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Brain research depends strongly on imaging for assessing function and disease in vivo. We examine herein
multispectral opto-acoustic tomography (MSOT), a novel technology for high-resolution molecular imaging
deep inside tissues. MSOT illuminates tissue with light pulses at multiple wavelengths and detects the acous-
tic waves generated by the thermoelastic expansion of the environment surrounding absorbing molecules.
Using spectral unmixing analysis of the data collected, MSOT can then differentiate the spectral signatures
of oxygenated and deoxygenated hemoglobin and of photo-absorbing agents and quantify their concentra-
tion. By being able to detect absorbing molecules up to centimeters deep in the tissue it represents an
ideal modality for small animal brain imaging, simultaneously providing anatomical, hemodynamic, func-
tional, and molecular information. In this work we examine the capacity of MSOT in cross-sectional brain im-
aging of mice. We find unprecedented optical imaging performance in cross-sectional visualization of
anatomical and physiological parameters of the mouse brain. For example, the potential of MSOT to charac-
terize ischemic brain areas was demonstrated through the use of a carbon dioxide challenge. In addition,
indocyanine green (ICG) was injected intravenously, and the kinetics of uptake and clearance in the vascula-
ture of the brain was visualized in real-time. We further found that multiparameter, multispectral imaging of
the growth of U87 tumor cells injected into the brain could be visualized through the intact mouse head, for
example through visualization of deoxygenated hemoglobin in the growing tumor. We also demonstrate
how MSOT offers several compelling features for brain research and allows time-dependent detection and
quantification of brain parameters that are not available using other imaging methods without invasive
procedures.

© 2012 Published by Elsevier Inc.
Introduction

Neuroimaging has transformed brain research and clinical neurolo-
gy by enabling early diagnosis of disease and critical feedback on the ef-
ficacy of treatments (Hargreaves, 2008; Wong et al., 2009). In addition,
non-invasive imaging has enabled correlations between brain function
and behavior (Logothetis, 2008). However, there is always a need to
improve upon current technologies. Innovation, driven by assessing
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and offering alternatives to the limitations of current technologies, has
and will continue to drive new discoveries in neuroimaging. There are
currently many modalities available for neuroimaging, each with their
own benefits and limitations. X-ray-based computed tomography
(CT) and magnetic resonance imaging (MRI) provide anatomical infor-
mation at high spatial resolution but with limited molecular specificity
(Histed et al., 2012). On the other hand, positron emission tomography
(PET) and fluorescencemolecular tomography (FMT) aremolecular im-
aging modalities (Ntziachristos and Razansky, 2010), but have low res-
olution. Intravital microscopy has molecular specificity at high
resolution, but is limited by shallow tissue penetration and requires in-
vasive procedures (Lichtman and Fraser, 2001).

We studied the performance of multispectral opto-acoustic tomog-
raphy (MSOT) for neuroimaging in mice. MSOT combines the high res-
olution of anatomical techniques such as MRI, the molecular specificity
of PET or FMT and the contrast of optical imaging to offer a highly potent
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modality that has been implemented recently for small animal imaging
in real-time (Buehler et al., 2010; Ntziachristos and Razansky, 2010). It
therefore offers several attractive characteristics for studying brain
function and disease. Opto-acoustic imaging is based on the genera-
tion of acoustic waves following the absorption of light pulses of short
(10–100 ns) duration by photo-absorbing molecules or nanoparticles.
Transient absorption of light leads to a transient temperature increase
in the mK range (Xiang et al., 2007) which in turn gives rise to a
thermoelastic tissue expansion that produces ultrasonic waves. By
detecting the acoustic waves using ultrasonic detectors and subse-
quent mathematical inversion, the distribution of optical absorption
can be reconstructed in tissues with ultrasound imaging resolution,
i.e. 20–200 μm. Single-wavelength images can yield anatomical infor-
mation on the absorption contrast of different tissue structures. Illumi-
nation at multiple wavelengths and the spectral processing of the data
captured can further lead to resolving spectral signatures of tissue mol-
ecules, extrinsically administered absorbing agents and nanoparticles
with certain spectral signatures. Deoxygenated and oxygenated hemo-
globin have substantial, unique absorptions in the NIR spectrum and
therefore can be resolved with multispectral decomposition of opto-
acoustic signals (Brecht et al., 2007; Esenaliev et al., 2002; Wang et al.,
2006). Interestingly, injected agents can be distinguished from intrinsic
absorbers. For example, perfusion of ICG through the kidney vascula-
ture has previously been documented by MSOT (Buehler et al., 2010;
Taruttis et al., 2012). Spectral separation (decomposition) also makes
it possible to differentiate vascular MSOT signals derived from injected
gold nanoparticles versus those derived from oxygenated and deoxy-
genated blood (Herzog et al., 2012; Taruttis et al., 2010). By illuminating
at different wavelengths, spectrally tunable gold nanorods with differ-
ent absorption maxima can simultaneously be detected in vivo (Li et
al., 2008). Spectral shifts associated with molecular modifications can
also be exploited for contrast generation. It was recently demonstrated
that MSOT could visualize spectral modifications in response to
NIR-probe activation by matrix metalloproteinases, detected ex vivo in
human carotid arteries bearing atherosclerotic plaques (Razansky et
al., 2012). In addition, sequential 2D slices can be compiled to produce
volumetric quantitative molecular imaging in entire organs, small ani-
mals, or human tissues. The objective of the experiments herein is to
evaluate the performance of MSOT and the potential utility of this tech-
nology in the investigation ofmolecular imaging biomarkers in diseases
of the central nervous system.

Methods

Animals

Eight week old female nude CD-1 mice were used in compliance
with the Helmholtz ZentrumMuenchen animal care and use commit-
tee for brain imaging and stereotactic implantation of U87 glioblasto-
ma cells expressing firefly luciferase (1×105 cells in the striatum:
Bregma +0.5 mm, lateral 2.0 mm, depth 3.0 mm). During continu-
ous imaging of blood oxygenation with lethal anesthesia, mice were
euthanized by carbon dioxide asphyxiation. For injection of contrast
agents into the dorsal 3rd ventricle, the injection was performed ste-
reotactically at Bregma −0.2 mm at a depth of 3.0 mm. Animals are
imaged under 1.8% isoflurane anesthesia, and the body temperature
is maintained at 34 °C.

Imaging agents

Indocyanine green (ICG) (Pulsion Medical Systems, Germany) was
selected due to its well-studied fluorescence and opto-acoustic proper-
ties. It is an FDA-approved, water-soluble, inert anionic tricarbocyanine
dye. For the in vivo study of ICG kinetics, 50 nmol of ICG was injected
i.v. in 200 μl. For injections into the dorsal third ventricle, ICG-
containing liposomes (0.4 mM ICG, 20 μM lipid) were provided by
iThera Medical, GmbH (Neuherberg, Germany). Two microliters were
injected directly into the brain.
Experimental MSOT imaging system

The experimental MSOT setup used has been described elsewhere
(Buehler et al., 2010; Taruttis et al., 2010). A tunable optical parametric
oscillator pumped by an Nd:YAG laser (Phocus, Opotek Inc., Carlsbad,
CA) provides excitation from 680 nm to 950 nm. The laser pulse dura-
tion is below 10 ns and the pulse repetition frequency is 10 Hz. The
tuning time between wavelengths for the laser is 2–3 s. The beam is
coupled into a custom fiber bundle (CeramOptic Industries, Inc., East
Longmeadow, MA) that is divided into 10 output arms, which serve to
illuminate the mouse evenly from multiple angles on the imaging
plane. A custom-made piezocomposite ultrasonic cylindrically-focused
transducer array (Imasonic SAS, Voray, France) with 64 elements hav-
ing a central frequency of 5 MHz (55% bandwith) is used for detection.
The individual elements are 15 mm in width, and arranged in a 172°
array with a focal distance and radius of 40 mm. The transducer array
and fiber bundle outputs are submerged in a water bath maintained
at 34 °C. Mice are placed in a horizontal position in a holder under
isoflurane anesthesia with a thin polyethylene membrane with no di-
rect contact between water and the mouse. This arrangement allows
acoustic coupling between the mouse being imaged and the transducer
array. The laser beams and ultrasonic transducer array are in fixed posi-
tion for all data acquisitions, whereas the mouse can be translated
through the imaging plane using a linear stage (NRT 150/M, Thorlabs
GmbH, Dachau, Germany) to enable imaging of multiple transverse
slices. The resolution of the translational stage is 0.1 mm. With one ex-
ception, the following wavelengths were used in all acquisitions:
700 nm, 730 nm, 760 nm, 800 nm, 860 nm, 900 nm. In the video-rate
acquisition of ICG accumulation in the brain, 800 nm, the wavelength
of maximum absorption for ICG, was used.
Image processing

Images were reconstructed using the interpolated model-matrix
inversion (Rosenthal et al., 2010), where the main advantage of the
method compared to state-of-the-art backprojection algorithms lies
in its ability to include advanced effects of the transducer geometry
in the reconstructed image. It can thus cope better with the extreme
limited view scenario encountered in the case of the 172° transducer
array used here, reducing the impact of artifacts in order to enable
more quantitative imaging. After image reconstruction, linear spectral
un-mixing was applied to detect signals from photo-absorbing tissue
elements, such as hemoglobin or ICG (Razansky et al., 2009). For each
pixel in the image, the method fits the total measured opto-acoustic
spectrum to the known absorption spectra of oxy- and deoxy-
hemoglobin and that of the agent to be detected. The MSOT data for
the ICG kinetic study was fitted to a two-compartment open body
model using WinNonLin (Pharsight, Munich, Germany).
Cryosectioning with fluorescence image acquisition

For whole-body, ex vivo, cross-sectional fluorescence imaging of
probe biodistribution, a Leica cryoslicer (CM 1950, Leica Microsystems,
GmbH,Wetzler, Germany)was retrofittedwith a custom-madefluores-
cence imaging system (Sarantopoulos et al., 2011) with excitation at
740 nmand emission capturedwith a 780 long pass filter. This setup al-
lows the user to acquire RGB andfluorescence images of the tissue spec-
imen in the cryostat (i.e. whole body distribution can be documented by
acquiring sequential images as the animal is sectioned). To provide an
anatomical reference for MSOT images, animals were imaged by
MSOT, euthanized, frozen intact and then sectioned/imaged.
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Results

In vivo MSOT brain imaging and pharmacokinetic modeling

A CD1 nude mouse was used to examine the relative attenuation
and effects of skin and skull on opto-acoustic in vivo brain imaging.
Figs. 1A–C show single wavelength MSOT images acquired at 800 nm
through intact skin and skull at different coronal slices of the brain
(Bregma 0.26 mm, −0.94 mm and −2.18 mm, respectively), while
Fig. 1D serves as an anatomical reference at Bregma −2.18 mm. Brain
Fig. 1. In vivoMSOT brain imaging and pharmacokinetic modeling. Single wavelength (800 n
at Bregma 0.26 mm, −0.94 mm and −2.18 mm, respectively). In panel B, brain structures s
the posterior cerebral arteries (arrow with long dashes), and the superficial temporal arterie
zen sectioned mouse at Bregma−2.18 mm. In panels E–H, 50 nm of indocyanine green was
of the brain was monitored in real-time by MSOT. Panels E and F show a single wavelength o
injection (panel F) with the increase in optoacoustic amplitude shown in green. Panel G sho
perimental data, 800 nm, shown as a dashed line. Panel H shows the quantification of ICG si
data in red and modeled data in black.
structures such as the superior sagittal sinus (solid arrow), the third
ventricle (dotted arrow), and the posterior cerebral arteries (arrow
with long dashes), deep within the brain, seen in the reference anato-
my, can also be seen by MSOT through intact skin and skull. Other
prominent sources of signals arise from the superficial temporal arteries
(arrow with short dashes) outside of the brain.

To examine the ability to visualize dynamics and brain perfusion,
ICG was injected into the tail vein and the uptake and clearance of
ICG was monitored by MSOT in the vasculature of the head and
brain dynamically and in real-time. ICG does not cross the blood
m) anatomical opto-acoustic images of an intact brain from a living mouse (panels A–C,
uch as the superior sagittal sinus (solid arrow), the third ventricle (dotted arrow), and
s (arrow with short dashes) can be seen. Panel D shows reference anatomy from a fro-
injected into the tail vein of a CD1 nude mouse and the uptake of ICG in the vasculature
pto-acoustic anatomical image (grayscale) 5 s prior to injection (panel E) and 40 s after
ws the absorption spectrum of ICG with the wavelength used in the acquisition of ex-
gnal in the superior sagittal sinus during 14 min following injection, with experimental
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brain barrier; therefore, the increase in signal following injection is
expected to be transient. Figs. 1E and F show representative MSOT
images, with a single wavelength 800 nm MSOT image before injec-
tion (panel 1E) and the increased signal over baseline 40 s following
injection shown in green (panel 1 F). Fig. 1G shows the absorption
spectrum of ICG, with the dashed line indicating the near-maximal
wavelength at which the experiment was performed. Fig. 1H shows
the measured increase and subsequent decrease in ICG signal in the
superior sagittal sinus over time. The red data points represent a sub-
set of the acquired data points (for data presentation, the data is not
depicted as it was acquired at 10 Hz), while the black curve shows
the modeled data. The half-life of the initial clearance phase was
4.3 min and of the secondary phase 23.7 min, in good accordance
with murine biliary excretion rates. This experiment was repeated
in multiple animals and in multiple blood vessels throughout the
body with comparable results (data not shown). The first 60 s of the
experiment showing the rapid uptake of ICG into the vasculature of
the brain is shown as Supplementary Video 1.

Brain blood oxygenation following carbon dioxide challenge

In further investigations into the utility of multispectral wavelength
image acquisition inMSOT,we performed CO2 pulse-chase experiments
(CO2 challenge) in mice because deoxygenated and oxygenated blood
have distinct absorption spectra that can be accurately separated by
spectral un-mixing methods. Mice were anesthetized with normal air
and 1.5% isoflurane. While continuously acquiring multispectral mea-
surements, the air mixture was successively changed (from normal air
Fig. 2. Brain blood oxygenation following carbon dioxide challenge. While continuously acq
cessively changed. The graphs in H and I are color-coded to show the temporal changes in i
oxygen; and, light gray, 100% carbon dioxide). Panels A, B and C show deoxy-hemoglobin p
creasing deoxygenation depicted in blue. Panels D, E and F show corresponding oxyhem
deoxy-hemoglobin signals at 6.2 min (corresponding to panels B and E). Panels H and I plo
experiment.
to 10% carbon dioxide, then to 100% oxygen, then to 100% carbon diox-
ide) to induce changes in oxygenation in the brain. Each multispectral
measurement required approximately 25 s for acquisition. The multi-
spectral data were then used to spectrally decompose the signals from
oxy- and deoxy-hemoglobin in the superior sagittal sinus at each time
point. Figs. 2A, B and C show deoxy-hemoglobin pseudocolor images
from a single animal at 4.6, 6.2 and 9.6 min, respectively, with increas-
ing deoxygenation depicted in blue. Figs. 2D, E and F show correspond-
ing oxyhemoglobin in red at the same time points. Fig. 2G shows a
merge of oxy- and deoxy-hemoglobin signals at 6.2 min (correspond-
ing to Figs. 2B and E). Panels H and I plot the corresponding oxy- and
deoxy-hemoglobin signals, respectively, throughout the experiment
with dashed lines indicating the time-points for which images are
shown. MSOT-derived oxy-hemoglobin measurements track the in-
crease in inspired oxygen aswell as the delivery of 100% carbon dioxide.
MSOT-derived deoxy-hemoglobin measurements mirror those of
oxy-hemoglobin.

Multispectral un-mixing of deoxyhemoglobin in glioblastoma and liposo-
mal ICG distribution in brain

In the next experiment, 1×105 U87 human glioblastoma cells were
injected into the striatum. At 34 days post implantation, the animal was
scanned atmultiple wavelengths byMSOT. The animal was then eutha-
nized and the entire headwas sectioned as a reference for MSOT and to
verify the presence of a tumor (Fig. 3B). The reference cryoslice showed
the presence of a large tumor in the right hemisphere. Following de-
composition of multispectral data into a deoxygenated hemoglobin
uiring multispectral measurements, the air mixture that the animal inspired was suc-
nspired air (white, normal air; dark gray, 10% carbon dioxide; intermediate gray, 100%
seudocolor images from a single animal at 4.6, 6.2 and 9.6 min, respectively, with in-
oglobin in red at the same time points. Panel G shows a combination of oxy- and
t the corresponding oxy- and deoxy-hemoglobin signals, respectively, throughout the

image of Fig.�2
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image (Fig. 3A), a strong correlationwas observed in tumor location and
size between the cryoslice and the deoxygenated hemoglobin signal. A
close inspection of each of the images reveals an excellent correlation
between substructures of the tumor in the MSOT and in the cryoslice
images. Fig. 3C shows a deoxy-hemoglobin image 16 days following im-
plantation. As an alternative approach to visualize the tumor, a similar
carbon dioxide challenge was performed on the animal as described
in Section 3.2 with the exception that mice were not given the final
dose of 100% CO2. Whereas the deoxy-hemoglobin signal was not suffi-
cient to depict the tumor when the animal inspired 100% oxygen (data
not shown), increasing the carbon dioxide concentration to 10%
allowed the visualization of the tumor (Fig. 3C). Before the animal
was euthanized, IntegriSense750 was injected to visualize the tumor.
IntegriSense750 binds to angiogenicαvβ3 integrin receptors on the sur-
face of cancer cells and absorbs in the NIR (Zhu et al., 2010). The brain
was sectioned, and a fluorescence image was captured of the corre-
sponding brain region. Panel 3D shows the tumor fluorescence in
green overlaid onto anRGB image of the brain. There is an excellent cor-
relation in the size, shape, and location of the tumor as assessed by fluo-
rescence and (Fig. 3D) and MSOT (Fig. 3C) imaging.

In an investigation into multispectral wavelength acquisition with
spectral decomposition of agents of interest, 2 μl of ICG encapsulated
into liposomes was injected into the dorsal third ventricle of a mouse.
The animal was scanned at multiple wavelengths in order to spectrally
decompose the ICG signal. The fluorescence of ICG was used to validate
the spatial distribution of the injected agent following cryosectioning
Fig. 3.Multispectral unmixing of glioblastoma and liposomal ICG distribution in brain. Panel
single wavelength MSOT image from an animal 34 days following implantation with U8
deoxy-hemoglobin image 16 days following implantation following a 10% carbon dioxide ch
tumor size and location (panel D). Panels E and F show a mouse injected intraventricularly w
image (grayscale) with an overlay (green) of the spectrally-resolved liposome-ICG signal.
injected particles.
and fluorescence imaging. Fig. 3E shows an opto-acoustic anatomical
800 nm image (grayscale) with an overlay (green) of the spectrally-
resolved liposomal ICG signal. The MSOT image suggests that following
injection into the dorsal third ventricle, the liposomes diffused into the
third ventricle and the lateral ventricles. Fig. 3F shows the equivalent
cryoslicewith an overlay of the fluorescence from the injected particles.
Overall, there was an excellent correlation in the spatial distribution of
injected particles as shown by MSOT and ex vivo cryosectioning with
fluorescence imaging.

Discussion and conclusion

Discussion

Opto-acoustic tomography has previously been utilized to per-
form brain imaging. Preliminary studies performed ex vivo showed
the 3D distribution of oxygenated and deoxygenated blood in the
brain using a single ultrasound transducer on a linear stage (Wang
et al., 2003). The MSOT signal has previously been shown to have a
linear dependence on brain blood oxygenation (Petrov et al., 2004).
Subsequent brain MSOT studies in rodents in vivo have shown in-
creased contrast in the superficial vasculature of the brain following
ICG (Wang et al., 2004) or gold nanorod (Lu et al., 2010) injection.
Finally, opto-acoustic tomography has previously been used to show
a tumor-induced reduction in blood oxygenation in the superficial
vasculature of the brain (Lungu et al., 2007).
A shows the spectrally unmixed deoxy-hemoglobin pseudocolor overlay on an 800 nm
7 glioblastoma cells with a corresponding ex vivo cryosection in B. Panel C shows a
allenge with corresponding ex vivo fluorescence image from IntegriSense750 showing
ith ICG encapsulated into liposomes. Panel E shows a 900 nm single wavelength MSOT
Panel F shows the equivalent cryoslice with an overlay of the fluorescence from the

image of Fig.�3
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Whereas the previously described in vivo opto-acoustic tomography
studies have provided horizontal images of the superficial vasculature
of the brain, the current work considers an implementation which al-
lows for cross-sectional (coronal) imaging through the entire brain. It
can therefore allow visualization of processes that involve various
brain locations, at large field of view; analogous to small animal CT or
MRI imaging. We have demonstrated that by employing opto-acoustic
scanning implemented to provide axial images of mice, unprecedented
optical imaging of structural and functional features in mouse brains
was achieved. Previous in vivo brain opto-acoustic imaging studies
have visualized only superficial brain features (Lu et al., 2010; Wang
et al., 2004). Herein we show cross-sectional images through the entire
depth of the mouse brain. Single wavelength images show detailed an-
atomical features such as the temporal arteries, and the superior sagittal
sinus and deep blood vessels beneath the skull.

In addition to anatomical detail, MSOT also offers molecular and
functional information. Deoxygenated and oxygenated hemoglobin
have unique spectral absorptions in the near infrared, and account for
the predominant intrinsic contrast (MSOT signal) in the images. Spec-
tral un-mixing can be used to spatially resolve blood volume and oxy-
gen saturation/hypoxia, a feature with significant implications in brain
functional studies, disease development and evaluation of treatment
Even though un-mixing of oxygenated and deoxygenated contributions
has been previously documented using opto-acoustics, the work herein
sheds new light on this analysis. Whereas previous work has shown
brain blood oxygenation via opto-acoustics in sheep (Petrov et al.,
2004), inmice ex vivo (Wang et al., 2003), or inmice in vivo in the super-
ficial vasculature of the brain (Lungu et al., 2007), this work is the first
example of the determination of brain oxygenation in a living mouse
through the depth of the brain. This application was validated by con-
tinuously imaging an animal following a challengewith carbon dioxide.
As expected, oxygenated hemoglobin dominates theMSOT signal when
the animal receives 100% oxygen, whereas the predominant MSOT sig-
nal shifts to deoxygenated hemoglobin following carbon dioxide inspi-
ration. Blood oxygenation was also utilized in a mouse model of
glioblastoma to visualize the tumor. Ex vivo cryosectioning confirmed
the presence of necrosis at the core of the late stage tumor. This hypoxic
core was detectable through intact skin and skull by MSOT.

The use of a 5 MHz ultrasound transducer produces a resolution of
approximately 150 μm, although higher resolution can be achieved
when using higher frequencies. It would be possible to employ up to
at least 30 MHz (~50 μm resolution) before ultrasound attenuation ef-
fects reduce theMSOT applicability tomore superficial imaging. In addi-
tion to the high resolution achieved and the ability to resolve oxy- and
deoxy-hemoglobin, several other unique features were found. MSOT
was able to detect liposomal ICG injected into the ventricles of the
brain which demonstrated the capacity of the technique to detect
nanoparticles that could distribute throughout the animal's brain pa-
renchyma. Much more work is required to determine the sensitivity
in the detection of such novel multispectral nanoparticle-based probe
systems within intact brain in vivo. Similarly the detection of ICG
injected i.v. revealed the ability to detect organic photo-absorbing
dyes in blood. Near infrared dyes represent potential MSOT contrast
agents. Probes such as oxazine dyes (Hyde et al., 2009) that bind
to amyloid plaques or the blood–brain barrier-permeable dye 3,3-
diethylthiatricarbocyanine iodide (Wang et al., 2011), which binds
with high specificity to myelin, or fluorescent proteins that absorb in
the NIR (Filonov et al., 2011) could potentially be used to perform
high-resolution longitudinal imaging with MSOT.

The data collected herein were acquired at 10 Hz, allowing for
video-rate imaging. This permits the visualization of the kinetics of
uptake and clearance of injected agents in the brain. This was demon-
strated with an ICG tail vein injection with simultaneous MSOT imag-
ing of the brain. ICG is not blood–brain barrier permeable; therefore,
the dye transiently occupies the vasculature of the brain following in-
jection. The MSOT data was fitted to a two-compartment open body
model. This model was chosen because it has been established that
the plasma ICG–concentration time curve shows a biphasic decay
(Grainger et al., 1983; Meijer et al., 1988), with ICG rapidly eliminated
from the blood (compartment 1) initially as it is taken up into periph-
eral tissues (compartment 2) and subjected to slower excretion ki-
netics. This experiment demonstrates the ability of MSOT to capture
real-time events, such as the uptake of probe in the brain.

As this modality is non-invasive, it is possible to repeatedly scan
individual animals, enabling longitudinal imaging. This feature can
be exploited in a mouse model of glioblastoma to track tumor growth.
At late stages in tumor growth, necrotic features of the tumor are ev-
ident following gross histological examination and can be visualized
in vivo by MSOT as large areas of deoxygenation. However, at earlier
stages, hypoxia without necrosis has been associated with tumor
growth (Bar, 2011). The use of carbon dioxide challenges during
MSOT measurement allows a reduction in global oxygenation in the
brain with the resulting emphasis of hypoxic structures that would
otherwise not be evident using 100% oxygen. This strategy is also
used in functional MRI studies that utilize hypercapnic conditions
(Liu et al., 2007) or medical air as opposed to 100% oxygen
(Rauscher et al., 2005) to demonstrate changes in brain blood oxy-
genation. This method enables the detection via MSOT of the tumor
in vivo through intact skin and skull, allowing an investigator access
to molecular and functional features of tumor growth. With the de-
velopment of blood–brain-barrier-permeable probes that absorb in
the NIR, MSOT also has the potential to interrogate other molecular
features of neurological disease.

Conclusion

In summary, MSOT brings important new features into small animal
brain imaging. It was demonstrated herein that anatomical and physio-
logical parameters were visualized in high resolution through brain
cross-sections. This imaging capacity is in analogy to other high-
resolution radiological modalities, also visualizing throughout the en-
tire brain volume, but with the added ability to directly resolve oxygen-
ated and deoxygenated hemoglobin and multispectral optical agents
while following dynamic effects in real-time. This imaging ability may
bring a new dimension in small animal brain research by allowing im-
aging of physiological and possibly molecularly targeted signals with
high resolution; a capacity not available with optical or nuclear imaging
techniques. In addition, multiple molecules can be visualized simulta-
neously; besides oxy- and deoxy-hemoglobin several more dyes and
photo-absorbing nanoparticles can bemultiplexed for concurrent imag-
ing. We expect that the combination of the imaging performance
exhibited by small animal MSOT together with new molecular probes
will enable new insights into brain function and disease.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.neuroimage.2012.09.053.
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