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Abstract. Contemporary brain tumor research focuses on two challenges: First, tumor typing and grading by
analyzing excised tissue is of utmost importance for choosing a therapy. Second, for prognostication the tumor
has to be removed as completely as possible. Nowadays, histopathology of excised tissue using haematoxylin-
eosine staining is the gold standard for the definitive diagnosis of surgical pathology specimens. However, it is
neither applicable in vivo, nor does it allow for precise tumor typing in those cases when only nonrepresentative
specimens are procured. Infrared and Raman spectroscopy allow for very precise cancer analysis due to their
molecular specificity, while nonlinear microscopy is a suitable tool for rapid imaging of large tissue sections. Here,
unstained samples from the brain of a domestic pig have been investigated by a multimodal nonlinear imaging
approach combining coherent anti-Stokes Raman scattering, second harmonic generation, and two photon excited
fluorescence microscopy. Furthermore, a brain tumor specimen was additionally analyzed by linear Raman and
Fourier transform infrared imaging for a detailed assessment of the tissue types that is required for classification
and to validate the multimodal imaging approach. Hence label-free vibrational microspectroscopic imaging is a
promising tool for fast and precise in vivo diagnostics of brain tumors. C©2011 Society of Photo-Optical Instrumentation Engineers
(SPIE). [DOI: 10.1117/1.3533268]
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1 Introduction
Even though brain cancers are not among the most common
types of cancer accounting for approximately 3% of all tumors,1

the therapy of brain tumors is a very important issue. First,
they are especially abundant in children and adolescents. Here
22.9% of all cancers diagnosed originate in the brain and only
leukaemia is more prevalent than tumors of the central ner-
vous system.1 Second, since metastases are the most prevalent
type of brain tumors, dealing with brain cancer will give valu-
able insight into the process of metastasizing, which is, to a large
extent, responsible for the lethality of cancer.

For the successful treatment of brain cancers, a precise as-
signment of the tumor type and grade is of utmost importance as
is the detection of the tumor in an early development stage. These
prerequisites of successful therapy need to be met, because medi-
cal treatment differs substantially for individual forms of tumors.
This is again due to the fact that metastases are far more common
than primary tumors, and successful treatment requires removal
of the primary tumor as well. Furthermore, during surgery it
is crucial to remove the cancerous tissue as completely as pos-
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sible to prolong the time without symptoms and the survival
rate of the patient.2 A particular challenge in neurosurgery is
to preserve normal brain tissue and minimize deficits in brain
functions.

Nowadays, the commonly used standard method in neu-
ropathology is staining with haematoxylin and eosine (H&E).
The dye eosine stains proteins and the cytoplasm bright pink,
while haematoxylin stains basophilic structures like DNA blue-
purple. However, this rather simple method is limited to ex vivo
investigations.

According to the importance of cancer treatment not only in
the brain tremendous efforts have been undertaken in order to
improve and invent imaging techniques for an early detection
of tumor tissue. Noninvasive approacheses for brain imaging to
be stated here are computer tomography, magnetic resonance
tomography (MRI), and positron emission tomography (PET).3

Immunohistochemistry is used to complement histopathology,4

whereas elastic light scattering,5 autofluorescence, optical co-
herence tomography,6 and fluorescent labeling2 are recent
experimental methods that have been applied intraoperatively
to identify cancerous tissue in vivo. In fluorescence imaging
fluorescing molecules like fluorescein bound to human serum
albumin (HSA)2 or the porphyrine derivative 5-aminolevulinic
acid7 are injected. Due to the faster metabolic rate of tumor
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cells the fluorescing particles are enriched over time within the
cancerous tissue. A few hours after application the tissue is
illuminated by laser light during surgery and the fluorescing
cancerous tissue is removed. This allows for a more thorough re-
section of the tumor compared with conventional methods.2 But
despite its advantages, this technique suffers from severe restric-
tions. First of all, brain cancers do not accumulate fluorophores if
the blood–brain barrier is still intact. This is especially true in the
early stages of the cancer. In later stages the barrier is often dam-
aged and fluorophores can penetrate more easily from the blood
into cancerous tissue. As shown in Ref. 2, only 84% of the cancer
absorbed the fluorescing species. Second, fluorescent labeling
does not allow for tumor typing, because the dyes are not specific
labels. This is, in principle, also true for other beforehand men-
tioned brain imaging techniques as MRI and PET. The tumor de-
tection is based on a different enrichment of a marker substance
in cancerous and physiological tissue. Third, fluorescence-based
techniques suffer from the limited stability of the fluorophores,
which tend to photobleach upon laser irradiation. Other optical
methods like optical coherence tomography (OCT) and elas-
tic light scattering use differences in physical properties, e.g.,
refractive index, for differentiation of cancerous and normal
tissue.

The work presented here aims at developing a fast, label-
free, sensitive, and selective diagnostic tool for the investigation
of cancerous tissue potentially even in vivo. To address these
fundamental problems in current neuropathology and neuro-
surgery, vibrational spectroscopic methods have been used. In-
frared (IR) and Raman spectroscopy — as longstanding and
well-established methods for tissue typing and grading — have
been applied to determine the chemical composition of tissue
samples in order to validate the performance of the multiphoton
microscopy approach. On this basis, nonlinear imaging tech-
niques like coherent anti-Stokes Raman scattering (CARS),
second harmonic generation (SHG), and two photon excited
fluorescence (TPEF) have been employed for a rapid and label-
free visualization of the morphology and composition of brain
tissue.

Raman and IR spectra provide molecule specific finger-
prints. Since each cell or tissue has a distinct chemical com-
position, biological species or tissue types can be identified
by their Raman and IR spectra.8, 9 Consequently, these meth-
ods are increasingly used for disease recognition.10 In the con-
text of brain tissue, Fourier transform infrared (FTIR) and Ra-
man microspectroscopic imaging have already been applied to
classify malignant gliomas,11, 12 to determine the primary tu-
mor of brain metastases13–16 to detect meningioma17 and to
identify tumors in mice and rats.18–20 However, even though
IR and Raman spectroscopy are promising, they have some
method-intrinsic limitations. IR spectroscopy suffers from the
strong absorption of water, which is the reason why its appli-
cation is hampered in vivo.21–23 Furthermore, the wavelength of
the IR light (∼2.5–10 μm) is larger than that of visible light;
hence high optical resolution on a subcellular level cannot be
achieved in IR microspectroscopy. Raman microspectroscopy
on the other hand uses visible or near-IR light and is appli-
cable in aqueous environment. However, the Raman scattering
efficiency is very low. Therefore, integration times in the or-
der of seconds per spectrum are needed and fast data acqui-
sition cannot be realized for imaging. Furthermore weak Ra-

man signals of tissue are often overwhelmed by the tissues’
autofluorescence.

Both limitations can be overcome by using a nonlinear
version of Raman scattering, i.e., coherent anti-Stokes Raman
scattering (CARS) microscopy, has been applied. In CARS the
sample is illuminated by two pulsed lasers whose frequencies
differ by the frequency of the molecular vibration to be
imaged.24, 25 The lasers are temporally and spatially overlapped
on the sample at the focus of the microscope. The vibrational
level selected for imaging is then selectively populated,
because the beating frequency of both pulses corresponds to
the vibration of interest and forces the molecules to vibrate.
The excitation scheme is depicted in Fig. 1(b). Due to the
nonlinear enhancement the CARS signal is much stronger than
the spontaneous Raman signal. Therefore, CARS allows for fast
data acquisition while preserving the chemical specificity of
vibrational spectroscopy. Using single-band CARS microscopy,
i.e., imaging the spatial distribution of a single Raman band
in a microscope, it is possible to achieve image acquisition
with video repetition rate.26 This fast image acquisition rate
of single-band CARS comes at the price of reduced chemical
information compared to recording the full Raman and/or IR
spectrum. However, the virtual freedom of the image from
single photon fluorescence and the ability to follow biological
processes on timescales of fractions of seconds with subcellular
resolution combined with its relative simplicity in the exper-
imental setup is unparalleled for all currently available optical
imaging techniques. But two drawbacks have to be kept in mind.
First, other nonlinear processes generate a method-intrinsic
background at the CARS signal wavelength limiting the image
contrast. Second, as the signal depends on the square of the
concentration of scattering molecules spectral contributions of
less abundant molecules are small. But despite these drawbacks
it has been proven to be an extremely sensitive method for imag-
ing lipids and other molecules rich in aliphatic C-H-stretching
vibrations capable of investigating normal brain tissue and
brain tumors.27, 28 In addition a variety of skin disorders such
as, e.g., human basal cell carcinoma29 can be probed by CARS
microscopy.

In the present work we have combined CARS microscopy
with SHG and TPEF imaging to obtain multimodal nonlinear
spectroscopic images.30 SHG — as CARS — is a nonlinear
scattering process. A diagram of the process is displayed in
Fig. 1(c). In SHG, two photons are fused to a single photon of
twice the energy. This effect is limited to structures lacking inver-
sion symmetry and depends on the square of the concentration
of scatterers. Since the SHG signal is the coherent superposition
of the emissions of single molecules only highly ordered molec-
ular structures give rise to an intense signal. In tissue, the most
abundant molecule having a large SHG cross section is collagen.
The collagen distribution and structure is an important indicator
for tumor type and grade, since the metastatic potential of tu-
mors correlates with the degradation of collagen.31 Furthermore
the structure of collagen governs the delivery of therapeutics in
tumors.32 Beside these tumor-specific applications SHG allows
for imaging microtubules in nerve tissue and connective tissue
and is thence a promising technique for visualizing the compo-
sition and morphology of brain tissue.33 For the investigation of
different diseases like liver fibrosis or chronic arthritis SHG has
been successfully applied to visualize the collagen network.34, 35
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The third applied nonlinear imaging method is TPEF. The
scheme of TPEF is depicted in Fig. 1(d). Here, two NIR pho-
tons are simultaneously absorbed and hence, TPEF is only
observed within the laser focal spot where the photon density is
highest. Therefore, bleaching effects and out of focus fluores-
cence are greatly reduced. Another advantage is the use of NIR
illumination. Here, the depth penetration in tissue is highest. For
all these nonlinear techniques a pulsed laser source is required
to supply a high photon density at low average powers to avoid
photodamage.

Summarizing what has been laid out before the scope of this
paper is to present a combination of spectroscopic techniques
first for a precise and sensitive investigation of brain tissue and
second for a rapid detection of cancerous tissue during surgery.
Based on IR and Raman studies particular emphasize is put on
CARS, SHG, and TPEF imaging as these nonlinear spectro-
scopic modalities contain the potential for fast bedside imaging
applications in clinics.36 The manuscript is structured as follows.
First, the methods and the experimental setup are presented. Af-
terwards, results are presented from the application of nonlinear
imaging to examine the morphology of brain tissue sections
from a domestic pig. To verify our findings we have checked
the results using conventional H&E staining microscopy and
IR and Raman studies. Then, the application of CARS imag-
ing to investigate human brain tumor sections is displayed and
discussed.

2 Methods
2.1 Nonlinear Microscopic Imaging
In Fig. 1 the experimental setup for CARS, SHG, and
TPEF imaging is depicted. This multimodal nonlinear imaging
experimental setup is based on a previously reported setup for
CARS microscopy.37 The main laser source is a coherent Mira
HP Ti:Sa-Laser pumped by a Verdi-V18 Nd-Vanadate laser. The
laser can be operated in fs or ps-pulse mode. For superior spec-
tral resolution in CARS microscopy the laser is operated in
the ps-pulse mode at 830 nm. A typical Raman line has a
bandwidth of 2 to 10 cm− 1. This corresponds very well to
the linewidth of a ps laser, as a 1 ps laser pulse at 800 nm
has a bandwidth of 15 cm− 1 assuming a Gaussian line pro-
file. A fraction of the laser serves as the Stokes pulse, another
fraction is used to pump an optical parametric oscillator (OPO,
APE, Berlin, Germany) generating the pump wavelength. It is
widely tunable from 500 to 800 nm, allowing for imaging in
the wavenumber region between 500 and 4000 cm− 1. Both
pulse trains are spatially and temporally overlapped, and subse-
quently fed into a commercial laser scanning microscope (LSM
510 Meta, Zeiss, Jena, Germany). To scan large sample areas a
10×/NA 0.3 EC Plan-Neofluar (Zeiss) has been used. The field
of view is 1.2×1.2 mm2. Typical parameters for image acquisi-
tion are 1024×1024 pixels, 2.5 μs integrations time per pixel,
averaging of eight single images, resolution 1.2 μm. For larger

Fig. 1 (a) Setup for CARS, SHG, and TPEF imaging. A Ti:Sa ultrafast laser oscillator is operated in the ps-pulsing mode for high spectral resolu-
tion in CARS microscopy (∼10 cm− 1). One fraction of the laser serves as Stokes beam or as excitation laser for SHG and TPEF imaging. The
second fraction pumps an optical parametric oscillator (OPO) from APE generating the tuneable pump laser for CARS imaging in the range from
500–4000 cm− 1. Pump and Stokes laser are recombined in space and time and fed into a commercial laser scanning microscope (Zeiss LSM 510
Meta). The signal is separated from the exciting lasers by a set of filters (Thorlabs, LOT, Omega Optical, Zeiss) and detected using a photomultiplier
tube. CARS and SHG as shown in (b) and (c) are nonabsorptive processes. The CARS process requires simultaneous illumination by two lasers whose
difference in frequency matches a vibrational resonance (b). The emitted light is shorter in wavelength than the wavelengths of the illuminating
lasers. But this process is not background free. Other nonlinear processes also generate photons at the CARS signal wavelength, reducing the image
contrast. In SHG two photons of longer wavelength are fused to form an elastically scattered photon of twice the energy. This process is only
allowed in noncentrosymmetric media. Therefore this method allows for selective imaging of nonsymmetric structural proteins like collagen. In (d)
the principle of TPEF imaging is depicted. By simultaneous absorption of two near infrared photons the molecules are excited to a higher electronic
state and emit light of shorter wavelength when relaxing to the electronic ground state.
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areas of interest, a mosaic of several single images is acquired.
For SHG and TPEF imaging only the Ti:Sa-laser is used at 826
nm working in the ps-mode. In the microscope several stacked
filters (Thorlabs, Newton, New Jersey; Omega Optical, Brattle-
boro, Vermont; LOT, Darmstadt, Germany) are used to separate
the signal from the lasers used for excitation. For CARS imag-
ing a set of short pass filters from Thorlabs and Omega optics
has been used. The typical laser power at the sample is in the
order of 50 mW for CARS microscopy. For SHG imaging a very
narrow laser line bandpass filter centred at 413 nm has been em-
ployed (LOT) in combination with a stack of short pass filters
from Omega optics and Thorlabs. For TPEF the internal filters
of the microscope have been used. For image analysis and image
processing LSM image examiner (Zeiss), LSM image browser
(Zeiss) and ImageJ (Wayne Rasband, NIH) have been applied.

2.2 Raman Spectroscopic Imaging and Data
Analysis

Raman images were collected in backscattering mode using
a commercial microscopic Raman system (RXN1 Microprobe,
Kaiser Optical Systems, Ann Arbor, MI, USA). The system con-
sists of a multi-mode diode laser at 785 nm emission (Invictus –
Laser from Kaiser optical system), an f/1.8 spectrograph with a
holographic transmissive grating (Kaiser) and a Peltier-cooled,
back-illuminated, deep-depletion CCD detector (Andor Tech-
nology, Belfast, UK). The microscope is coupled to the Raman
system by fiber optics. Raman images were recorded in the serial
mapping mode at 10 μm step size with 10 s exposure time per
spectrum using a 100×/NA 0.9 objective. Each Raman spectrum
covers the range of 200 to 3450 cm− 1 at a spectral resolution of
4 cm− 1. The acquisition software Holograms (Kaiser) automat-
ically performs cosmic spike removal, wavelength calibration
and intensity calibration.

The Raman images were imported into Matlab (The Math-
works, Natick, MA, USA) for pre-processing. In-house written
scripts were applied for background subtraction, baseline cor-
rection and vertex component analysis (VCA). The application
of VCA to reconstruct Raman images has recently been de-
scribed in detail.38 Briefly, given a set of mixed hyperspectral
vectors and considering that each vector is a linear combina-
tion of spectral signatures, linear unmixing aims at estimating
the number of reference substances, also called endmembers,
their spectral signatures and their abundance fractions. If the
number of substances and their signatures are not known, hy-
perspectral unmixing falls into the class of blind source separa-
tion problems. VCA offers an unsupervised solution to the blind
source separation problem which was first described in 2005.39

VCA represents the image raw data in a space of smaller di-
mensionality aiming to retain all relevant information. Scope
of VCA is that endmembers represent spectra of pure chemical
constituents. Then, scores denote the concentration of the end-
member spectra. The VCA algorithm iteratively projects data
onto a direction orthogonal to the subspace spanned by the end-
members already determined. The new endmember signature
corresponds to the extreme of the projection. The algorithm
iterates until all endmembers are exhausted. Finally, the dimen-
sionality of the procedure is reduced to a few endmembers, and
all other spectra are expressed as linear combinations of these
endmembers.

2.3 Fourier Transform Infrared Imaging
FTIR images were collected in transmission mode using a
commercial FTIR spectrometer (model 670, Varian, Agilent
Technologies, Santa Clara, California) and an FTIR microscope
with a 64×64 focal plane array detector (model 620, Varian).
The microscope was equipped with a Cassegrain 15×/NA 0.4
objective. The microscope chamber was enclosed in a home-
build box and purged by dry air to reduced spectral contributions
from water vapor. Each image covers an area of 350×350 μm2

with each pixel corresponding to an area of 5.5×5.5 μm2. The
mosaic data acquisition mode enables to assess larger sample
areas by acquiring a series of FTIR images and composing them
to one image. For the current work a 3×2 mosaic was collected
covering areas of 1050×700 μm2. Each IR spectrum was ac-
quired in the interval 900 to 4000 cm− 1 at a spectral resolution
of 4 cm− 1 with a zero filling factor 1 and Blackman Harris term
3 apodization. The data sets were processed using the program
Cytospec (www.cytospec.com) and Matlab. After baseline cor-
rection and removal of low intensity spectra, K-means cluster
analysis was used to partition the data set into K clusters so
that the differences between the data within each cluster are
minimized and the differences between clusters are maximized
according to some defined distance measure. Here, the K-means
cluster algorithm used multiplicative signal correction for in-
tensity normalization, squared Euclidean distances, five clusters
and the spectral regions from 900 to 1800 cm− 1.

2.4 Tissue Specimens
For CARS, SHG, and TPEF imaging of domestic pig brain
tissue, unprocessed fresh cerebral tissue from a local slaughter-
house has been shock frozen in liquid nitrogen. Tissue sections
of 20 to 50 μm thickness have been prepared using a Leica
microtome model CM 3050 S. Parallel sections were stained
with haematoxylin and eosine using a standard protocol. The
stained sections were investigated by brightfield and laser scan-
ning fluorescence microscopy. The unstained sections have been
analyzed by CARS, SHG, and TPEF microscopy.

Tumor tissue specimens from human brain neoplasms were
procured during surgery at the university hospital in Jena. Tissue
was shock frozen and cryostat sections of 10 μm thickness were
cut. Slides were H&E stained and examined with brightfield
microscopy by the neuropathologist Dr. Romeike. Parallel un-
labeled sections were investigated by FTIR, Raman and CARS
microscopy.

3 Results
To illustrate the potential of the nonlinear imaging methods
in the field of neurosurgery with respect to conventional H&E
staining the cerebellum of a domestic pig has been investigated.
At H&E stained sections different brain cell types like Purkinje
cells and granule cells as well as the cell nuclei, which are espe-
cially abundant in the granule cell layer, were identified by the
neuropathologist Dr. Romeike. White and grey matter consist-
ing of granule cell layer, Purkinje cell layer and the molecular
layer are discernible. Furthermore, the white matter containing
the myelin fibres for signal transmission, the arachanoid mem-
brane, which envelopes the brain, and smaller and larger blood
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Fig. 2 Comparison of (a) H&E, (b) CARS at 2850 cm− 1, and (c) TPEF/SHG images of a cerebellum tissue section of a domestic pig. Similar
information can be extracted using either H&E staining or nonlinear imaging methods. H&E staining visualizes the morphology of the cerebellum (a);
the boxed region 1 and 2 are depicted in Figs. 3 and 4 for more detailed views. CARS allows us to differentiate white (green) and gray matter (blue)
(b). In (c) a combined SHG and TPEF image shows the SHG emission (green) of the arachnoid membrane. In the TPEF channel (blue) (excitation 835
nm, emission 435–485 nm) the white matter appears darker than the grey matter and the granule layer is faintly accentuated. (Color online only.)

vessels penetrating the brain transporting oxygen and nutrients
were discriminated in the H&E image as shown in Figs. 2(a)–
4(a) [see Fig. 2(a) for an overview and Figs. 3(a) and 4(a) for
more detailed H&E images as indicated by the boxes in Fig. 2].
On the other hand, the CARS, SHG, and TPEF images 2(b) and
2(c) of the parallel section show at similar accuracy the basic
morphology of the sample. As the field of view using a 10×
objective was smaller than the tissue section, the H&E, CARS,
SHG, and TPEF images were composed of 15×15 single im-
ages. CARS at the CH-stretching vibration of 2850 cm− 1 shows
a very pronounced signal in the white matter, since the nerve
fibers are rich in fatty acids, which give rise to an intense CARS
signal.28 Even the orientation of the fibres can be visualized,
which is a particularly interesting capability of this method. In
this respect, it seems very likely that polarization sensitive de-
tection schemes27, 33, 40 will highlight the orientation of the nerve
fibres in the brain with higher contrast. The gray matter appears
darker in the CARS image.

In Fig. 2(c) the spatial distributions of autofluorophores
(TPEF, blue) and collagen (SHG, green) is displayed. For ex-
citation the NIR laser was tuned to 826 nm. The TPEF signal
has been detected in the range between 435–485 nm, hence the
SHG signal, which appears at 413 nm is spectrally filtered and
excluded. The image faintly shows the granule cell layer with its
large amount of nuclei. The white matter appears darker than the
uniformly illuminated gray matter. This is due to the fact, that
several fluorophores are excited simultaneously, i.e., two-photon
transitions in elastin, collagen, and NAD(P)H are excited within
the bandwidth of the laser pulse.41 They all add to the signal in
the spectral detection window and, consequently, their individ-
ual contributions are difficult to separate by the time-integrated
measurements performed here. Since these molecules are dis-
tributed along the cellular structures, the TPEF image shows
very well the morphology of the sample. SHG on the other hand
selectively displays the arachnoid membrane which is composed
of collagen.

Fig. 3 Comparison of a H&E stained section (a) and a composite CARS (green channel), SHG (red) and TPEF (blue) image of an unstained parallel
section (b) of cerebellum of a domestic pig as indicated by the boxed area 1 of Fig. 2. This enlarged view (a) shows fine details on single cell level,
the white matter with few nuclei, the granule cell layer with its extremely high density of small neurons, the larger Purkinje cells adjacent to the
granule layer, blood vessels, and the arachnoid membrane. Except for the cell nuclei, single Purkinje cells and blood vessels, the basic structural
components are also visible in the composite CARS (green), SHG (red), and TPEF (blue) image (b). (Color online only.)
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Fig. 4 Comparison of a H&E stained image of the boxed area 2 of Fig. 2 with CARS, SHG, and TPEF images of a parallel unstained section. (a)
Cellular details are visible in the H&E stained image as assigned in Fig. 3(a). The corresponding CARS image (b) shows white and grey matter and
highlights the outermost layer of the cerebellum, the molecular layer. To increase the image contrast, a nonresonant CARS image at 2700 cm− 1 has
been subtracted resulting in a contrast rich image (c). The white matter appears bright, while the grey matter is much darker. Using TPEF and SHG
however in (d), the granule cell layer is faintly visible (TPEF, blue), while SHG selectively highlights areas of densely packed and ordered collagen
fibres (green), which are not exclusively within the arachnoid membrane but also in blood vessels. The size of each image is indicated by the scale
bar of 200 μm. (Color online only.)

To visualize fine morphological details of the sample CARS,
TPEF, and SHG imaging has been performed and a composite
image is displayed in Fig. 3(b). CARS allows to differentiate
white (bright green) and gray matter. The arachnoid membrane,
which is to a large extent composed of ordered collagen, is ex-
clusively visualized by SHG (red), while TPEF allows to faintly
discern the granule layer of the gray matter (blue). However,
fine structural details on single cell level like single cell nuclei
could not be visualized, which can be seen in the H&E image
in Fig. 3(a) showing nuclei of the granule cell layer and single
Purkinje cells.

In Fig. 4 the boxed area 2 of Fig. 2 is magnified. The CARS
image (B) allows visualizing white and gray matter as well
as the molecular layer, the outermost layer of the gray matter.
To increase the CARS image contrast a nonresonant image at
2700 cm− 1 has been subtracted from a resonant CARS image
following Refs. 42 and 43 [Fig. 4(c)] resulting in a contrast rich
image, which clearly allows to separate white and gray matter.
However, even though the contrast improved significantly, single
cells and the granule layer are not discernable at this level of
optical magnification.

Additional TPEF and SHG imaging reveals further details as
shown in Fig. 4(d). Besides visualizing the arachnoid membrane
the collagen structures of small blood vessels pervading the brain
become visible by SHG imaging (green). Again the granule layer
adjacent to the white matter is visible in the TPEF channel (blue).
The nonlinear imaging modality pursued in this work has proven
capable of resolving structural details of the sample comparable
to H&E staining on a size scale larger than single cells. Hence, it
can be concluded that such approach will be suited for resolving
the morphology and tumor margins of primary brain tumors and
metastases potentially even during surgery.

Figure 5 compares the H&E stained tissue section of a brain
metastasis [Fig. 5(a)], which originated from a lung carcinoma,
with a CARS image recorded at 2850 cm− 1 [Fig. 5(b)], Raman
images [Fig. 5(c)–5(f)] and an FTIR image [Fig. 5(g)] of an
unstained parallel tissue section. Raman and FTIR imaging of
the same tumor sample have been applied to evaluate the results
from CARS imaging. The H&E stained tissue section reveals a
solid tumor mass with high cell density in the right portion, a

region of lower tumor cell density in the central part and necrotic
tissue particular in the lower left portion. As the brain metastasis
of a lung carcinoma contains the molecular information of the
primary tumor, the biochemical composition and morphology
significantly differs compared with brain tissue and necrosis.
Hence, the solid tumor is identified in the CARS image by a
well delineated, homogenous area of higher intensities. This
corresponds to a distinct lipid content in comparison with brain
tissue, as confirmed by the Raman and FTIR spectra that are
presented below (Fig. 6). The area of lower tumor cell density
appears more heterogeneously. The intensity profile along the
diagonal is shown below allowing for tumor margin detection
with a spatial resolution of approximately 10 μm. Within this
CARS image single cell nuclei are visible. They appear darker,
since the density of CH-stretching vibration is lower within the
nuclei.28 Tumor islets identified by Raman and FTIR imaging
are indicated by arrows. Such structures are also discernible in
the CARS image.

Since the full vibrational spectrum is available for each posi-
tion in the FTIR and Raman image, the analysis of these images
reveals further insight in the composition of this tissue section.
The VCA analysis of the Raman image resolves a component of
high haemoglobin content between the solid tumor and the scat-
tered tumor cells [Fig. 5(c)]. The assignment is confirmed by the
endmember spectrum (Fig. 6, trace 1) which shows prominent
haeme bands at 666, 739, 1250, and 1585 cm− 1. The second
component [Fig. 5(c)] corresponds to the solid tumor. In agree-
ment with the higher CARS intensities the endmember spectrum
(Fig. 6, trace 2) shows intense cholesterol (701 cm− 1) and phos-
pholipid bands (719, 1085, 1299, 1440, and 1657 cm− 1). The
area of lower tumor cell density corresponds to the third com-
ponent [Fig. 5(e)]. The endmember spectrum (Fig. 6, trace 3) is
dominated by spectral contributions of proteins. Bands of aro-
matic amino acids (Phe: 622, 1003, 1032, 1208 cm− 1; Tyr: 643,
828, 851, 1208 cm− 1; Trp: 757, 1340 cm− 1) are identified.
The positions of the protein amide III band (1240 cm− 1) and
amide I band (1668 cm− 1) point to β-sheet secondary struc-
tures. The forth component [Fig. 5(f)]. is unevenly distributed
in the left and right portion of the Raman image. The concen-
tration is decreased in the central portion which corresponds to
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Fig. 5 H&E stained tissue section (a), CARS image at 2850 cm− 1 in blue-green false colors with a spectral profile along the diagonal line (b), Raman
image analyzed by VCA (c)–(f) and FTIR image (g) analyzed by k-means clustering from brain metastasis of lung carcinoma. Even though only one
resonance is used for CARS imaging, the tumor margin is clearly visible in (b). The transition of necrotic brain tissue to tumor is resolved within an
accuracy of 10 μm due to the different intensity profile in necrotic and cancerous tissue. Single cell nuclei within the tumor appear dark because of
reduced lipid content. The component (c) of the Raman image is assigned to blood vessels, (d) to tumor tissue, (e) to necrosis and (f) to cell nuclei.
The cluster membership map of the FTIR image (g) separates tumor (orange), necrosis (yellow, cyan) and scattered tumor cells with necrosis (blue).
Small islets of cancerous tissue outside the solid tumor are indicated by arrows. Comparing the images (b) with (c)–(g) the superior spatial resolution
of CARS is apparent. The image acquisition time of CARS is also greatly reduced compared to FTIR and Raman imaging. Scale bar valid for all
images. (Color online only.)

Fig. 6 Left: Endmember spectra of the Raman images [Fig. 5(c)–5(f)] and right: mean cluster spectra of FTIR image from brain metastasis of lung
carcinoma in Fig. 5(g). See the results section for a detailed description and band assignment.
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necrosis by comparison with the H&E stained image. The end-
member spectrum (Fig. 6, trace 4) contains more intense bands
due to DNA (497, 668, 727, 781, 1098, 1315, 1680 cm− 1). This
is consistent with a high cell density in tumor and a low cell
density in necrotic tissue. Furthermore, the amide bands signif-
icantly shift to 1248 and 1660 cm− 1 compared to the third
endmember spectrum. This observation points to a change
of secondary structures from β-sheets to more α-helical and
unordered conformations. The band at 531 cm− 1 is tentatively
assigned to disulfide bridges between cysteine amino acids.

The cluster membership map of the FTIR image contains
five clusters [Fig. 5(g)]. The clusters are assigned to the solid
tumor (orange cluster), necrosis (yellow and cyan), the scat-
tered tumor cells (blue), and the tissue margin (brown). The
mean cluster spectra are overlaid in Fig. 6 (right). In agree-
ment with the Raman signature the IR spectrum of the orange
cluster contains more intense spectral contributions of phospho-
lipids (1075, 1240, 1734, 2854, 2924 cm− 1). Further differences
compared with the other IR spectra are observed in the amide II
(1539 cm− 1) and amide A band (3290 cm− 1) whose intensi-
ties are reduced relative to the amide I band (1654 cm− 1). The
variations of the blue, cyan, and yellow cluster are smaller. The
cluster mean spectrum of the brown cluster at the tissue mar-
gin is not displayed because it is strongly affected by spectral
contributions of OCT medium.

4 Discussion
As the current neuropathologic investigation of brain tumor sec-
tions is based on H&E staining microscopy it is limited to fixed
(ex vivo) tissue specimen. This work aims at providing non-
linear microspectroscopic tools allowing for a label free anal-
ysis of brain tissue with similar accuracy than the established
H&E staining microscopy, which are potentially also applicable
in vivo as already demonstrated.26, 32, 33, 36, 41, 44 Single-band
CARS in resonance with the CH-stretching vibration combined
with TPEF and SHG imaging can give similar insight into the
composition and morphology of brain tissue as does H&E stain-
ing. This is at least true on a larger size scale. On single cell
level the resolution of H&E microscopy has been superior. This
is mainly due to the fact that in order to scan large sample
areas a low magnification large field of view 10× objective
has been used. Since SHG and CARS require phasematching,
a high NA objective will not only increase the spatial resolu-
tion but also the efficiency of the signal generation for these
processes. Further more the sample preparation is limiting the
resolution.

In this study dried sections from shock frozen tissue have
been investigated. Due to the drying process the tissue shrinks.
As a result the sample is not uniform in thickness and refractive
index, which degrades the image contrast. This is because the
laser beams cannot be focused to a diffraction limited spot deep
in the tissue, which also affects the efficiency of the signal
generation due to the nonlinear dependence on the intensity of
the excitation lasers. To circumvent this problem the tissue will
be cut at room temperature using a vibratome in forthcoming
studies. Preparation based alterations of the tissue are thereby
minimized. Therefore, it is expected, that even finer structural
details will become generally visible in CARS images. This
more elaborate sample preparation offers another advantage.

Since sample modifications are small and the sections remain
in a humid environment, the conditions are more similar to
those in vivo. Although this ex vivo study revealed significant
results in vivo assessment of tissue will form the core of future
investigation.

Especially SHG imaging has revealed paramount details,
which are difficult to see if not completely invisible in H&E
images. Since only ordered collagen is visualized, SHG offers
high chemical selectivity. The image contrast is extremely high,
because SHG selectively highlights exclusively the arachnoid
membrane, blood vessels and other structures as axons com-
posed of collagen. TPEF on the other hand allows for label
free imaging the morphology of the sample. Even though the
contrast is less pronounced than in H&E images, the main struc-
tural details of brain tissue can be visualized. These are white
and grey matter. In the latter even the granule cell layer appears
accentuated, which is invisible in the CARS images.

CARS as the third nonlinear microspectroscopic technique
employed is very promising for imaging the chemical composi-
tion. So far only the aliphatic CH-stretching band has been used
for visualizing the distribution of lipids and membranes. How-
ever, this method already allows to clearly differentiate white
and grey matter. Even the orientation of the nervous fibres is
faintly visible. Due to differences in their chemical composition
cancerous tissue could also be identified by CARS microscopy.
The margin of lung tumor metastasis and necrosis has been
detected with high spatial resolution of approximately 10 μm.
FTIR and Raman imaging have identified four small tumor islets
outside the solid tumor mass, which are also visible in the CARS
image. In general the molecular specificity of single band CARS
microscopy is lower than in Raman or FTIR imaging, because in
contrast to FTIR and Raman imaging single band CARS utilizes
only one Raman resonance for contrast generation. Furthermore
the CARS signal is unevenly generated across the field of view
decreasing to the edges. This is due to the phasematching con-
dition, which is not equally satisfied across the full field of view.
Hence, the tumor islets at the edge of the field of view are dif-
ficult to visualize. Nevertheless CARS is sufficiently sensitive
to delineate the solid tumor and islets employing acquisition
times, which are greatly reduced compared to Raman and FTIR
microspectroscopy.

However, as only single-band CARS has been applied in this
study, detailed chemical information as encoded in the whole
vibrational spectra of a sample has not been obtained yet by this
nonlinear technique. Hence in order to validate the nonlinear
imaging approach the underlying variations in chemical compo-
sition between cancerous and normal tissue were characterized
with high accuracy in Raman and FTIR images that allow dis-
tinguishing different features within each tissue sections. It has
already been demonstrated that these techniques enable tumor
typing and grading.11–15 Therefore, to realize tumor typing or
grading the entire vibrational fingerprint of a sample has to be
used. The Raman and IR spectra indicate that the main spec-
tral differences between cancer and normal tissue are assigned
to proteins and lipids. But these spectral variations are usu-
ally small and distributed across a wide spectral range requir-
ing the use of multivariate statistical analysis algorithms. But
FTIR and Raman imaging are far too slow for being applicable
in vivo. Furthermore, the use of FTIR is restricted to dry samples,
thus, despite its great success in characterizing tissue sections its
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in vivo application will be hampered by the presence of water in
biological samples.

For an online, i.e., intrasurgery all-optical analysis of brain
tissue CARS microscopy will be the method of choice, which
might be combined with Raman analytics as recently demon-
strated by Potma and co-workers in a proof-of-concept device.45

But since already single band CARS does provide sufficient in-
formation for the detection of tumor tissue,28 it is probably also
capable of tumor typing, when more than a single resonance
is used for imaging and when the results are combined with
other nonlinear imaging modalities like SHG and TPEF. Fur-
thermore, statistic image analysis can be applied to interpret
CARS images.46, 47

These first results are very promising. A combination of non-
linear imaging techniques visualized the morphology of brain
tissue and differentiated cancerous and necrotic brain tissue.
These findings were verified by FTIR and Raman imaging. In the
future further improvements of these nonlinear methods might
allow for a rapid analysis of dissected brain tissue accompanying
brain surgeries or biopsies.

5 Summary and Outlook
In order to become a useful complement or even substitute for
standard staining methods, i.e., H&E staining, in neuropathol-
ogy the technologically more complex nonlinear imaging meth-
ods must be able to demonstrate clear advantages in compar-
ison to the established techniques. Here, it has been shown
that a combination of recently developed multiphoton imaging
modalities can provide similar structural information as does
conventional H&E staining in neuropathology. In the present
study CARS revealed general tissue textures as H&E stained
samples, nevertheless, due to the use of a low-magnifying ob-
jective the CARS images do not reveal sub-cellular structures.
On the other hand, CARS neither requires elaborate sample
preparation, nor is its application limited to ex vivo studies as
detection of the signals in backscattering direction is possible.
However, the experimental setup is somewhat more compli-
cated. Nonetheless, progress in laser technology may enable that
these techniques will be implemented in a compact microscope
comparable in size to the bright field microscopes nowadays
widely used in hospitals. We believe that the implementation of
fibre lasers48–51 with their small footprint and robustness will
bring CARS and nonlinear microscopy from specialized laser
labs into hospital.

By shifting the excitation laser wavelength further into the
near-IR, lower photo induced damage and higher depth pene-
tration is expected comparable to the situation established for
two-photon fluorescence. Hence, investigations will not be lim-
ited to the surface of the sample, but contactless and hence non-
invasive measurements of tissue a few hundred microns deep
are realistic. By utilizing different resonances for CARS imag-
ing especially within the fingerprint spectral region chemically
selective imaging of more structural details inside the brain is
expected. For instance the granule cell layer is extremely rich
in DNA which could be used to selectively image this region. A
rapid multispectral analysis of biopsies will allow for faster and
more precise tumor typing. For the future we aim for a fast and
reliable intraoperative diagnosis of the tumor type and grade by
using solely nonlinear imaging modalities.
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19. K. R. Bambery, E. Schültke, B. R. Wood, S. T. R. MacDonald,
K. Ataelmannan, R. W. Griebel, B. H. J. Juurlink, and D. McNaughton,
“A Fourier transform infrared microspectroscopic imaging investigation
into an animal model exhibiting glioblastoma multiforme,” Biochimica
Biophysica Acta 1758, 900–907 (2006).

20. C. Krafft, M. Kirsch, C. Beleites, G. Schackert, and R. Salzer, “Method-
ology for fiber-optic Raman mapping and FTIR imaging of metastases in
mouse brains,” Analytical Bioanalytical Chem. 389 1133–1142 (2007).

21. G. Li, M. Thomson, E. Dicarlo, X. Yang, B. Nestor, M. P. G. Bostrom,
and N. P. Camacho, “A Chemometric Analysis for Evaluation of
Early-Stage Cartilage Degradation by Infrared Fiber-Optic Probe Spec-
troscopy,” Appl. Spectrosc. 59, 1527–1533 (2006).

22. T. M. Greve, K. B. Andersen, and O. F. Nielsen, “ATR-FTIR, FT-NIR
and near-FT-Raman spectroscopic studies of molecular composition in
human skin in vivo and pig ear skin in vitro,” Spectroscopy 22, 437–457
(2008).

23. M. Gloor, G. Hirsch, and U. Willebrandt, “On the use of infrared spec-
troscopy for the in vivo measurement of the water content of the horny
layer after application of dermatologic ointments,” Arch. Dermatologi-
cal Res. 271, 305–313 (1981).

24. A. Zumbusch, G. R. Holtom, and X. S. Xie, “Three-Dimensional Vi-
brational Imaging by Coherent Anti-Stokes Raman Scattering,” Phys.
Rev. Lett. 82, 4142–4145 (1999).

25. A. Volkmer, “Vibrational imaging and microspectroscopies based on
coherent anti-Stokes Raman scattering microscopy,” J. Physics D: Ap-
plied Phys. 38, R59–R81 (2005).

26. C. L. Evans, E. O. Potma, M. Puoris’haag, D. Cote, C. P. Lin, and X.
S. Xie, “Chemical imaging of tissue in vivo with video-rate coherent
anti-Stokes Raman scattering microscopy,” Proc. Natl. Acad. Sci. USA
102, 16807–16812 (2005).

27. Y. Fu, T. B. Huff, H.-W. Wang, H. Wang, and J.-X. Cheng, “Ex vivo and
in vivo imaging of myelin fibers in mouse brain by coherent anti-Stokes
Raman scattering microscopy,” Opt. Exp. 16, 19396–19409 (2008).

28. C. L. Evans, X. Xu, S. Kesari, X. S. Xie, S. T. C. Wong, and G. S.
Young, “Chemically-selective imaging of brain structures with CARS
microscopy,” Opt.s Exp. 15, 12076–12087 (2007).

29. N. Vogler, T. Meyer, D. Akimov, I. Latka, C. Krafft, N. Bendsoe,
K. Svanberg, B. Dietzek, and J. Popp, “Multimodal imaging to study
the morphochemistry of basal cell carcinoma,” J. Biophoton. 3, 728–736
(2010).

30. J. Mertz, “Nonlinear microscopy: new techniques and applications,”
Curr. Opin. Neurobiol. 14, 610–616 (2004).

31. L. A. Liotta, K. Tryggvason, S. Garbisa, I. Hart, C. M. Foltz, and
S. Shafie, “Metastatic potential correlates with enzymatic degradation
of basement membrane collagen,” Nature 284, 67–68 (1980).

32. E. Brown, T. McKee, E. diTomaso, A. Pluen, B. Seed, Y. Boucher,
and R. K. Jain, “Dynamic imaging of collagen and its modulation in tu-
mors in vivo using second-harmonic generation,” Nat. Med. 9, 796–800
(2003).

33. T. B. Huff and J.-X. Cheng, “In vivo coherent anti-Stokes Raman scat-
tering imaging of sciatic nerve tissue,” J. Microsc. 225, 175–182 (2007).

34. J. Caetano-Lopes, A. M. Nery, H. Canhão, J. Duarte, R. Cascão,
A. Rodrigues, I. P. Perpétuo, S. Abdulghani, P. M. Amaral,
S. Sakaguchi, Y. T. Konttinen, L. Graça, M. F. Vaz, and J. E. Fonseca,

“Chronic arthritis leads to disturbances in the bone collagen network,”
Arthritis Res, Therapy. 12, R9 (2010).

35. L. Gailhouste, Y. L. Grand, C. Odin, D. Guyader, B. Turlin, F. Ezan,
Y. Désille, T. Guilbert, A. Bessard, C. Frémin, N. Theret, and G. Baffet,
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