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Abstract

Introduction Label-free Raman-based imaging techniques create the possibility of bringing chemical and histologic data
into the operation room. Relying on the intrinsic biochemical properties of tissues to generate image contrast and optical
tissue sectioning, Raman-based imaging methods can be used to detect microscopic tumor infiltration and diagnose brain
tumor subtypes.

Methods Here, we review the application of three Raman-based imaging methods to neurosurgical oncology: Raman spec-
troscopy, coherent anti-Stokes Raman scattering (CARS) microscopy, and stimulated Raman histology (SRH).

Results Raman spectroscopy allows for chemical characterization of tissue and can differentiate normal and tumor-infiltrated
tissue based on variations in macromolecule content, both ex vivo and in vivo. To improve signal-to-noise ratio compared to
conventional Raman spectroscopy, a second pulsed excitation laser can be used to coherently drive the vibrational frequency
of specific Raman active chemical bonds (i.e. symmetric stretching of -CH, bonds). Coherent Raman imaging, including
CARS and stimulated Raman scattering microscopy, has been shown to detect microscopic brain tumor infiltration in fresh
brain tumor specimens with submicron image resolution. Advances in fiber-laser technology have allowed for the develop-
ment of intraoperative SRH as well as artificial intelligence algorithms to facilitate interpretation of SRH images. With
molecular diagnostics becoming an essential part of brain tumor classification, preliminary studies have demonstrated that
Raman-based methods can be used to diagnose glioma molecular classes intraoperatively.

Conclusions These results demonstrate how label-free Raman-based imaging methods can be used to improve the man-
agement of brain tumor patients by detecting tumor infiltration, guiding tumor biopsy/resection, and providing images for
histopathologic and molecular diagnosis.

Keywords Stimulated Raman histology - Raman spectroscopy - Coherent Raman imaging - Stimulated Raman scattering
microscopy - Coherent anti-Stokes Raman scattering microscopy - Label-free imaging - Intraoperative pathology -
Molecular imaging

Introduction gadolinium) or fluorescent dyes (e.g. 5-aminolevulinic acid)

to label tumor infiltration. The limitations of current tech-

Image guidance is essential for providing safe and effec-
tive neurosurgical care for brain tumor patients. Frameless
navigation, fluorescence-guided surgery, and intraopera-
tive structural imaging, including computed tomography
and magnetic resonance imaging, has resulted in improved
extent of resection and patient outcomes [1-3]. While these
methods are indispensable in modern neurosurgical oncol-
ogy, they are limited by the need for contrast agents (e.g.
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niques include (1) false negative labelling in primary diffuse
lower grade and malignant gliomas and (2) false positive
labelling in recurrent gliomas or pseudoprogression/treat-
ment effect, leading to postoperative residual tumor burden
or resection of non-tumor infiltrated brain tissue, respec-
tively [4].

MRI-based methods and fluorescence-guided surgery
also fail to resolve tumor infiltration on a microscopic scale.
Given the challenge that exists in differentiating tumor from
non-infiltrated brain innovations in imaging are required to
eliminate uncertainty during brain tumor resection, enabling
safer and more complete operations.
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Label-free techniques have been developed that directly
detect tumor infiltration based on the biomolecular proper-
ties of the tissue and, in some cases, with sub-micron resolu-
tion. Vibrational spectroscopy, which includes infrared and
Raman spectroscopy, is a label-free technique proposed
for use in neurosurgery since at least since 1990 [5]. The
advantage of using Raman-based methods in neurosurgical
oncology is that the Raman spectra represents the vibra-
tional fingerprint of a surgical specimen; this fingerprint
provides quantitative biochemical information regarding its
molecular composition. Over the previous decade, Raman-
based methods have been studied as a means of improving
the diagnostic yield of stereotactic brain tumor biopsies [6],
in vivo detection of tumor infiltration [7], intraoperative
histopathologic diagnosis [8], and molecular classification
[9]. Here, we discuss several Raman-based spectroscopic
and imaging methods that have been proposed for clinical
use including spontaneous Raman spectroscopy, coherent
anti-Stokes Raman scattering microscopy (CARS). We also
explore the use of stimulated Raman histology (SRH) which
is undergoing expanding adoption for clinical use during
brain tumor surgery.

Raman spectroscopy
Overview

Elastic photon scattering, or Rayleigh scattering, occurs
when the wavelength of the incident photon is the same as
the scattered photon after interacting with a material or bio-
medical specimen. In the visible spectrum, between 380 and
750 nm wavelength, the majority of photons are scattered
elastically. However, a small percentage of photons (1:10
million) undergo inelastic scattering and change wavelength
by either absorbing from or losing energy to the incident
material. The change in the wavelength that results from
inelastic scattering is called Raman effect, discovered in
1928 and was awarded the Nobel Prize [10]. The Raman
effect is weak relative to Rayleigh scattering; however, using
narrow-band laser excitation and sensitive spectrometers,
Raman scattering can be detected and measured to generate
spectra from the indecent tissue.

Raman spectroscopy has multiple applications in biomed-
icine due to its ability to characterize individual molecules
and biological tissues. Raman spectral peaks correspond
to specific vibrational modes of chemical bonds, such as
stretching, bending, or scissoring. The —CH, symmetric
stretching mode, for example, plays an essential role in char-
acterizing biomedical specimens using Raman spectroscopy
due to the high concentration of fatty acids. The specificity
of Raman spectroscopy can therefore be used to quantify the
chemical composition of biological tissues. The vibrational
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fingerprint of biological tissues is a product of its compo-
sition of macromolecules (i.e. nucleic acids, proteins, and
lipids) and the sum of the vibrational spectra of the tissue
constituents.

Spontaneous Raman spectroscopy

Spontaneous Raman spectroscopy was used in 1990 to char-
acterize brain tissue and involved distinguishing normal
versus edematous brain [11]. A strong 3390 cm~! Raman
peak corresponding to the O—H stretching mode was found
in edematous brain, known to have higher water content.
Krafft et al. performed several influential early studies on the
use of Raman spectroscopy in neurosurgical oncology [12,
13]. The group were able to differentiate glioblastoma tissue
from healthy brain tissue using lipid and water content after
performing a detailed spectral analysis of 12 major brain
lipids. The same investigators performed a landmark proof-
of-concept study employing Raman spectroscopy to detect
intracerebral tumors in vivo by brain surface mapping [14].
In a murine metastatic brain tumor model, Raman spectros-
copy covering 3.6 X 3.2 mm of cortical surface detected
melanotic tumors in mouse brain. The Raman spectra of the
metastatic tumors displayed additional Raman shifts near
597,976, 1404, and 1.595 cm™~! due to spectral contribution
of the melanin pigment.

Intraoperative brain tumor biopsy guidance was an
early use case for clinical Raman spectroscopy. Identify-
ing regions of viable tumor and avoid necrotic tissue in
malignant glioma increases the diagnostic yield of biopsy
specimens. Necrotic specimens contain a prominent Raman
peak at 1739 cm™!, demonstrating significantly higher con-
centration of cholesterol and cholesteryl esters [15]. Using
linear discriminant analysis on spectral data from biopsy
specimens, accuracy for differentiating necrotic versus via-
ble tumor approaches 100%. Kalkanis et al. were able to
differentiate normal brain, necrosis and viable glioblastoma
tissue in frozen brain tumor sections with an accuracy of
97.8% [6]. In a follow up study, five frozen sections (normal,
necrosis, dense glioblastoma, two infiltrating glioblastoma)
were mapped at five Raman shift wavenumbers across the
entire specimen in 300 pm square step sizes [16]. Tissue
maps were able to identify interfaces between grey and
white matter, necrosis, glioblastoma, and infiltrating tumor.
Three key Raman spectral regions were used to generate
a virtual RGB color scheme [17]. Red (1004 cm™! chan-
nel), green (1300:1344 cm™' channel), and blue (1600 cm™!
channel) color scales were assigned to Raman peak intensi-
ties and fused for multichannel imaging. The multichannel
color maps could discriminate white matter, gray matter,
and tumor tissue with diagnostic accuracy of approximately
90% on a cross-validation.
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A Raman spectroscopy probe system for in vivo intra-
operative brain tissue classification has been developed
due to recent advances in fiber-laser-based technology
(Fig. 1) [18]. A handheld fiber-optic probe was placed in
direct contact with the brain in the resection cavities of 17
patients with gliomas (low- and high-grade) [7]. Time to
image acquisition was 0.2 s for each area interrogated and
measured 0.5 mm in diameter; sampling depth of the probe
was 1 mm. Using a boosted tree algorithm to classify intra-
operative Raman spectra, the investigators were able to

Fig. 1 In vivo intraoperative A
Raman spectroscopy. a Experi-
mental setup diagram with

the 785 nm NIR laser and the
high-resolution charge-coupled
device spectroscopic detec-

tor used with the Raman fiber
optic probe. The core material
was fused silica. BP band-pass,
LP long-pass. b The handheld
contact fiber optic probe for
Raman spectroscopy. The probe
(Emvision, LLC) was used to

CCD camera and
Spectrometer

Raman spectroscopy system

distinguish normal brain from tumor-invaded brain (> 15%
tumor cell invasion) with an accuracy of 92% (sensitiv-
ity =93%, specificity =91%). Both low- and high-grade
gliomas were detected with similar accuracy. Similar
methods were used to identify glioma cell infiltration sev-
eral centimeters beyond radiographically abnormal regions
on MRI [19, 20]. These results represent a promising step
forward towards translating Raman spectroscopy to intra-
operative use and brain tumor resection guidance [21].
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Coherent Raman scattering microscopy

A limitation of spontaneous Raman scattering is poor sig-
nal-to-noise ratio; with only a small percentage of incident
photons (10%) are scattered inelastically, long acquisition
times are needed to produce reliable spectral for biomedi-
cal specimen analysis. Additionally, no spatial information
about the specimen is available because time constraints
limit the acquisition of Raman spectra to a single spa-
tial region. Coherent Raman scattering (CRS) micros-
copy was developed to improve the signal-to-noise ratio,
reduce spectral acquisition time, and produce histologic
images with subcellular spatial resolution. Rather than
obtaining a broadband Raman spectra across a range of
Raman shift wavenumbers (0-3500 cm_l), CRS increases
signal intensity by targeting a specific (narrowband) wave-
number using a second pulsed excitation laser beam to
coherently drive the vibrational frequency of Raman active
chemical bonds. CRS microscopy can produce histologic
images of biological tissues because the Raman signal is
several orders of magnitude greater (> 10,000-fold) than
that of spontaneous Raman scattering. Image contrast is
generated without the need for labels or dyes because the
Raman effect results from the biochemical composition of
tissues. Label-free CRS microscopy eliminates the need
for extensive tissue preparation, making the technique
an ideal imaging modality for intraoperative brain tumor
specimens. The two major methods of CRS microscopy
applied to brain tumor imaging are coherent anti-Stokes
scattering microscopy (CARS) and stimulated Raman his-
tology (SRH).

Coherent anti-Stokes Raman stimulated (CARS)
microscopy

Evans et al. used CARS microscopy to image fresh unfixed
and unstained ex vivo samples from an orthotopic human
astrocytoma mouse model [22, 23]. High-resolution
mosaic images of a mouse brain were obtained using
700 % 700 pm fields of view. Histologic features shown in
CARS images were comparable to standard hematoxylin
and eosin (H&E) histology. Depending on tissue type and
wavelength, imaging depth ranged from 25-80 pm. CARS
microscopy was capable of producing chemically selective
images of lipid (2845 cm™!, CH, symmetric stretching)
and proteins (CH; stretch, 2920 cm™'; amide I vibration,
2960 cm™!) within samples. The chemical selectivity of
CARS imaging allowed for brain-tumor margin delinea-
tion in the mouse model. Another investigation used CARS
imaging to probe C—H molecular vibrations in different
cryosectioned brain tumors (glioblastoma, melanoma and
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breast cancer metastasis) to assess lipid content compared
to normal brain tissue [24]. All tumor types were found
to have a lower lipid CARS signal intensity than normal
parenchyma, reflecting decreased lipid/protein ratio within
malignant tissues. The morphochemical contrast between
normal brain and tumor enabled CARS images to delineate
tumor tissue irrespective of tumor type. The same group
of investigators used a fluorescent label (5-aminolevulinic
acid) to confirm that CARS microscopy could identify
infiltrative glioblastoma cells based on their distinctive
morphological features in fresh mouse and human speci-
mens [25].

A broadband CARS technique has been developed that
uses greater spectral breadth within the fingerprint region
of the Raman spectra without compromising imaging speed
or sensitivity (Fig. 2) [26]. The biologically relevant Raman
window (500-3500 cm™') was used to image a xenograft
glioblastoma mouse model at high resolution (< 10 cm™!).
Pseudocolor three-channel broadband CARS microscopy
was able to identify interfaces between xenograft brain
tumors and the surrounding healthy brain matter.

Stimulated Raman histology

SRS microscopy has several advantages compared to CARS:
superior nuclear contrast, linear relationship between sig-
nal intensity and chemical concentration, and a nondistorted
spectrum nearly identical to spontaneous Raman scattering.
Freudiger et al. published a landmark paper establishing SRS
microscopy as a new method for label-free biomedical imag-
ing in 2008 [27]. Subsequent innovations enhanced the col-
lection of the backscattered signal and increased the imaging
speed by three orders of magnitude to video rate, allowing
for label-free in vivo imaging of biological tissues and the
potential for clinical translation [28].

The use of SRS microscopy for differentiating healthy
human and mouse brain tissue from tumor-infiltrated brain,
both ex vivo and in vivo, based on histoarchitectural and
biochemical differences was described in 2013 [29]. Two-
channel SRS microscopy at 2845 cm™! wavenumber (CH,/
lipid channel) and 2930 cm™' wavenumber (CH/protein
channel) is well suited for brain imaging by providing con-
trast between lipid-rich myelinated white matter and protein-
rich nuclei [30]. During a simulated tumor resection using a
xenograft mouse model, SRS microscopy was able to reveal
tumor margins that were undetectable under standard operat-
ing conditions. In order to quantify the extent of brain tumor
infiltration, a classifier system based on three SRS image
features: tissue cellularity, axonal density, and protein/lipid
ratio was developed [31]. The SRS classifier was able to
detect tumor infiltration with 97.5% sensitivity and 98.5%
specificity. Quantitative SRS microscopy detected tumor
infiltration in grossly normal brain, providing evidence that
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Fig.2 Histopathology of glioma using broadband CARS. a Bright-
field image of xenograft glioblastoma in mouse brain, with the tumor
hard boundary outlined (black, dashed line). The cyan dashed box
indicates a region of interest (ROI). Scale bar, 2 mm. b Phase con-
trast micrograph of broadband CARS region of interest with boxes
and associated subfigure labels. Scale bar, 200 pm. ¢ Pseudocol-
our broadband CARS image of tumor and normal brain tissue, with
nuclei highlighted in blue, lipid content in red and red blood cells in
green. d Broadband CARS image and axial scan with nuclei high-

this technique could improve tumor detection during brain
tumor surgery.

Leveraging breakthroughs in fiber-laser-based technol-
ogy [32], a clinical SRS microscope has been engineered
and deployed in operating rooms across the US [8, 33].
Current intraoperative H&E histology is time-, labor-,
and resource-intensive [34, 35]. To facilitate intraopera-
tive interpretation of SRS images, we developed a method
called stimulated Raman histology (SRH) (Fig. 3). To
acquire an SRH image, a fresh, unprocessed surgical speci-
men is passed off the operative field and a small sample
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lighted in blue and lipid content in red. e Broadband CARS image
with nuclei highlighted in blue, lipid content in red and CHj; stretch—
CH, stretch in green. NB normal brain, 7 tumour cells, RBC red
blood cells, L lipid bodies, WM white matter. f Single-pixel spectra.
g Spectrally segmented image of internuclear (blue) and extranuclear
(red) tumoural spaces. h Histogram analysis of phenylalanine content.
i Mean spectra from within a tumour mass. c—e, g, Scale bars, 20 pm.
Figure and Caption adapted from Fig. 4 from [26]

(e.g. 3 mm?®) is compressed into a custom microscope
slide. SRH images are acquired at the bedside and imag-
ing time is approximately 90—120 s to acquire a 2 X 2 mm
image. SRH is most useful for rapid diagnosis and tumor
detection in surgical specimens. SRH combines SRS
images and a virtual H&E image similar to standard intra-
operative pathology and reveals the key diagnostic features
of human brain tumor specimens (Fig. 4). In a simulation
of intraoperative pathologic consultation in 30 patients, we
found near-perfect concordance of SRH and conventional
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CH, Raman Shift (2930cm™)

CH, Raman Shift (2845cm™)

Fig.3 Creating virtual H&E slides with the clinical SRS micro-
scope. a 2845 cm™!/CH, and b 2930 cm™!/CH, images are acquired
and c subtracted. d The CH, image is assigned to the green chan-
nel, and CH;—CH, image is assigned to the blue channel to create a
two-color blue-green image. Applying a virtual H&E color scheme,
SRH images e are comparable to a similar section of tumor f imaged

H&E histology for predicting diagnosis (Cohen’s kappa,
k> 0.89), with an accuracy exceeding 92%.

Because SRH images are acquired digitally, they can
be used to train and deploy computer vision systems for
automated diagnosis. Our initial study used a neural net-
work classifier, trained using histologic image features
(e.g. cellularity, nuclear morphology, etc.), and was able
to predict brain tumor subtype with 90% accuracy [8]. We
then leveraged the recent developments in deep learning to
train a convolutional neural network (CNN) on 2.6 million
SRH images from over 500 patients to classify 13 of the
most common histologic brain tumor subtypes (manuscript
in preparation). We completed a randomized, prospective
clinical trial (total patients, N =278) comparing the accu-
racy of conventional H&E histology with board-certified
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Blue: CH,-CH,

CH, - CH, Subtraction Green: CH,

after formalin-fixation, paraffin-embedding (FFPE), and H&E stain-
ing. g Mosaic tiled image of several SRH FOVs to create a mosaic
of imaged tissue. Asterisk (*) indicates a focus of microvascular
proliferation, dashed circle indicates calcification, and the dashed
box demonstrates how the FOV in e fits into the larger mosaic. Scale
bars =100 pm. Figure and Caption adapted from Fig. 2 from [8]

neuropathologist’s diagnosis versus SRH plus CNN clas-
sification to validate our automated diagnostic pipeline.
We found that SRH plus CNN was noninferior to conven-
tional H&E histology, with an overall diagnostic accuracy
of 94.6% versus 93.9%, respectively. The computer vision
algorithm developed an “intelligence” for a hierarchy of
recognizable histologic feature representations to clas-
sify the major histopathologic classes of brain tumors.
The CNN was able to detect to lipid-rich axons, nuclear
and cellular morphology, lipid droplets commonly seen
in necrotic tumors, and various chromatin structures. The
findings of the prospective trial demonstrate how SRH
can improve the care of brain tumor patients by making
histologic information available to guide decision-making
during surgery.
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Fig.4 Imaging key diagnostic histoarchitectural features with SRH. a
Normal cortex reveals scattered pyramidal neurons (blue arrowheads)
with angulated boundaries and lipofuscin granules, which appear red.
White linear structures are axons (green arrowheads). b Gliotic tissue
contains reactive astrocytes with radially directed fine protein-rich
processes (red arrowheads) and axons (green arrowheads). ¢ A mac-
rophage infiltrate near the edge of a glioblastoma reveals round, swol-
len cells with lipid-rich phagosomes. d SRH reveals scattered “fried-
egg” tumor cells with round nuclei, ample cytoplasm, perinuclear
halos (yellow arrowheads), and neuronal satellitosis (purple arrow-
head) in a diffuse 1p19q-co-deleted low-grade oligodendroglioma.
Axons (green arrowhead) are apparent in this tumor-infiltrated cor-

Beyond histopathology

The majority of Raman-based imaging techniques have been
applied to identifying histologic or histopathologic entities,

P> Reactive Astrocyte B> Axons B> Varicosities

Macrophage Infiltration
el et
£

tex as well. e SRH demonstrates hypercellularity, anaplasia, and cel-
lular and nuclear pleomorphism in a glioblastoma. A large binucle-
ated tumor cell is shown (inset) in contrast to smaller adjacent tumor
cells. f SRH of another glioblastoma reveals microvascular prolifera-
tion (orange arrowheads) with protein-rich basement membranes of
angiogenic vasculature appearing purple. g SRH reveals the whorled
architecture of meningioma (black arrowheads), h monomorphic cells
of lymphoma with high nuclear:cytoplasmic ratio, and i the glan-
dular architecture (inset; gray arrowhead) of a metastatic colorectal
adenocarcinoma. Large image scale bars=100 pm; inset image scale
bars =20 pm. Figure and Caption adapted from Fig. 3 from [§]

such as normal brain, edematous white matter, necrosis,
and brain tumor classes. However, a major advantage of
vibrational microscopy over standard light microscopy is
the label-free contrast mechanisms due to characteristic
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Fig.5 Classification of IDH-wt
and IDH-mut human gliomas
using Raman spectroscopy. a
Comparison of Raman spectra
of IDH1-wt and IDH1-mut-
gliomas. Mean spectra with
standard deviation of brain
tumors with IDH1 wild type
(blue curve, n=12) and with
IDH1 mutation (red curve,
n=24). b The difference spec-
trum is shown (IDH-mut minus
IDH-wt). Dashed lines indicate
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frequencies of various chemical bonds and the intrinsic bio-
molecular properties of the tissue. In addition to morpho-
logic imaging, CRS microscopy provides high-sensitivity
molecular imaging that can be used to obtain metabolomic,
pharmacologic, and genetic information of biomedical speci-
mens [36—40].
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Zhou et al. used visible resonance Raman spectroscopy
to identify the molecular vibrational fingerprints of carot-
enoids, tryptophan, amide I/II/III, proteins, and lipids as
in situ spectral biomarkers to differentiate glioma grades
(lower grade and malignant gliomas) [41]. By using Raman
spectral peaks correspond main vibrational modes of spe-
cific compounds, a support vector machine classifier was
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able to diagnosis normal brain, low grade glioma (WHO
grade I and II), and malignant gliomas (WHO grade III and
IV) with a total accuracy of 75%.

Recent studies have moved beyond the traditional WHO
glioma grading criteria towards molecular diagnostics [9,
42, 43]. Mutations in isocitrate dehydrogenase (IDH) are
the most important for stratifying patient outcomes using
the molecular classification of gliomas [44, 45]. One study
used Raman spectroscopy to classify glioma cryosections
into IDH1-wildtype and IDHI1-mutant tumors (Fig. 5) [9].
Raman spectral analysis demonstrated increased band inten-
sities related to DNA in IDH1 mutant gliomas while bands
assigned to molecular vibrations of lipids were significantly
decreased. Intensities of Raman bands assigned to proteins
differed in IDH1 mutant and IDH1 wild-type glioma, sug-
gesting alterations in the protein profile. Five Raman spectral
bands (498, 826, 1003, 1174 and 1337 cm'l) were used to
classify the IDH1 genotype of 36 frozen sectioned gliomas
with an accuracy 89%. Livermore et al. performed a similar
investigation on fresh intraoperative specimens, classifying
three different glioma genetic subtypes: astrocytoma, IDH-
wildtype; astrocytoma, IDH-mutant; oligodendroglioma,
IDH-mutant, 1p19q co-deleted [42]. For predicting IDH
mutational status alone, the trained classifier (PCA with lin-
ear discriminant analysis) was able to achieve a sensitivity
of 91% and a specificity of 95%. The classifier demonstrated
79-94% sensitivity and 90-100% specificity for predicting
the 3 glioma genetic subtypes. The process from tissue
acquisition to genetic classification takes under 15 min.

Conclusion

Raman-based imaging methods can provide label-free his-
tologic and chemical data in the operating room without the
need for labels or dyes. Preclinical evidence suggests that
Raman spectroscopy and CARS have value in the detection
of brain tumors. If their use can be validated and adapted for
clinical use, it is possible that handheld Raman spectroscopy
probes could detect in situ brain tumor infiltration. SRH,
the only FDA-registered Raman-based method available
today, can be used alone or in combination with automated
neural network-based classifiers to supplement the practice
of intraoperative brain tumor diagnosis. Preliminary data
indicate that Raman-based methods may hold promise in the
classification of the genetic subtypes of malignant and lower
grade gliomas by detecting specific mutations (e.g. IDH-1).
Ultimately, the major advantage of label-free Raman-based
methods is the ability to generate user-defined imaging data
with rapid feedback to inform clinical decisions and improve
the neurosurgical care of brain tumor patients.
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