241-8.

14. Serres S, Soto MS, Hamilton A, McAteer MA, Carbonell 
WS, Robson MD, et al. Molecular MRI enables early and 
sensitive detection of brain metastases. Proc Natl Acad Sci 
U S A. 2012 24;109(17):6674-9.

15. Somerset HL, Kleinschmidt-Demasters BK. Approach to 
the intraoperative consultation for neurosurgical specimens. 
Adv AnatPathol. 2011; 18: 446–9.

16. Diem M, Papamarkakis K, Schubert J, Bird B, Romeo MJ, 
Miljković M. The infrared spectral signatures of disease: 
extracting the distinguishing spectral features between 
normal and diseased states. Appl Spectrosc 2009; 63: 
307A–318A.

17. Gurfinke M, Ke S, Wen X, Li C, Sevick-Muraca EM. Near-
infrared fluorescence optical imaging and tomography. Dis 
Markers. 2003-2004;19(2-3):107-21.

18. Shah N, Cerussi AE, Jakubowski D, Hsiang D, Butler J, 
Tromberg BJ. The role of diffuse optical spectroscopy in 
the clinical management of breast cancer. Dis Markers. 
2003-2004;19(2-3):95-105.

19. Mahmood U. Near infrared optical applications in molecular 
imaging. earlier, more accurate assessment of disease 
presence, disease course, and efficacy of disease treatment. 
IEEE Eng Med Biol Mag. 2004; 23: 58-66.

20. Sokolov K, Follen M, Richards-Kortum R. Optical 
spectroscopy for detection of neoplasia. Curr Opin Chem 
Biol. 2002;6(5):651-8.

21. Drezek RA, Richards-Kortum R, Brewer MA, Feld MS, 
Pitris C, Ferenczy A, et al. Optical imaging of the cervix. 
Cancer. 2003; 98(S9): 2015-27.

22. Lau C, Sćepanović O, Mirkovic J, McGee S, Yu CC, Fulghum 
S, et al. Re-evaluation of model-based light-scattering 



Optical Spectroscopy in Neuro-Oncology

59Journal of Lasers in Medical Sciences  Volume 6  Number 2  Spring 2015

spectroscopy for tissue spectroscopy. J Biomed Opt. 2009; 
14(2): 024031

23. Kim Y, Liu Y, Backman V. Coherent backscattering 
spectroscopy: a new technique for tissue diagnosis. Conf 
Proc IEEE Eng Med Biol Soc. 2004;7:5285-8.

24. Bosschaart N, Aalders MC, Faber DJ, Weda JJ, van Gemert 
MJ, van Leeuwen TG. Quantitative measurements of 
absorption spectra in scattering media by low-coherence 
spectroscopy. Opt Lett. 2009;34(23):3746-8.

25. Liu Q. Role of optical spectroscopy using endogenous 
contrasts in clinical cancer diagnosis. World J Clin Oncol. 
2011;2(1):50-63.

26. Arifler D, MacAulay C, Follen M, Richards-Kortum R. 
Spatially resolved reflectance spectroscopy for diagnosis of 
cervical precancer: Monte Carlo modeling and comparison to 
clinical measurements. J Biomed Opt. 2006;11(6): 064027.

27. Brown JQ, Wilke LG, Geradts J, Kennedy SA, Palmer 
GM, Ramanujam N. Quantitative optical spectroscopy: a 
robust tool for direct measurement of breast cancer vascular 
oxygenation and total hemoglobin content in vivo. Cancer 
Res. 2009; 69: 2919-26

28. Cerussi A, Shah N, Hsiang D, Durkin A, Butler J, Tromberg 
BJ. In vivo absorption, scattering, and physiologic properties 
of 58 malignant breast tumors determined by broadband 
diffuse optical spectroscopy. J Biomed Opt. 2006; 11: 044005

29. Singh B, Gautam R, Kumar S, Kumar VBN, Nongthomba U, 
NandiD, et al. Application of vibrational microspectroscopy 
to biology and medicine. Curr Sci (Bangalore). 2012; 
102(2): 232-44.

30. Kendall C, Hutchings J, Barr H, Shepherd N, Stone N. 
Exploiting the diagnostic potential of biomolecular fi 
ngerprinting with vibrational spectroscopy. Faraday Discuss. 
2011; 149: 279–90.

31. Mourant JR, Freyer JP, Hielscher AH, Eick AA, Shen D, 
Johnson TM. Mechanisms of light scattering from biological 
cells relevant to noninvasive optical-tissue diagnostics. 
Appl Opt. 1998;37(16):3586-93.

32. Bigio IJ, Mourant JR, Boyer J, Johnson T. “Elastic scattering 
spectroscopy as a diagnostic for tissue pathologies,” Opt. 
Soc. America, Anaheim, CA, USA, 1994; 70-71.

33. Bigio IJ, Mourant JR, Boyer J, Johnson TM. “Elastic scatter- 
ing spectroscopy for diagnosis of tissue pathologies,” Opt. 
Soc. America, Orlando, FL, USA, 1996; 14-19.

34. Chaiken J, Goodisman J, Deng B, Bussjager RJ, Shaheen G. 
Simultaneous, noninvasive observation of elastic scattering, 
fluorescence and inelastic scattering as a monitor of blood 
flow and hematocrit in human fingertip capillary beds. J 
Biomed Opt. 2009;14(5):050505.

35. Shafer-Peltier KE, Haka AS, Motz JT, Fitzmaurice M, Dasari 
RR, Feld MS. Model-based biological Raman spectral 
imaging. J Cell Biochem Suppl. 2002; 39: 125-37

36. Skala MC, Riching KM, Gendron-Fitzpatrick A, Eickhoff J, 
Eliceiri KW, White JG, et al. In vivo multiphoton microscopy 
of NADH and FAD redox states, fluorescence lifetimes, and 
cellular morphology in precancerous epithelia. Proc Natl 
Acad Sci. 2007. 104(49): p. 19494-19499.

37. Toms SA, Konrad PE, Lin WC, Weil RJ. Neuro-oncological 
applications of optical spectroscopy. Technol Cancer Res 
Treat. 2006; 5(3): 231-8.

38. Antonsson J, Eriksson O, Blomstedt P, Bergenheim AT, I 
Hariz M, Richter J, et al. Diffuse reflectance spectroscopy 
measurements for tissue-type discrimination during deep 
brain stimulation. J Neural Eng 2008; 5: 185-190

39. Lin WC, Sandberg DI, Bhatia S, Johnson M, Morrison G, 
Ragheb J. Optical spectroscopy for in-vitro differentiation 
of pediatric neoplastic and epileptogenic brain lesions. J 
Biomed Opt. 2009;14(1):014028.

40. Stelzle F, Zam A, Adler W, Douplik A, Tangermann-Gerk 
K, Nkenke E, et al. Diffuse Reflectance Spectroscopy for 
Optical Nerve Identification – preliminary ex vivo results 
for feedback controlled oral and maxillofacial laser surgery. 
Physics Procedia. 2010;5:647-54.

41. Caine S, Heraud P, Tobin MJ, McNaughton D, Bernard 
CC. The application of Fourier transform infrared 
microspectroscopy for the study of diseased central nervous 
system tissue. Neuroimage. 2012; 59: 3624–40.

42. Steiner G, Shaw A, Choo-Smith LP, Abuid MH, Schackert 
G, Sobottka S, et al. Distinguishing and grading human 
gliomas by IR spectroscopy. Biopolymers. 2003; 72: 464–71.

43. Amharref N, Beljebbar A, Dukic S, Venteo L, Schneider 
L, Pluot M, et al. Brain tissue characterisation by infrared 
imaging in a rat glioma model. Biochim Biophys Acta. 
2006;1758(7):892-9.

44. Krafft C, Kirsch M, Beleites C, Schackert G, Salzer R. 
Methodology for fi ber-optic Raman mapping and FTIR 
imaging of metastases in mouse brains. Anal Bioanal Chem 
2007; 389: 1133–42.

45. Bergner N, Romeike BF, Reichart R, Kalff R, Krafft C, 
Popp J. Tumor margin identifi cation and prediction of the 
primary tumor from brain metastases using FTIR imaging 
and support vector machines. Analyst 2013; 138: 3983–90.

46. Krafft C, Sobottka SB, Schackert G, Salzer R. Analysis 
of human brain tissue, brain tumors and tumor cells by 
infrared spectroscopic mapping. Analyst 2004; 129: 921–5.

47. Noreen R, Moenner M, Hwu Y,Petibois C. FTIR spectro-
imaging of collagens for characterization and grading of 
gliomas. Biotechnol Adv 2012; 30: 1432–46.

48. Steiner G, Küchler S, Hermann A, Koch E, Salzer R, 
Schackert G,et al. Rapid and label-free classification of 
human glioma cells by infrared spectroscopic imaging. 
Cytometry A 2008; 73A: 1158–64.

49. Steiner G, Mackenroth L, Geiger KD, Stelling A, Pinzer T, 
Uckermann O, et al. Label-free differentiation of human 
pituitary adenomas by FT-IR spectroscopic imaging. Anal 
Bioanal Chem. 2012;403(3):727-35.

50. Wehbe K, Pineau R, Eimer S, Vital A, Loiseau H, Déléris 
G. Differentiation between normal and tumor vasculature 
of animal and human glioma by FTIR imaging. Analyst 
2010; 135: 3052–9.

51. Fenn MB, Xanthopoulos P, Pyrgiotakis G, Grobmyer SR, 
Pardalos PM, Hench LL. Raman spectroscopy for clinical 
oncology. Adv Opt Technol. 2011; 2011:1-20.



Optical Spectroscopy in Neuro-Oncology

60 Journal of Lasers in Medical Sciences  Volume 6  Number 2  Spring 2015

52. Uckermann O, Galli R, Mackenroth L, Geiger K, Steiner G, 
Koch E, et al. Optical Biochemical Imaging: Potential New 
Applications in Neuro-Oncology. Eur Assoc NeuroOncol 
Mag. 2014; 4(1): 20-6.

53. Matsuura Y, Kino S, Katagiri T. Hollow-fiber-based flexible 
probe for remote measurement of infrared attenuated total 
reflection. Appl Opt. 2009; 48(28): 5396-400.

54. Stelling AL, Toher D, Uckermann O, Tavkin J, Leipnitz E, 
Schweizer J, et al. Infrared spectroscopic studies of cells 
and tissues: triple helix proteins as a potential biomarker 
for tumors. PloS One. 2013; 8(3): e58332.

55. Bergner N, Krafft C, Geiger KD, Kirsch M, Schackert G, Popp 
J. Unsupervised unmixing of Raman microspectroscopic 
images for morphochemical analysis of non-dried brain 
tumor specimens. Anal Bioanal Chem. 2012; 403(3): 719-25.

56. Amharref N, Beljebbar A, Dukic S, Venteo L, Schneider 
L, Pluot M, et al. Discriminating healthy from tumor and 
necrosis tissue in rat brain tissue samples by Raman spectral 
imaging. Biochim Biophys Acta. 2007;1768(10):2605-15.

57. Sato H, Yamamoto YS, Maruyama A, Katagiri T, Matsuurac 
Y, Ozaki Y. Raman study of brain functions in live mice 
and rats: A pilot study. Vibrational Spectrosc. 2009; 50(1): 
125-30.

58. Tay LL, Tremblay RG, Hulse J, Zurakowski B, Thompson 
M, Bani-Yaghoub M. Detection of acute brain injury by 
Raman spectral signature. Analyst. 2011; 136: 1620–6.

59. Kirsch M, Schackert G, Salzer R, Krafft C. Raman 
spectroscopic imaging for in vivo detection of cerebral 
brain metastases. Anal Bioanal Chem. 2010;398(4):1707-13.

60. Krafft C, Sobottka SB, Schackert G, Salzer R. Near infrared 
Raman spectroscopic mapping of native brain tissue and 
intracranial tumors. Analyst. 2005; 130: 1070–7.

61. Krafft C, Miljanic S, Sobottka SB, Schackert G, Salzer R. 
Near infrared Raman spectroscopy to study the composition 
of human brain tissue and tumors. Proc SPIE 5141, 
Diagnostic Optical Spectroscopy in Biomedicine II, 230 
(October 9, 2003); doi:10.1117/12.500469; http://dx.doi.
org/10.1117/12.500469 [last accessed November 5, 2013].

62. Leslie DG, Kast RE, Poulik JM, Rabah R, Sood S, Auner 
GW, et al. Identification of pediatric brain neoplasms using 
Raman spectroscopy. Pediatr Neurosurg. 2012;48(2):109-17.

63. Krafft C, Belay B, Bergner N, Romeike BF, Reichart R, 
Kalff R, et al. Advances in optical biopsy – correlation 
of malignancy and cell density of primary brain tumors 
using Raman microspectroscopic imaging. Analyst 2012; 
137: 5533–7.

64. Beljebbar A, Dukic S, Amharref N, Manfait M. Ex vivo 
and in vivo diagnosis of C6 glioblastoma development by 
Raman spectroscopy coupled to a microprobe. Anal Bioanal 
Chem. 2010;398(1):477-87

65. Ellis DI, Goodacre R. Metabolic fingerprinting in disease 
diagnosis: biomedical applications of infrared and Raman 
spectroscopy. Analyst. 2006;131(8):875-85.

66. Köhler M, Machill S, Salzer R, Krafft C. Characterization 
of lipid extracts from brain tissue and tumors using Raman 
spectroscopy and mass spectrometry. Anal Bioanal Chem. 
2009;393(5):1513–20.

67. Rabah R, Weber R, Serhatkulu GK, Cao A, Dai H, Pandya A, 
et al.Diagnosis of neuroblastoma and ganglioneuroma using 
Raman spectroscopy. J Pediatr Surg. 2008 Jan;43(1):171-6.

68. Wills H, R Kast, C Stewart, R Rabah, A Pandya, Poulik 
J, et al., Raman spectroscopy detects and distinguishes 
neuroblastoma and related tissues in fresh and (banked) 
frozen specimens. J Pediatr Surg. 2009; 44(2): 386-91.

69. Beleites C, Geiger K, Kirsch M, Sobottka SB, Schackert 
G, Salzer R. Raman spectroscopic grading of astrocytoma 
tissues: using soft reference information. Anal Bioanal 
Chem. 2011;400(9):2801-16.

70. Dochow S, Latka I, Becker M, Spittel R, Kobelke J, Schuster 
K, et al. Multicore fi ber with integrated fi ber Bragg gratings 
for background-free Raman sensing. Opt Express 2012; 
20: 20156–69.

71. Duraipandian S, Sylvest Bergholt M, Zheng W, Yu Ho K, 
Teh M, Guan Yeoh K, et al. Real-time Raman spectroscopy 
for in vivo, online gastric cancer diagnosis during clinical 
endoscopic examination. J Biomed Opt. 2012;17(8):081418.

72. Vendrell M, Maiti KK, Dhaliwal K, Chang YT. Surface-
enhanced Raman scattering in cancer detection and imaging. 
Trends Biotechnol. 2013;31(4):249-57.

73. Zhou Y, Liu CH, Sun Y, Pu Y, Boydston-White S, Liu Y, 
Alfano RR, et al., Human brain cancer studied by resonance 
Raman spectroscopy. J Biomed Opt. 2012;17(11):116021.

74. Lin WC, Sandberg DI, Bhatia S, Johnson M, Oh S, Ragheb 
J. Diffuse reflectance spectroscopy for in vivo pediatric brain 
tumor detection. J Biomed Opt. 2010 Nov-;15(6):061709.

75. Stummer W, Novotny A, Stepp H, Goetz C, Bise K, Reulen HJ. 
Fluorescence-guided resection of glioblastoma multiforme 
by using 5-aminolevulinic acid-induced porphyrins: a 
prospective study in 52 consecutive patients. J Neurosurg. 
2000; 93: 1003–13.

76. Shinoda J, Yano H, Yoshimura S, Okumura A, Kaku Y, Iwama 
T, Sakai N. Fluorescence-guided resection of glioblastoma 
multiforme by using high-dose fluorescein sodium: technical 
note. J Neurosurg. 2003;99(3):597-603.

77. Toms SA, Lin WC, Weil RJ, Johnson MD, Jansen ED, 
Mahadevan-Jansen A. Intraoperative optical spectroscopy 
identifies infiltrating glioma margins with high sensitivity. 
Neurosurgery. 2005;57(4 Suppl):382-91.

78. Kumar AJ, Leeds NE, Fuller GN, Van Tassel P, Maor MH, 
Sawaya RE, Levin VA. Malignant Gliomas: MR Imaging 
Spectrum of Radiation Therapy- and Chemotherapy-
induced Necrosis of the Brain after Treatment. Radiology 
2000;217:377-84.

79. Stokkel M, Stevens H, Taphoorn M, Van Rijk P. Differentiation 
between recurrent brain tumour and post-radiation necrosis: 
The value of 201T1 SPET versus l8F-FDG PET using a 
dual-headed coincidence camera-a pilot study. Nucl Med 
Commun. 1999;20(5):411-8.

80. Kahn D, Follett KA, Bushnell DL, Nathan MA, Piper JG, 
Madsen M, et al. Diagnosis of recurrent brain tumor: value 
of 201Tl SPECT vs 18F-fluorodeoxyglucose PET. AJR Am 
J Roentgenol. 1994;163(6):1459-65.

81. Rock JP, Hearshen D, Scarpace L, Croteau D, Gutierrez J, 
Fisher JL, et al., Correlations between magnetic resonance 



Optical Spectroscopy in Neuro-Oncology

61Journal of Lasers in Medical Sciences  Volume 6  Number 2  Spring 2015

spectroscopy and image-guided histopathology, with special 
attention to radiation necrosis. Neurosurgery. 2002; 51(4): 
912-20.

82. Lin WC, Mahadevan-Jansen A, Johnson MD, Weil RJ, Toms 
SA. In vivo optical spectroscopy detects radiation damage 
in brain tissue. Neurosurgery. 2005; 57(3): 518-25.

83. O’Neal PD, Motamedi M, Lin WC, Chen J, Coté GL. 
Feasibility study using surface-enhanced Raman spectroscopy 
for the quantitative detection of excitatory amino acids. J 
Biomed Opt. 2003;8(1):33-9.

84. Ajito K, Han C, Torimitsu K. Detection of glutamate 
in optically trapped single nerve terminals by Raman 
spectroscopy. Anal Chem. 2004;76(9):2506-10.

85. Saks VA, Veksler VI, Kuznetsov AV, Kay L, Sikk P, Tiivel 
T, et al. Permeabilized cell and skinned fiber techniques in 
studies of mitochondrial function in vivo, in Bioenergetics 
of the Cell: Quantitative Aspects. Mol Cell Biochem. 
1998;184(1-2):81-100.

86. Soldani C, Scovassi AI. Poly (ADP-ribose) polymerase-1 
cleavage during apoptosis: an update. Apoptosis. 2002; 
7(4): 321-28.




