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a b s t r a c t

Objective: There is no established method for in vivo imaging during biopsy and surgery of the brain,
which is capable to generate competitive images in terms of resolution and contrast comparable with
histopathological staining.
Methods: Coherent anti-Stokes Raman scattering (CARS) and two photon excited fluorescence (TPEF)
microscopy are non-invasive all optical imaging techniques that are capable of high resolution, label-free,
real-time, nondestructive examination of living cells and tissues. They provide image contrast based on
the molecular composition of the specimen which allows the study of large tissue areas of frozen tissue
sections ex vivo.
Results: Here, preliminary data on 55 lesions of the central nervous system are presented. The generated
images very nicely demonstrate cytological and architectural features required for pathological tumor
typing and grading. Furthermore, information on the molecular content of a probe is provided. The tool
will be implemented into a biopsy needle or endoscope in the near future for in vivo studies.

Conclusion: With this promising multimodal imaging approach the neurosurgeon might directly see blood
vessels to minimize the risk for biopsy associated hemorrhages. The attending neuropathologist might
directly identify the tumor and guide the selection of representative specimens for further studies. Thus,
collection of non-representative material could be avoided and the risk to injure eloquent brain tissue
minimized.

© 2015 Elsevier B.V. All rights reserved.
. Introduction

Label free intravital microscopy holds great promise to
mprove tissue sampling, i.e. reducing the risk of procuring non-
epresentative specimens, and minimizing the risk of bleeding by
isualization and avoiding destroying blood vessels, especially dur-
ng stereotactic surgery or other minimal invasive central nervous
ystem surgery. Furthermore, where applicable, neurosurgeons

ould be guided to borders of lesions for exact orientation and
o avoid excessive resection of functional or eloquent brain tissue
uring surgery by precise boundary detection.

∗ Corresponding author at: Institute of Pathology, Neuropathology Section, Jena
niversity Hospital, Friedrich Schiller University, Erlanger Allee 101, D-07747 Jena,
ermany. Tel.: +49 3641 9 3247 55; fax: +49 3641 9 3247 52.

E-mail address: bernd.romeike@med.uni-jena.de (B.F.M. Romeike).

ttp://dx.doi.org/10.1016/j.clineuro.2015.01.022
303-8467/© 2015 Elsevier B.V. All rights reserved.
Especially, the application of coherent anti-Stokes Raman
scattering (CARS) [1] and tissue intrinsic two photon excited flu-
orescence (TPEF) [2] microscopy are promising tools which enable
intraoperative imaging of histological structures without staining
the tissue. The generated images provide a detailed insight into
the molecular composition of the sample. CARS is widely used for
visualizing the distribution and concentration of lipids [3], while
TPEF enables displaying the spatial distribution of autofluorescing
molecular species like elastin, keratin or NAD(P)H [4], thus offer-
ing molecular selective imaging. The techniques allow for spatially
highly resolved imaging even of single cells. The penetration depth
in tissue is a few 100 �m which would provide a sufficient secu-
rity margin for intraoperative guidance in order to avoid damaging

functional structures, e.g. blood vessels. The pulsed illumination in
nonlinear imaging allows investigation of the sample at low aver-
age power thus avoiding photodamage of the tissue but providing
good image contrast.

dx.doi.org/10.1016/j.clineuro.2015.01.022
http://www.sciencedirect.com/science/journal/03038467
http://www.elsevier.com/locate/clineuro
http://crossmark.crossref.org/dialog/?doi=10.1016/j.clineuro.2015.01.022&domain=pdf
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In vivo CARS imaging has already been demonstrated even at
ideo rate and proved especially valuable in displaying the distri-
ution of lipids [5]. This makes CARS especially interesting for the
tudy of lipid rich brain tissue. However, for in vivo applications the
echnology has to be safe and non-destructive. Cell line and animal
tudies could so far show that CARS application in vivo is safe with
o or negligible photodamage [6,7]. CARS microscopy has been suc-
essfully used ex vivo to image mice brain [8,9] and various tumors,
mong them also brain tumors [8,10–12]. CARS was also combined
ith further imaging techniques on small sets of samples [13].

Here, we present preliminary data from a systematic study on a
et of various specimens from the central nervous system ex vivo in
rder to exploit the potential of a combination of CARS and TPEF for
ultimodal in vivo imaging and to determine possible limitations.

. Materials and methods

.1. Materials
We prospectively collected consecutive brain biopsy specimens
f patients operated at the Clinic for Neurosurgery, Jena University
ospital with the permission of the ethics committee. Informed

ig. 1. Low magnification of a cerebellar metastasis of a small cell lung carcinoma, ima
erebellar cortex (upper right), blood vessels (>), tumor and necroses (N). Especially bloo
ighlights the autofluorescing spectrum of preexisting cerebellar molecular layer (ML) an
etween tumor and cerebellum (dotted line). Necrotic tissue contains fluorescing spectr
ortex is sharply demarcated from tumor due to the relative lipid deficiency in tumor tissu
igher lipid content and enabling clear differentiation from vital tumor. (D) Combination
&E stain (A), TPEF (B), CARS at 2850 cm−1(C) and combined multimodal CARS-TPEF-

nterpretation of the references to color in this figure legend, the reader is referred to the
nd Neurosurgery 131 (2015) 42–46 43

consent for experimentation was obtained by all patients. For diag-
nostic work-up all specimens were submitted to a special trained
neuropathologist (BFMR), where applicable pathological typing
and grading of the specimens was performed according to the cur-
rent World Health Organization (WHO) Classification of Tumors
of the Central Nervous System [14]. Intraoperative diagnosis was
based on giemsa stained cytological smear preparations and hema-
toxylin and eosin (H&E) stained cryostat sections. Final diagnoses
were confirmed by standard formalin fixed paraffin embedded
tissue with standard stains including immunohistochemical meth-
ods.

Unstained parallel sections of the diagnostic cryostat sections
were subject to CARS, and TPEF. Sections were transferred onto
calcium fluoride slides and air dried under ambient conditions.
For definite comparison besides the intraoperative parallel cryostat
section also the original air dried sections were later stained with
hematoxylin and eosin after completion of CARS and TPEF imaging.
The studied areas were again searched on the slides and compared

to CARS and TPEF images. These areas were again compared with
the parallel areas of the initial diagnostic intraoperatively made
H&E cryostat section which was then documented and compared
with CARS and TPEF images as shown in Figs. 1 and 2.

ge size 3 mm × 3 mm. (A) Hematoxylin and eosin (H&E) stain shows preexisting
d vessels are easily detected, even without much experience. (B) The TPEF image
d granular layer (GL) vital tumor (T), and necrotic areas (N). There is a clear border

um originating from tissue degradation. (C) Also on the CARS image the cerebellar
e with respect to normal brain tissue. Necrotic areas (N) are highlighted indicating
of CARS and TPEF images.
imaging (D) displaying CARS in blue and TPEF in green. Scale bar 500 �m. (For
web version of this article.)
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Fig. 2. H&E stained overview images of various tumors and higher magnifications of multimodal nonlinear images of parallel tissue sections. In the first column H&E stained
section are depicted, whereas in the second column TPEF-, in the third CARS- and in the fourth combined CARS (green) and TPEF (blue) – images are shown. (A–D) In the first
row a brain metastasis of a squamous cell carcinoma is shown. CARS and TPEF highlight the boundaries and the architecture (B–D). The second row contains in panels E–H
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mages of a diffuse glioma with moderate cellularity. Panels I–L show the outer bor
ame lymphoma with high cell density. Especially TPEF allows for easy identificatio
0 �m. (For interpretation of the references to color in this figure legend, the reade

.2. CARS and TPEF

The setup used for combined CARS and TPEF imaging of brain
issue sections is based on a previously reported setup [13]. A Ti:Sa
aser (Mira HP, Coherent, USA) emits laser pulses of 2 ps pulse dura-
ion, 76 MHz repetition rate and 3 W average power at 830 nm.
ne part of the laser output is used to pump an optical paramet-

ic oscillator (OPO, APE, Germany) for generating the CARS pump
avelength at 670 nm. The other fraction of the Ti:Sa-laser is used

s Stokes laser for generating the CARS process. The output of the
PO at 670 nm and of the Ti:Sa at 830 nm are spatially and tempo-

ally recombined by a mechanical delay and a dichroic mirror and
irected to the entrance port of a confocal laser scanning micro-
cope consisting of a Axiovert 200M microscope equipped with a
canning module LSM 510 (both Zeiss, Germany). The CARS sig-
al is spectrally separated from the exciting lasers by a stack of

hort- and bandpass filters (3rd millennium, Omega Optical, USA)
nd detected by a photomultiplier module in forward direction,
hereas the TPEF signal is collected by the objective in backward
irection and separated by a set of dichroic mirrors and filters
e. diffuse manifestation of a lymphoma whereas images (M–P) show an area of the
riability in cell density in different areas. Scale bars (A) and (E): 500 �m, all others:

ferred to the web version of this article.)

(Zeiss, Germany) and detected by a photomultiplier tube (PMT)
module. The schematic layout of the setup is depicted in Fig. 3,
while the principle processes for signal generation will be briefly
described in the following. TPEF – in contrast to single photon flu-
orescence – is excited by the simultaneous absorption of two low
energy photons. The molecule relaxes and emits a photon when
returning to its electronic ground state. The scheme of the process
is depicted in Fig. 3(B). Since only certain molecules emit fluo-
rescence light, TPEF is limited to display the spatial distribution
of such molecular signatures. In tissue abundant autofluorophors
include keratin, elastin, NADPH, melanin and tryptophan. By choos-
ing appropriate excitation and emission spectral windows, the
contribution of different signatures can be disentangled. Here the
emission between 435 and 485 nm was detected. TPEF especially
allows for visualizing the cell nuclei, since fluorescing signatures
are mainly located in the cytoplasm, leading to a sharp contrast at

the nuclear membrane (Figs. 1 and 2).

The second imaging method, CARS, requires two synchronized
lasers for sample illumination. When the difference in frequency
of both lasers matches a vibrational resonance, this level becomes
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Fig. 3. Diagrammatic layout of the microscopic setup used for simultaneous two
photon excited fluorescence (TPEF) and coherent anti-Stokes Raman scattering
(CARS) imaging. The emission and excitation schemes of these processes are
depicted in the insets (A, CARS) and (B, TPEF). A Ti:Sa laser Mira HP (coherent) is
used for illumination. A fraction is split by a beamsplitter BS for pumping an opti-
cal parametric oscillator (OPO, from APE), which allows for continues tuning of the
CARS-pump wavelength from 500 to 1600 nm. The other fraction serves as fixed
wavelength Stokes beam or excitation laser for TPEF. A Faraday isolator (FI) sup-
presses backreflections from the microscope. For CARS a delay line (DL) temporally
overlaps pump- and Stokes pulses and corrects for different dispersion of both colors
in the optical path. Both lasers are recombined using a dichroic mirror (DC). Then
the lasers enter a commercial laser scanning microscope (Zeiss). Photomultiplier
modules (PMT), filters and dichroic beamsplitters (DC) are used to separate TPEF
and CARS signals from the excitation lasers. In (A) the CARS process is displayed.
Pump- and Stokes photons coherently populate an excited vibrational level. Coher-
ent Raman scattering from this excited level results in the emission of directional
laser-like CARS radiation. In TPEF (B) two photons are simultaneously absorbed
to electronically excite the molecule, which then spontaneously relaxes into the
e
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but complement established intraoperative neuronavigation sys-
lectronic ground state by fluorescence emission.

opulated and further photons of the pump laser are inelastically
cattered off this resonance, generating the signal at the anti-Stokes
requency. Since the emission is at shorter wavelength with respect
o the illumination lasers, there is no interference with single pho-
on fluorescence as in conventional Raman scattering techniques.
he basic scattering process is depicted in Fig. 3(A). For CARS
maging the aliphatic C H-stretching vibration at 2850 cm−1 was
hosen in order to visualize the distribution and concentration of
ipids. This resonance is especially informative, since brain tissue is
xtremely rich in lipids in comparison to other types of tissue, while
he lipid concentration in tumors is usually lower; hence, imaging
n this resonance with the CH stretching band allows differentiating
ancerous from brain tissue [8,13]. For a histopathological applica-
ion, two aspects are important for imaging. First, the technique
eeds to be applicable to a large enough tissue area, preferably of
everal mm in diameter, and allow for fast imaging acquisition. For
his purpose a 10× objective has been used, which offers a field
f view of 1.2 mm × 1.2 mm. By merging up to 15 × 15 images tis-
ue areas of 15 mm × 15 mm can be investigated. However, area
maging of this size is time consuming. At maximum resolution
0 s are required for a single image of decent signal to noise ratio,
hich would result in image acquisition times of almost 2 h for the

argest possible mosaics. Meanwhile lower resolution mosaics can
e acquired within a few minutes allowing for determining large
cale tissue boundaries. For resolving the cellular morphology and
ellular or nuclear atypia a higher magnification 20× objective has
een used, allowing visualizing single cells and cell nuclei. Thereby

mportant parameters for tumor grading like nucleus to cytoplasm

atio, cell density, nuclear size and shape can be determined by
ARS and TPEF images [15].
nd Neurosurgery 131 (2015) 42–46 45

3. Results

In total, 55 intracranial lesions were studied. Neuropatholog-
ical diagnoses were metastatic carcinoma (N = 15), meningioma
(N = 10), glioblastoma (N = 6), other diffuse gliomas (N = 7), brain tis-
sue with gliotic/reactive changes (N = 5), pituitary adenoma (N = 3),
soft tissue not otherwise specified (N = 3), lymphoma (N = 2) and
schwannoma (N = 2).

In all cases vessels were easily recognized and with little expe-
rience many architectural features could be visualized. For an
experienced neuropathologist the images generated by CARS and
TPEF allowed even the identification of smaller and more specific
anatomic structures almost comparable to H&E stained cryostat
sections (Figs. 1 and 2). Furthermore, information of the molecu-
lar composition of the tissue was provided. The contrast between
nuclei, cytoplasm and cell borders or surrounding tissue differs
between glioma and lymphoma. CARS images at the CH-stretching
vibration at 2850 cm−1 showed a very pronounced signal indicating
a great amount of fatty acids, which give rise to the intense CARS
signal.

In order to determine the tissue’s cell density TPEF images were
recorded with lasers for excitation at 670 and 830 nm for better
visualizing cell nuclei. The fluorescence signal was detected in the
range between 435 and 485 nm. Hence, the second harmonic gen-
eration (SHG) signal of both lasers at 413 and 335 nm, i.e. twice the
photon energy of the incident laser light, was spectrally filtered and
excluded in these images. The TPEF images show single cell nuclei
by negative contrast (Fig. 2(B), (F), (J) and (N)). White matter can
be differentiated from gray matter and tumor tissue (Fig. 1(C)).

4. Discussion

We evaluated the suitability of multimodal nonlinear imaging
for potential intra-operative visualization of intracranial lesions.
The combination of CARS and TPEF images provide pathologists
and neurosurgeons with very useful information. With no labeling
the described method is capable to deliver detailed histomorpho-
logical pictures. As the images show, for an experienced pathologist
the observable morphologic details would be sufficient for assess-
ment for typing and grading of a lesion if successfully reproduced
in vivo. Necroses are obviously highlighted, probably due to a
higher lipid or cholesterol content [16]. This – however – is not
only useful for grading of diffuse gliomas. Also the biopsy of non-
representative necrotic areas of lesions can be omitted. On the other
hand, representative specimens can be taken under direct vision.
An experienced pathologist will not face greater problems concern-
ing the interpretation of CARS as well as TPEF images. In the future
the technique might be applied not only ex vivo but also in vivo in
the operating theater. No sample preparation or staining or other
tissue manipulation will be necessary. For the application of this
method the pathologist should be in the operating room and look
there at the images together with the neurosurgeon. It seems not
advisable, to let the neurosurgeon alone with multimodal nonlin-
ear imaging. A major advance would be the visualization of blood
vessels before they get injured. This obstacle seems feasible as the
fibers of the vessel walls give a strong contrast to the surrounding
brain tissue with high fat content. Furthermore, heme is strongly
absorbing, leading to a greatly reduced TPEF signal within blood
vessels. Thus an accidental injury of blood vessels might be avoided
and the risk of surgery related blood loss and hemorrhages might
be reduced. However, the described technique will not replace
tems.
Especially the risk of stereotactic or other very small/little

biopsies might be lowered because only what is really needed
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o establish the diagnosis is taken out under direct vision. Non-
epresentative specimens of the tumor surrounding and necroses
re omitted. Diagnostically unnecessary tissue is left in place and
he actual biopsy material is kept to a minimum.

Furthermore, eventual borders between the pathological pro-
ess and the brain can be identified. Determining the borders of a
umor will eventually improve the accomplishment of as complete
s possible tumor removals.

At the end, there will be no additional time effort because the
ime for the visual inspection of excised tissue can be spared in
mitting taking non-representative biopsy specimens in the vicin-
ty of the actual lesion.

It has been previously shown, that the method of CARS can
e applied securely in vivo [6,7]. The method is expected to
omplement established methods in biomedical and diagnostic
pplications. In single selected cases it might even be possible to
mit a biopsy because the visualization of the pathological pro-
ess suffices if there is no need for tissue for further pathological,
icrobiological or molecular genetic studies.

. Future trend: miniaturization

As CARS images can be recorded at video rate live imaging is
ossible [5]. For a useful clinical application it will be necessary
o miniaturize CARS microscopy, e.g. develop miniaturized fiber
asers [17]. Recent work has focused on developing even endoscopic
ystems [18–21]. Also our group works on miniaturization.

. Conclusion

CARS and TPEF imaging could aid the neurosurgeon in guid-
ng in order to minimize the risk to injure eloquent brain tissue
nd to minimize the risk to unintentional injury of blood ves-
els, thus reducing biopsy associated blood loss, hemorrhages
nd strokes. An experienced neuropathologist could identify types
f lesions, eventually including tumor grading and aid during
he selection of representative specimens, thus avoiding collec-
ion of non-representative material. This technique will require
lose cooperation between neurosurgeons and neuropatholo-
ists.
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