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Abstract We report for the first time a proof-of-concept
experiment employing Raman spectroscopy to detect
intracerebral tumors in vivo by brain surface mapping.
Raman spectroscopy is a non-destructive biophotonic
method which probes molecular vibrations. It provides a
specific fingerprint of the biochemical composition and
structure of tissue without using any labels. Here, the
Raman system was coupled to a fiber-optic probe.
Metastatic brain tumors were induced by injection of
murine melanoma cells into the carotid artery of mice,
which led to subcortical and cortical tumor growth within
14 days. Before data acquisition, the cortex was exposed by
creating a bony window covered by a calcium fluoride
window. Spectral contributions were assigned to proteins,
lipids, blood, water, bone, and melanin. Based on the
spectral information, Raman images enabled the localiza-
tion of cortical and subcortical tumor cell aggregates with
accuracy of roughly 250 μm. This study demonstrates the
prospects of Raman spectroscopy as an intravital tool to detect
cerebral pathologies and opens the field for biophotonic
imaging of the living brain. Future investigations aim to

reduce the exposure time from minutes to seconds and
improve the lateral resolution.
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Introduction

The principal obstacle during open surgery for intrinsic
brain tumors and metastatic deposits of extracranial tumors
is the inability to delineate infiltrating tumor from normal
tissue. In addition, since the brain has a high functional
density, the removal of any lesion is only possible at the
very border of the lesion. Safety margins cannot be
tolerated as for the treatment of extracerebral diseases. On
the other hand, complete removal improves the recurrence-
free interval and opens the possibility for adjunct therapeu-
tic strategies. The identification and visualization of
residual tumor is, therefore, of paramount importance to
improve the outcome of patients with brain tumors.

In general, biophotonic imaging methods give information
regarding intrinsic optical properties of tissue and the presence
or absence of endogenous or exogenous chromophores. The
benefits of using light in imaging living tissue include light
providing high sensitivity to functional changes and revealing
the dynamics of cells in the nervous system, either via the
absorption of light, emission of light, and elastic or inelastic
scattering. Further advantages are diffraction-limited spatial
resolution in the micrometer, and even submicrometer range,
non-destructive sampling, use of non-ionizing radiation, fast
data collection, relatively inexpensive instrumentation, and
reduced infrastructure requirements compared to other clinical
imaging methods. Raman spectroscopy is a biophotonic
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method which probes molecular vibrations based on inelastic
scattering of monochromatic radiation. It provides a specific
fingerprint of the biochemical composition and structure of
tissue without using any labels.

Among the promising applications of biophotonic
imaging is the delineation of brain tumor margin in vivo.
We initiated a research program to detect brain tumors by
Raman spectroscopic imaging. Raman images were pre-
sented from brain tissue sections [1] and pristine brain
tissue [2] and whole mouse brains ex vivo [3]. Here, we
demonstrated the successful setup for in vivo Raman
mapping to localize brain metastases.

Materials and methods

Murine brain tumor model

Six- to 8-week-old female NMRInu/nu nude mice were used
in a hematogenous brain metastases model [4]. Mice were
maintained under pathogen-free conditions according to
international and institutional guidelines. Mice were anes-
thetized by intraperitoneal injection of ketamine and
xylazine. Approximately 100,000 tumor cells suspended
in 0.1 mL phosphate-buffered salt solution were injected in
the right internal carotid artery of the mice, which produced
hematogenous brain metastases [5]. Two cell lines were
selected: the human melanoma cell line A375 (obtained
from American Type Culture Collection, ATCC, Manassas,
Virginia, USA) and murine melanoma cell line K1735
(kindly provided by I. Fidler, M.D. Anderson Cancer
Center, Houston, Texas, USA). Metastases were allowed

to grow for 3 weeks, until which the mice had symptoms of
tumor growth. Five animals were prepared. For cortical in
vivo imaging, the mice were anesthetized, and via a median
skin incision, a bilateral craniotomy was performed which
had a diameter of 6–8 mm. The dura was opened and
removed, leaving the midline venous sagittal sinus intact. A
transparent, 1-mm-thick window made of calcium fluoride
was fixed to the skull using zinc phosphate cement (Harvard
Dental International GmbH, Hoppegarten, Germany). The
procedures were approved by the local and state ethics
committees (AZ 24-9168.11-1-2002-11). Melanotic tumors
were visible under normal light in two animals, therefore
serving as a positive control for Raman spectroscopic
findings. Tumors were not found at the cortical surface of
the other three animals, and Raman images were not collected
from these mice. Following image acquisition, the animals
were killed, the brains were removed, embedded in OCT,
quickly frozen in a dry ice, and stored at −80 °C for
histological staining.

Raman spectroscopic imaging

The experimental setup which is shown in Fig. 1 was
similar to an earlier ex vivo study of mouse brains [3].
Instead of a filtered fiber-optic probe with a 50-μm
excitation fiber and 100-μm collection fiber, a probe with
a 100-μm excitation fiber and 200-μm collection fiber was
used (both from Inphotonics, USA). A bandpass filter, a
beam splitter, a lens, a mirror, and a longpass filter are
integrated in the compact probe head. Both fibers had a
focal distance of 5 mm. The excitation fiber was connected
to a 785-nm diode laser (model BRM-785, BW TEC,

Fig. 1 Schematic setup of the
Raman system used in this study
(a). The fiber-optic probe head
integrated a bandpass filter (BP),
beam splitter (BS), mirror (M),
longpass filter (LP), and a lens.
The probe was coupled by an
excitation fiber (EF) with the
laser and by a collection fiber
(CF) with the spectrometer. The
mouse was placed on a motor-
ized stage to collect Raman
images in the mapping mode (b)
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USA). The collection fiber was connected to an f/1.8
spectrograph (Kaiser Optical Systems, USA) with a back-
illuminated, deep-depletion, liquid nitrogen-cooled CCD
detector (Roper Scientific, USA). The larger excitation fiber
gave a larger focus of 120 μm as indicated by the
manufacturer. Consequently, higher laser intensities of
200 mW could be used for excitation without inducing
thermal damages. The larger collection fiber in combination
with higher laser intensities enabled reducing the exposure
time down to 4 s per spectrum. Raman images were
recorded by serial acquisition of spectra at the step size of
100 μm using a motorized sample stage (Prior Scientific,
UK). The spectral resolution in the interval 126–3,560 cm−1

was 4 cm−1. The Raman spectrometer was controlled using
HoloGrams (Kaiser) software, which also performed auto-
matic cosmic-ray correction, intensity calibration, and
wavenumber calibration. The resulting Raman images were
processed by in-house written programs under a Matlab
platform (The Mathworks Inc., USA). First, a background
was subtracted from each spectrum, then the spectra were
normalized by simple multiplicative signal correction, and,
finally, the spectra were segmented by k-means cluster
analysis in the spectral range 900–1,700 cm−1. Details have
been published previously [6].

Results

The head of the animal was embedded in a mold of
aluminum foil to reduce motion (Fig. 1). However, in future
experiments, massive motion artifacts due to pulsations and
breathing excursions have to be compensated by rigid
fixation using ear bars. We used melanotic tumors to have a
reproducible, easily verifiable control in the current proof-
of-concept experiments. The presence of melanin is
irrelevant to Raman spectroscopic imaging as any tumor
has a specific signature. The pigment enabled selecting the
areas of interest by visual inspection. The regions were
supposed to cross the large midline venous blood vessel
and the superior sinus and to cover macroscopically visible
tumor as well as normal brain. Photos were recorded using
a digital camera for documentation because the fiber probe
was not equipped with a white light source and a camera.
Two representative examples are shown in Figs. 2 and 3.

As depicted in Fig. 2, the Raman image consisted of
37×33 spectra and probed an area of 3.6×3.2 mm. The
sampling area involved the large tumor mass in the right
hemisphere, the midline, and the left brain hemisphere
(Fig. 2a). The result of the cluster analysis was color coded
(Fig. 2b). Normal brain tissue is represented by blue, cyan,

Fig. 2 Deceased mouse with
exposed cortex (a) after Raman
spectroscopic images were
acquired. The Raman image
consisted of 37×33 spectra and
probed an area of 3.6×3.2 mm.
The sampling area involved the
large tumor mass in the right
hemisphere, the midline, and the
left brain hemisphere. Raman
images were segmented by
cluster analysis (b) and
displayed using false color
coding: Normal brain tissue is
depicted in blue, cyan, and
yellow, the red midline
structures include a central
venous blood vessel termed
sagittal sinus, and the tumor and
tumor margin are shown in gray
and black, respectively. In c, an
overlay of the photomicrograph
and the Raman image is shown,
verifying the correct
classification and the
macroscopic diagnosis
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and yellow. The tumor margin is colored black, the midline
red, and the main tumor mass gray. An overlay of the
Raman image and the photomicrograph is shown in Fig. 2c.
It is evident that next to the large tumor mass in the right
hemisphere, a small tumor mass is present in the left
hemisphere. This small tumor was not visible in the
photomicrograph because it was below the surface. The
detection of the subsurface tumor demonstrates that Raman
spectroscopy is able to penetrate deeper layers in the brain
tissue. The exact penetration depth depends on factors such
as excitation and collection geometry, the laser wavelength,
laser intensity, and tissue composition. In the current
backscattering geometry, the accessible depths in living
tissue are typically only several hundreds of micrometer.
Recently, an approach called spatially offset Raman
spectroscopy was introduced, which enables applying the
technique as a tomographic tool [7]. The feasibility of 3D
tomographic imaging through a canine hind limp with
thickness up to 45 mm was demonstrated using transmission
Raman spectroscopy [8].

Although the width of the midline was 1 pixel in most
parts of the data set, it is difficult to measure the exact
spatial resolution on the basis of the cluster analysis results.
Here, the lateral resolution was restricted by the data point
spacing (100 μm) and laser focus diameter (120 μm).
Taking these parameters into account together with dis-
tortions due to the strongly scattering tissue, the actual
lateral resolution can be estimated as roughly 250 μm.
Higher lateral resolution would require a smaller data point
spacing and a smaller laser focus.

Figure 3a displays how a cranial window was placed on
the head of a living mouse. The sampling area is indicated

by a box. Data collection was terminated after 10×41
spectra because the mouse had increased motion artifacts
that limited further investigations. Cluster analysis of the
Raman image (Fig. 3b) resolved a tumor in the left brain
hemisphere, the midline harboring a venous vessel termed
superior sagittal sinus, bone, and normal brain tissue. The
midline is depicted broader than the diameter of the sagittal
sinus; in addition, the segmentation is somehow irregular
toward the lower portion of the Raman image. This
experiment points to the importance of motion artifacts of
the mouse head during data acquisition. In forthcoming
experiments, the animal will be physically fixed using ear
bars and a moth clamp adaptor, which is the usual setup in our
laboratory. The corresponding histological hematoxylin and
eosin (H&E)-stained coronal section (Fig. 3c, magnification
in Fig. 3d) reveals dense and sparse cortical tumor growth,
rendering part of the brain surface black. These sections give
a rough approximation of gross tumor growth, although they
are not exactly orthogonal to the surface.

The Raman spectra in Fig. 4 were averaged without
preprocessing or EMSC. For comparison and display in
Fig. 4a, the Raman spectra representing the clusters of
Fig. 2 have been background-corrected and normalized to
the intensity of the band near 2,933 cm−1, which is assigned
to valence vibrations of CH2 and CH3 moieties in proteins
and lipids. The spectra of normal brain tissue slightly differ
in the intensities of valence vibrations of OH bonds near
3,245 and 3,425 cm−1 that are mainly assigned to water.
Therefore, the different classifications of normal brain
might be due to various amounts of water overlying the
curved murine brain. In order to provide a good contact
between tissue and the calcium fluoride window, a drop of

Fig. 3 Living mouse with
cranial window (a). The box
indicates the area which was
studied by Raman imaging.
Raman image segmented by
cluster analysis (b): normal
brain tissue (blue, cyan), midline
(red), bone (brown), and tumor
(black) in the left hemisphere at
the border of the analyzed area.
An H&E-stained coronal section
through the brain is shown in c,
the magnification in d
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aqueous buffer was applied to the exposed brain. This
procedure could affect the water content, and, consequently,
the spectral range was not considered for cluster analysis
and the region from 900 to 1,700 cm−1 was used instead
because it contains only a weak Raman band of water near
1,640 cm−1. In general, bands in the lower wavenumber
region from 500 to 1,800 cm−1 show lower intensities.
Most prominent bands are assigned to the aromatic amino
acid phenylalanine (1,004 cm−1), unsaturated fatty acids
(1,267 and 1,661 cm−1), CH2 and CH3 deformation
vibrations (1,301 and 1,445 cm−1), and the amide bands
of protein backbones (1,267 and 1,661 cm−1) that overlap
with spectral contributions of fatty acids. The Raman
spectrum of the midline contains additional bands due to
oxygenated hemoglobin near 750, 1,002, 1,212, 1,546, 1,605,
and 1,619 cm−1. The intensities of these bands are enhanced
due to a resonance effect known as resonance Raman
spectroscopy. This is caused by the chromophore heme of
the hemoglobin molecule which partly absorbs the excitation
radiation, resulting in increased Raman cross-sections of
heme-associated vibrations.

The Raman spectrum of the tumor displays additional
spectral contributions due to the pigment melanin near 597,
976, 1,404, and 1,595 cm−1, which has also previously been
found [3]. The Raman resonance enhancement amplifies
the intensities, so the bands in the lower wavenumber
region are even more intense than in the higher wave-
number region. The pigment is expressed by tumor cells
and can be used as an inherent marker of these brain
metastases. In the Raman spectrum of the tumor margin,

spectral contributions of normal brain tissue and the
pigment melanin overlap, indicating the infiltrative nature
of tumor growth independent of its visibility. Furthermore,
scattering from subsurface tumor portions might be respon-
sible for weak spectral contributions of melanin in the
spectrum of the cyan cluster of Fig. 4a. It cannot be
excluded that the limited lateral resolution might give
mixed clusters. That means the fiber probe excites and
collects both tissues simultaneously at the transition
between tumor and normal brain.

The Raman spectra representing the clusters in Fig. 3 are
included in Fig. 4b. Here, the unprocessed spectra are
displayed, which means without background correction and
normalization. The Raman spectrum of the midline venous
sagittal sinus is characterized by the lowest background and
spectral contributions of hemoglobin. On an overall
perspective, the background of normal brain tissue is
obviously increased. As before, these spectra are dominated
by spectral contributions of proteins, lipids, and water.
Autofluorescence is not an issue for normal brain tissue and
blood with 785-nm excitation. The background is increased
in the spectra representing the brown and the black clusters.
A band at 960 cm−1 in the Raman spectrum of the brown
cluster is typical for hydroxyapatite of bone. The enhanced
spectral contributions of the pigment melanin in tumor cells
are accompanied by the highest background. Such a back-
ground is consistent with fluorescence emission, which is
simultaneously excited by the laser. The overlap with
fluorescence is even more problematic using excitation lasers
in the wavelength range 400–700 nm. This is the main reason

Fig. 4 Raman spectra corresponding to the clusters in Figs. 2a and 3b. Spectra were baseline-corrected, normalized, and shifted for overlay in two
groups (a). Unprocessed spectra are displayed in b
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to select a near-infrared (NIR) laser with 785-nm emission as
excitation source. In addition, the lower absorption of NIR
radiation in tissues is advantageous to penetrate deeper
sections of the tissue, as demonstrated for subsurface tumor
detection in Fig. 2.

Discussion

Intense NIR lasers, innovative optical filters, and sensitive
detectors were developed in the past and improved the
sensitivity of Raman spectroscopy for biomedical studies
(reviewed in [9]). The potential implications of in vivo
Raman spectroscopy for online diagnostic purposes and
guidance of therapies are promising. Due to technical
limitations, most previous in vivo Raman studies simply
recorded single spectra. In vivo applications have been
reported to detect dysplasia in the rat palatum [10] and in
the human gastrointestinal tract [11], precancers in the
cervical epithelium [12], lesions of breast tissue [13], and
polyps in colon [14] and to determine the molecular
composition of artery wall [15]. Another in vivo study
reported the detection of glioma brain tumors by Raman
microscopy coupled to a microprobe [16]. The authors
induced brain tumors in rats by direct injecting tumor cells
in the brain. Tissue sections from this tumor model were
previously studied by Raman spectral imaging [17]. In
contrast, our proof-of-concept study obtained Raman
images from the brains of living mice. Raman images
enabled the identification of cortical and subcortical tumors,
therefore visible and invisible tumors to the unshielded eye.
The reported probe geometries [10–16] used excitation
fibers with diameters of more than 200 μm, which gave a
laser focus diameter of more than 200 μm depending on the
numerical aperture. The lensed fiber-optic probe in this
study had a smaller focus diameter near 100 μm, which
enabled, in combination with a step size of 100 μm, a
lateral resolution of roughly 250 μm. The resolution of
these probes is not sufficient to identify single cells. From a
clinical point of view, single cell resolution is beyond
surgical capabilities and—if adopted as a standard—needs
to be combined with an automated cell-based therapeutic
strategy such as single cell laser ablations. Relevant
surgical dexterity ranges from 100 to 1,000 μm if an
operating microscope is used. Usually, tumor margins
within the brain parenchyma can be estimated to a level
of 1–3 mm, although this depends on purely visual
inspection—better diagnostics would improve the surgical
capabilities. The focused laser beam could induce carbon-
ization and significant spectral changes if the local intensity
is above the damage threshold. However, we concluded
from the unchanged and non-distorted spectra that no
visible thermal damage occurred. In addition, H&E staining

did not reveal any burning in the measured area of living
mice. Viable tissue is able to dissipate absorbed thermal
energy to a greater extent than non-viable tissue. Prior to
clinical application, toxic levels of laser irradiation have to
be defined in more detail. Obviously, an exposure time of
4 s per spectrum and image acquisition in the serial
mapping mode adding up to a total exposure of several
minutes are impractical in intraoperative clinical applica-
tions. A technology that can be used in a clinical setting
should either perform an automated scan or use navigated
mapping of, e.g., a resection cavity. Therefore, the scope of
further developments is to reduce exposure time and to
increase lateral resolution.

The fiber-optic Raman probe from Inphotonics, which
was used in this study, is too large for endoscopic
applications. Miniaturized fiber-optic probes are required
for use with endoscopes. In spite of more than 10 years of
development by numerous research groups, such fiber-optic
probes for biomedical application are not commercially
available yet. A new mini-fiber-optic Raman probe suitable
for insertion into the working channel of a bronchoscope
from Emvision LCC (USA) was recently introduced and
might fill the gap [18]. To avoid the technical complexity of
Raman probes, unfiltered fused silica fibers have been
introduced to probe the high wavenumber region from
2,400 to 3,800 cm−1 [19] and applied for Raman spectro-
scopic characterization of porcine brain tissue [20]. Even
more useful for Raman imaging would be a probe made of
fiber bundles. A similar probe was recently introduced for
fluorescence imaging [21] which enables collecting images
from brains of freely moving mice. In the current clinical
environment, spectroscopic information could be intro-
duced as part of multimodal imaging to guide brain tumor
resection and visualize normal from infiltrated cancerous
brain.

In general, a common set of classification algorithms
need to be developed that can cover a broad range of
pathologies. We have previously shown that the different
grades of gliomas can be distinguished by optical spectros-
copy, as well as various substructures within the normal
human, porcine, and murine brain [3, 22, 23]. Another
recent report demonstrated Raman spectroscopic classifica-
tion of rat brain hippocampus suffering from Alzheimer’s
disease [24]. Therefore, additional applications are the
biochemical verification of target areas not only of tumors
but also, e.g., stereotactic operations guided by a fiber-optic
device for degenerative lesions, such as in Parkinson’s
disease.

Alternative photonic methods are under investigation to
offer intravital measurements. Nonlinear variants of Raman
spectroscopy such as coherent anti-Stokes Raman scattering
(CARS) and stimulated Raman scattering (SRS) offer
signal enhancement of several orders of magnitude. CARS

1712 M. Kirsch et al.



was already applied in the context of brain tumors [25].
SRS is a new approach which was recently demonstrated
for lipid vesicles in single cells [26]. In combination with
laser scanning microscopes, images can be acquired at
video time frame rates with diffraction-limited lateral
resolution. Linear Raman spectroscopy is still a valuable
experimental tool because in contrast to CARS and SRS,
Raman spectra offer full spectral information [27]. Future
progress in nonlinear Raman spectroscopy and fiber probe
development will pave the way to enable promising
prospects of Raman spectroscopy in diagnostic applica-
tions. The next step in our research program is to localize
and monitor growth of brain metastases of various primary
organs in living mice.
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