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ABSTRACT

Many neurological disorders are linked to abnormal activation or pathological alterations of the vasculature in the
affected brain region. Obtaining simultaneous morphological and physiological information of neurovasculature is very
challenging due to the acoustic distortions and intense light scattering by the skull and brain. In addition, the size of
cerebral vasculature in murine brains spans an extended range from just a few microns up to about a millimeter, all to be
recorded in 3D and over an area of several dozens of mm’ Numerous imaging techniques exist that excel at
characterizing certain aspects of this complex network but are only capable of providing information on a limited spatio-
temporal scale. We present a hybrid ultrasound and dual-wavelength optoacoustic microscope, capable of rapid imaging
of murine neurovasculature in-vivo, with high spatial resolution down to 12 um over a large field of view exceeding
50mm’. The dual wavelength imaging capability allows for the visualization of functional blood parameters through an
intact skull while pulse-echo ultrasound biomicroscopy images are captured simultaneously by the same scan head. The
flexible hybrid design in combination with fast high-resolution imaging in 3D holds promise for generating better
insights into the architecture and function of the neurovascular system.
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1. INTRODUCTION

A clear link exists between brain diseases related to cancer, stroke or Alzheimer’s and the corresponding pathogenic
alterations in the cerebral vasculature'. However, the link between disease progression and vascular pathologies is often
poorly understood due to the size and complexity of the brain’s vascular network and the challenges imposed by in-vivo
optical visualization of the highly scattering brain”. Indeed, murine brain form highly complex vascular network with
vessel size spanning a wide range of hundreds of microns down to just a few microns. The small capillaries are difficult
to visualize in vivo using whole-body imaging techniques, such as magnetic resonance imaging’ and X-ray computed
tomography”. On the other hand, optical microscopy methods, such as two-photon microscopy’ and optical coherence
tomography ¢ offer the necessary micron-scale resolution, yet are limited in terms of the penetration depth, field-of-view
and/or usable contrast for highly specific functional and molecular imaging.

Optoacoustic imaging (OA) with its combination of rich optical absorption contrast and ultrasound (US) depth
penetration has matured tremendously over the last decade and has found widespread applications in biomedicine’ .
Optical-resolution OA microscopy (OR-OAM) has been employed for transcranial imaging of cerebral vasculature in-
vivo'®"? and was further successful in high-resolution visualization of other model organisms such as zebrafish'.
However, the performance of the existing OR-OAM methods is impeded by limited field-of-view and depth of focus,

thus necessitating prolonged scanning or tiling schemes to render meaningful 3D image volumes.
Here, we present a hybrid ultrasound and dual-wavelength optical-resolution optoacoustic microscope for functional

neuroimaging in-vivo. The design is based on the previously introduced HFOAM system'®'* which was augmented for
simultaneous ultrasonography and dual-wavelength optoacoustic imaging using a fast optical switch.
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2. METHODS

The biomicroscope’s design is illustrated in Fig. 1 and is based on the fast switching between a 532 nm Q-switched,
diode end-pumped Nd:YAG laser (IS8II-E; EdgeWave GmbH, Wiirselen, Germany) and a dye laser (Credo, Sirah
Lasertechnik GmbH, Grevenbroich, Germany) tuned to 578 nm. The wavelength switching is based on a Pockels cell
(PC, Eksma Optics, Vilnius, Lithuania). When activated, the PC rotates the linear, s-polarized light of the diode laser
light by 90° into a p-polarization. The subsequent polarizing beam splitter (PBS, Eksma Optics, Vilnius, Lithuania) then
transmits the p-polarized light into the dye laser. When the PC is inactive, the polarization remains unchanged and the s-
polarized diode laser light is reflected by the PBS. The PC can be switched at a pace of up to 10 kHz during the scan.
Hence, the scan head is moving over the sample in a continuous manner while both the 532 nm and the 578 nm laser
pulses and data acquisitions are triggered alternatingly.
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Figure 1. Illustration of the hybrid ultrasound and dual-wavelength optoacoustic biomicroscopy system. POC = Pockels cell,
PBS — polarizing beam splitter, A/2 — wave plate, DM — dichroic mirror, BS — beam sampler, CO — collimating lens,
DAQ - data acquisition card, PD — photodiode.

Both the diode laser per pulse energy can be adjusted individually in order to exactly match the energies between both
the diode and the dye laser. This is achieved using a combination of a rotating half-wave plate and an additional PBS
(both Thorlabs, Newton, New Jersey, USA) in the diode laser beam path. The energy-matched beams are combined
using a dichroic mirror (Thorlabs, Newton, New Jersey, USA) and coupled into a photonic crystal fiber. The fiber guides
the light to a fast-moving scan head where both wavelengths are focused to a diffraction limited spot by means of a
GRIN lens (Grintech GmbH, Jena, Germany). The GRIN lens is mounted through a central hole of a spherically focused
US transducer (central frequency 30 MHz, Precision Acoustics, UK). The GRIN lens and the transducer are hence
aligned coaxially and both the optical and the US foci are matched 7 mm away from the US transducer. The scan-head is
then continuously scanned over the sample by means of a high-speed ultrasonic piezo linear stage (M-683, Physik
Instrumente, Karlsruhe, Germany) and a DC motor driven linear stage (LTM 60F-25 HSM, OWIS GmbH, Staufen,
Germany). For OA imaging, the lasers are triggered alternatingly and the generated OA signals are recorded by the US
transducer and amplified by a preamplifier (Precision Acoustics, Dorchester, United Kingdom) and a 28 dB low-noise
amplifier (ZFL-500LN, Mini-Circuits, New York, USA). Ultrasound imaging is performed in pulse-echo mode using a
US pulser-receiver (5073PR, Olympus, Massachusetts, USA) and with the same US transducer and mechanical scanning.
Both the amplified OA and US signals are digitized using a data acquisition card (M3i.4142, Spectrum
Systementwicklung Microelectronic GmbH, Grosshansdorf, Germany) and stored on a PC. In order to characterize the
optoacoustic resolution, a sharp edge of a Silicon piece (Fig. 2a) was scanned and the edge response was analyzed to
determine the in-focus lateral resolution.

The 532 nm and 578 nm wavelengths are well suited for functional imaging due to the strong absorption contrast of
blood in general and due to the spectral difference of oxy- and deoxyhemoglobin at those wavelengths. Both hemoglobin
have a near identical absorption at the isosbestic point at 532 nm while the absorption of oxygenated hemoglobin is
significantly stronger at 578 nm, which enables the measurement of the blood oxygen saturation'>">™"". To test the
system’s capability for spectral differentiation, we imaged two tubes filled with red and blue ink (Pelikan, Hannover,
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Germany) and formed a knot. Both inks have an identical absorption at 532 nm while the red ink has a much lower
absorption at 578 nm, as measured with an optical spectrometer (not shown).

Next, a mouse brain was imaged in-vivo in order to extract both morphological and functional data of the complex
cerebrovascular network. Six-week-old female athymic nude-Foxnl™ mice (Harlan Laboratories LTD, Itingen,
Switzerland) were used for imaging, in full compliance with the institutional guidelines of the Helmholtz Center Munich
and with approval from the Government District of Upper Bavaria. Animals were anesthetized with isoflurane (1.5% to
2.5% v/v) in 100% O,. Physiological parameters, including blood oxygenation, heart rate, and body temperature were
continuously monitored throughout the experiments. The temperature was kept constant using a rectal thermometer and a
feedback-controlled heating pad (PhysioSuite, Kent Scientific, Torrington, CT, USA). A custom-designed stereotactic
mouse head holder (Narishige International Limited, London, UK) was used to avoid animal motion. The mouse was
imaged through the intact skull and with its scalp removed.

3. RESULTS AND DISCUSSION

Figure 2 displays the results of the lateral resolution characterization using a sharp silicon edge. Figure 2a) shows the
used piece of silicon and indicates the imaged edge. A maximum intensity projection (MIP) of the volumetric OA data
recorded at 532 nm is shown in Fig. 2b) with the corresponding resolution analysis along the x-direction displayed in
Fig. 2¢). Both the 532 nm and 578 nm (not shown) images have an in-focus resolution of 12 pm, as measured by the full-
width at half maximum (FWHM) of the point spread function (PSF).
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Figure 2. Optoacoustic resolution characterization of the system using a sharp silicon edge. a) Photo of the
silicon piece, indicating the edge target. b) Maximum intensity projection of the silicon edge. c) Edge
response (blue dots), fitted line-spread-function (LSF, blue solid line) and derived point-spread-function
(PSF, red dashed line) showing the 12 um lateral resolution.

The dual-wavelength imaging capability of the system is demonstrated in Fig. 3. Figures 3a) and b) show the recorded
OA MIPs at 532 nm and 578 nm, respectively. In Fig. 3a) both ink-filled tubes are clearly visible and exhibit similar
signal amplitudes, as is expected given their equal absorption. In contrast, only the tube filled with blue ink is visible in
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Fig. 3b) due to the reduced absorption of the red ink at 578 nm. Using spectral unmixing, it is thus possible to measure
and visualize the ink concentrations in the two knotted tubes, as shown in Fig. 3c).
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Figure 3. OA imaging of two ink-filled tubes forming a knot. a) and b) Optoacoustic maximum intensity projections
recorded at 532 nm and 578 nm, respectively. The images in a) and b) are recorded simultaneously. ¢) Spectral
unmixing of the OA data, providing the ink concentrations in the tubes.

Due to its hybrid nature, the newly introduced system can simultancously image the entire skull and pial brain
vasculature in both pulse-echo US and functional optoacoustic modes, as illustrated in Figure 4. Figure 4a) displays the
pulse-echo US scan of the entire skull, while Fig. 4b) shows the corresponding brain vasculature imaged through the
intact skull. Lastly, Fig. 4c) illustrates the measured blood oxygenation within the brain vasculature as measured via
spectral unmixing of the OA data recorded at 532nm and 578 nm, respectively.
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Figure 4. In-vivo, functional and large scale brain imaging of a murine model. a) Reflection-mode ultrasound
image of the intact skull. b) Morphology of the brain imaged through the intact skull (optoacoustic
maximum intensity projection of 3D image data). ¢) Functional imaging of the blood oxygenation based on
the dual-wavelength optoacoustic data.
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4. CONCLUSION

We have presented and characterized a novel hybrid ultrasound and dual-wavelength optoacoustic microscope and
successfully applied this system to functional neuroimaging in-vivo. The system’s lateral resolution has been
characterized to be 12 um for imaging at both 532 nm and 578 nm wavelengths. The spectral imaging capability has
been showcased using ink-filled tube samples which allowed the examination of the ink concentration within the tubes.
Lastly, the newly introduced system was applied for functional brain imaging, showcasing its ability to visualize both the
large and complex cerebrovascular network in the murine brain as well as to measure its oxygen saturation in-vivo. The
system therefore allows for a fast and high-resolution interrogation of the vascular morphology and function, facilitating
investigations into the brain function in health and disease.
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