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ABSTRACT

Accurate image reconstruction in volumetric optoacoustic tomography implies the efficient
generation and collection of ultrasound signals around the imaged object. Non-uniform
delivery of the excitation light is a common problem in optoacoustic imaging often leading to
a diminished field of view, limited dynamic range and penetration, as well as impaired
quantification abilities. Presented here is an optimised illumination concept for volumetric
tomography that utilizes additive manufacturing via 3D printing in combination with custom-
made optical fiber illumination. The custom-designed sample chamber ensures convenient
access to the imaged object along with accurate positioning of the sample and a matrix array
ultrasound transducer used for collection of the volumetric image data. Raytracing is
employed to optimize the positioning of the individual fibers in the chamber. Homogeneity of
the generated light excitation field was confirmed in tissue-mimicking agar spheres.
Applicability of the system to image entire mouse organs ex vivo has been showcased. The
new approach showed a clear advantage over conventional, single-sided illumination

strategies by eliminating the need to correct for illumination variances and resulting in
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enhancement of the effective field of view, greater penetration depth and significant

improvements in the overall image quality.
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1. INTRODUCTION

In optoacoustic (OA) imaging and tomography, tissue contrast arises from the absorption of
intermittent (pulsed) light that is transformed into a broadband ultrasound wave field. There
are many advantages in this technique over conventional imaging methods such as MRI and
ultrasound. Examples of such advantages are improved contrast along with higher
spatiotemporal resolution and the ability to select for and quantify separate biological
components based on their light absorption.[1,2] Numerous embodiments have been
suggested for OA imaging of areas located at depths ranging from superficial layers to
centimetres within biological tissues.[3,4,5,6] In all implementations, the optimal
illumination strategy implies confining the excitation light to the region of interest while
avoiding light exposure levels that may cause cell toxicity or other damage to the imaged
tissues.[7,8] For depths beyond the ballistic regime of light (~1 mm in biological tissues),
image formation relies on acoustic image reconstruction methods. Light pulses in the
millijoule range are typically required to achieve at least several millimetres of imaging depth
in the near-infrared spectral window without employing extensive signal averaging.[9] Real-
time 2D and 3D imaging can then be achieved via parallel acquisition of signals by means of

ultrasound (US) arrays.[2, 10]

At present, curved US arrays employing cylindrically-focused or spherical matrix geometries
are fostering the clinical translation of this technology by combining powerful real-time

hand-held imaging capabilities with highly compelling image quality. [11,12,13,14,15,16, 17]
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The unique advantages of the curved array technology for optimal collection of high quality
OA tomographic data have also been exploited in many applications involving small animals.
For example, hemodynamic changes in the entire brain of rodents have been mapped via
single-wavelength and multi-spectral light excitation.[17,18,19] By delivering light with
pulse repetition frequencies of hundreds or thousands of Hertz, it was possible to accurately
track the motion of freely-swimming zebrafish larvae in 3D.[20,21] Imaging of isolated
brains of adult zebrafish has further revealed neural activity patterns by capturing absorption

changes of genetically encoded calcium indicators.[22]

To this end, several experimental and algorithmic strategies have been attempted in order to
mitigate image artefacts related to sub-optimal object illumination. [23,24,25, 26,27,28] Here
we introduce an optimized design for light delivery in three-dimensional optoacoustic
tomography based on the combination of a custom-made optical fiber bundle with a 3D-
printed (fused deposition modelling: FDM) sample chamber providing homogenous sample

illumination.

2. MATERIALS AND METHODS

2.1. Fiber Bundle Light Delivery

The proposed design is based on an in-house fabricated optical fiber bundle. This bundle
allows a more flexible and cost-effective light guiding approach in comparison to commonly-
used bundles comprised of thousands of small multi-mode fibers with fused end-facets.
Homogenous light delivery to the imaging target is achieved with a few, large core, step-
index multimode fibers. The optimum number and arrangement of the individual fibers to
provide uniform illumination on a spherical surface with 10 mm diameter were determined
with ray tracing simulations performed in TracePro (version 7.3, Lambda Research

Corporation, USA). The simulations included the fiber’s characteristics (numerical aperture
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(NA), core diameter) as well as the geometrical constraints posed by the transducer array’s
geometry and accessibility for sample placement. The estimated optimal arrangement of
seven fibers is shown (Figure 1a) and b)). This arrangement is based on simulation results
of the detector geometries and possible fiber placement around the detector (Supplementary
Figure 1). The distal ends of the individual fibers were arranged in three groups with respect
to the spherical array (Supplementary Figure 2). The first group consisted of a single fiber
illuminating the sample from below through an aperture in the transducer. A further two
groups comprised of three fibers each were positioned above and around the sample with
equal azimuthal separation of 120°. The lower three fibers were positioned at an elevational
angle of 5.7° with respect to the horizontal plane while the second group was set at a steeper
angle of 37°. Both groups were rotated in the azimuthal direction by 60° with respect to each

other (see Supplementary Figure 2).

The specifications of the fibers used in the proposed design are summarized in Table S1. The
bundle is comprised of seven multimode step-index fibers, each with a 600 um core diameter
(FT600EMT, Thorlabs, USA) and with a total length of approximately 1.5 m. These fibers
offer a broad transmission bandwidth (400 to 2200 nm). Their Technology Enhanced Clad
Silica (TECS) cladding makes them particularly mechanically robust, further providing
improved bending performance and a large NA of 0.39 for efficient coupling of the excitation
light at a reduced cost in comparison to conventional silica-clad fibers.[29] The individual
fibers were stripped of their coating to increase the fill-factor at the coupling facet (i.e. the
percentage area of the proximal end of the fiber into which light can be coupled which is the
total area of fiber cores divided by the sum of fiber cores). They were bundled and
connectorized to a conventional SMA905 multi-mode fiber connector (11580A, Thorlabs,
USA). The connector’s central bore was drilled to a size of 2 mm to accommodate the

circularly packed fibers, which were glued in place using high-temperature epoxy
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(353NDPK, Thorlabs, USA). The fiber end facets were polished to optical quality using a

conventional fiber polishing procedure with a final grit size of 0.3 um.[30] The resulting

proximal end-facet is shown in Figure 1a). The separate fibers were then additionally

protected using a reinforced jacket (FT020, Thorlabs, USA) and the individual, sensitive

Q) glass end-facets of the distal end were cleaved and protected using small steel ferrules. The
~ fiber core diameter of 600 pm provides a good mechanical stability while keeping the fibers
O sufficiently flexible for handling and alignment. Using only seven fibers results in a bundle

® ﬁ with sufficient light transmission (64% theoretical transmission) yet making its assembly,
handling and alignment at the distal end more straightforward than for bundles with a larger

number of fibers.

2.2. 3D Printed Sample Chamber

~—
o—t
@ A watertight sample chamber for mounting the US transducer array, the optical fibers and the
imaged sample was designed and manufactured accounting for mechanical constraints as well
Q) as for the optimum fiber positioning, as previously described. The base of the sample
H chamber is a cylinder having the diameter of the US transducer array casing and with
Qwatertight double O-ring seals between the chamber and the transducer (Figure 1 c)). The
q) sample chamber has further openings through which separate 3D-printed fiber mounts were
O inserted under the previously determined optimal angles. The imaged samples were placed in
O the FOV of the transducer on a thin polyethylene film clamped on a 3D- printed ring mount.

This film allowed unobstructed propagation of the OA signals toward the US transducer

active surface whilst holding the sample in place (Figure 1 c)).

The separately designed fiber mounts (Figure 1b) and Supplementary Figure 2) enable a
watertight, adjustable and interchangeable fixation for the individual fiber ends. They are

comprised of a central cylinder with a rubber sealing and an external M10 thread onto which
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a 3D-printed locking nut for a watertight fixation of the mount to the sample chamber is
placed. The fibers protrude through a central hole in the fiber mount where they were fixed
near the end with an M4 plastic set-screw (not shown). The end of the mount facing the
sample additionally features three set-screws for fine-alignment of the fiber position. These
fine-alignment screws were used prior to the imaging experiments to ensure a homogenous

illumination of the sample in the FOV of the US transducer array.

Computer aided design (CAD) was performed using Inventor Professional 2017 (Autodesk,
USA). All 3D-printing was carried out in house using two separate FDM 3D-printers. The
sample chamber was manufactured using a RF1000 3D-printer (Renkforce, Germany) with a
large 0.6 mm nozzle. The large nozzle diameter results in fast printing speeds with improved
mechanical strength. The smaller parts, such as the fiber and sample mounts and the locking
nuts were printed using an Ultimaker 2+ 3D-printer (Ultimaker, Netherlands) with a 0.2 mm
nozzle diameter. This small nozzle provided the required accuracy for these small parts. All
parts were prepared for printing using Simplify3D 3.0 software (Simplify3D, USA). The
threads on the fiber mounts and in the locking nuts were cut in the 3D-printed parts using

conventional metal taps and dies.

2.3. Volumetric Optoacoustic Tomography

A detailed description of the optoacoustic signal acquisition protocol is available elsewhere
and is briefly summarized here for the sake of completeness. [31] The spherical matrix array
transducer consists of 512 circular individual detection elements having a diameter of 2.5 mm
and >80% detection bandwidth around a central frequency of 5 MHz (Imasonic SaS, Voray,
France). The elements are distributed along a spherical surface with a 40 mm radius and 140°
of angular coverage (1.31x solid angle). The OA signals captured by all the array elements

were simultaneously digitized at 40 megasamples per second with a custom-made 512-
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channel data acquisition unit (Falkenstein Mikrosysteme GmbH, Germany). Optical
excitation was provided with an optical parametric oscillator (OPO)-based laser (SpitLight,
Innolas Laser GmbH, Germany), whose Q-switch output was also used for triggering the
signal acquisition. The laser beam was coupled into the proximal end (Figure 1a)) of the
custom-made fiber bundle using an aspheric lens (f=50 mm, AL2550M, Thorlabs, USA). The
fiber mounts were secured in the sample chamber and the individual fiber-ends were adjusted
and fixed in place for optimal illumination. The US transducer array was placed at the bottom
of the sample chamber and the chamber was filled with water to ensure acoustic coupling
between the sample and transducer. For single sided illumination only the fiber marked
located within the detector was used (yellow arrow in Figure 1a)). The laser was tuned to a
wavelength of 532nm for sphere phantom imaging, a highly absorbing wavelength for blood
and commonly used for phantom testing in OA tomography.[32,33,33] Excitation wavelength
of 590nm was used for both heart and brain imaging as it has been previously shown to attain
high contrast for elucidating organ structures.[6] The laser was operated at a pulse repetition
frequency (PRF) of 10 Hz. The total per-pulse energy at the output of the fiber bundle was
measured as 7.7 mJ (~1.1mJ per fiber, 48% coupling efficiency). Visualization in real-time
during data acquisition was enabled by a graphics processing unit (GPU) implementation of a

back-projection formula.[34]

2.4. Phantom Preparation and Imaging

IHlumination uniformity with the proposed design was first tested by imaging a spherical,

tissue-mimicking agar phantom. This phantom was designed to mimic highly absorbing

Accepted Article

biological tissue over a broad range of visible wavelengths in order to easily determine the
uniformity of the illumination across the surface of the sphere. For this, an agar solution
(1.5% agar powder dissolved in distilled water, 30391049, ThermoFisher Scientific, USA)

was mixed to contain a final concentration of 6% Intralipid from a 20% emulsion (68890-65-
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3, SigmaAldrich, USA) to mimic highly scattering tissue with reduced scattering coefficient
ws~10 cm™[33] Black India ink (Higgins Ink, USA) with an optical absorption coefficient of
a~4 cm™ was further added to the agar solution to simulate absorption of blood in the visible
range.[32] This liquid solution was injected into a custom-made spherical polyvinyl chloride
(PVC) mold. The solidified spherical phantom was then removed from the mold, placed in

the sample chamber and imaged as described above.

The resolution of the system was tested by randomly embedding ~90um diameter spheres
(BKPMS-1.2 90-106um, Black Paramagnetic Polyethylene Microspheres, Cospheric, USA)
in a cylindrical phantom with 16 mm diameter consisting of 1.5% agar dissolved in distilled
water (30391049, ThermoFisher Scientific, USA). The microspheres were mainly distributed
across a cross-section of the phantom, which was placed in the center of detector’s FOV of
scanned along the axial direction with 0.5 mm step. Imaging was performed at 532 nm. The
resolution was estimated as the mean square difference between the measured full width at
half maximum (FWHM) of a microsphere and its diameter. Note that the measured FWHM
may be affected by negative values in the images associated to limited view effects,
particularly along the z direction.[35] Thereby, the actual resolution of the system can be

slightly lower.
2.5. Numerical Simulation

A numerical simulation was performed in order to facilitate interpretation of the obtained
experimental results in tissue phantoms. For this, optoacoustic images corresponding to a
uniformly illuminated sphere with the same optical properties as the one used in the
experiments were reconstructed. The light fluence distribution within the sphere was

estimated considering the light diffusion approximation using a constant fluence on the

This article is protected by copyright. All rights reserved.



Accepted Article

surface of the sphere as a boundary condition. Under these assumptions, the light fluence

distribution is described by a modified spherical Bessel function given by:

sinh(kr)
kr

1)

U
U(r) = sinh?kR) X
kR

where Uy is the fluence at the surface of the sphere, r is the distance from the center of the

sphere with radius R. The photon diffusion wavenumber is defined as k = W where
the photon diffusion coefficient D = 1/3(u, + ') and u, and u'g are the absorption and
reduced scattering coefficients, respectively. Considering a uniform absorption coefficient
and a uniform Grineisen parameter, the spatial distribution of the initial optoacoustic
pressure is equivalent to that of the light fluence. The optoacoustic signals were then
estimated with a discretized version of the time-domain optoacoustic model.[36] Note that
limited-view effects are expected to affect the reconstructed images for the angular coverage
of the array (140°), so that a reconstructed uniform sphere is not expected. The detection
array was modelled by splitting its 140° spherical aperture into 512 individual elements,
2.5 mm diameter each. The effects of the finite aperture of the transducer elements (~2.5 mm
in diameter) was accounted for by segmenting the surface of each element into 150 sub-

elements and summing up the individual signals across the element.[37]

The simulated datasets were reconstructed using a model-based reconstruction iterative
method, as reported elsewhere.[36] Prior to reconstruction, the signals were band-pass
filtered between 0.1 - 6 MHz. Note that the model used for the tomographic reconstruction
was also used as a forward model for simulations, but filtering prevents the inverse crime.
The experimental signals were further deconvolved with the impulse response of the
transducer. All reconstructions were performed on a 15x15x15 mm® 3D Cartesian grid

consisting of 150x150x150 voxels.
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2.6. Biological Tissues Imaging

The system’s performance was further demonstrated in actual biological samples by imaging

a murine heart and brain ex vivo.

2.6.1 Brain Imaging

The brain was extracted from a female wild type CD1 mouse (approx. 10 weeks old). The
mouse was euthanized using a lethal dose of Ketamine/Xylazine. Once euthanasia was
completed, an incision was made along the lina alba for the length of the peritoneum. The
chest cavity was opened and the mouse was perfused with artificial cerebrospinal fluid
(ACSF) via insertion of a needle into the left ventricle. The right ventricle of the heart was
then cut to allow fluid to flow out. Perfusion was carried out until the liver turned white,
indicating complete blood removal. The solution was then changed to high sucrose-
containing ACSF for further perfusion and finally to paraformaldehyde (PFA).[38] Next, the
head was removed via decapitation. After removal of the skull, the brain was isolated and
stored in high sucrose ACSF. Due to the orientation of the brain within the skull cavity a
portion of the olfactory bulbs detached from the structure, and hence is reduced in size in
comparison to a secondary brain which is shown in Supplementary Figure 3. The brain was
then quick frozen and stored at -80°C, with the sucrose preventing the formation of ice
crystals. Prior to the imaging experiment, the brain was defrosted and imaged at room

temperature.

2.6.2 Heart Imaging

For heart isolation, a mouse with the same characteristics as described in 2.5.1 was
euthanized. Once euthanasia was completed, the chest cavity was opened and the heart
extracted. Excess fatty tissue around the heart was cut away. The heart was placed in PBS

buffer until it stopped beating, so that any remaining blood in the heart was removed. The
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heart was then placed into PFA for fixation. Imaging was then carried out in PBS at room

temperature.

3. RESULTS

3.1. Phantom Imaging

C

~ The maximum intensity projections (MIPs) of the reconstructed optoacoustic images from a

scattering and absorbing sphere phantom are shown in Figure 2. The top row displays

C

) ﬁ projections along the z-axis (see Figure 2) while the second row shows side-views with
H projections along the y-axis. The third row shows single x-y slices through the sphere at a
H depth of 5mm from the surface. The normalised maximum intensity for each z slice
< (circumference) of the respective sphere is shown in j). Automated code was implemented to
fit a circle to the circumference and plot its corresponding maximum signal intensity. Clearly,

@ only part of the hemisphere facing the illuminating bundle is visible in the images obtained
q) with single-sided illumination (Figure 2a), d) and g)). In this case, the image quality is flawed

| i by the excessive dispersion of optoacoustic signal magnitude, whereas the intensity values
Qdecay rapidly with increasing distance from the fiber (Figure 2a), d), g) and j), blue line)
resulting in a “dark side of the moon” effect. The corresponding images obtained for the

G) uniformly illuminated sphere are shown (Figure 2 b), e) and h)). Here, pressure waves are
O generated equally along the entire sphere surface since the illumination is evenly distributed
O across the object (Figure 2j), green line). The signal intensity at the top side of the sphere (z ~

8 mm), corresponding to the most distant area from the transducer, is approximately 75% of

the maximum. In comparison, the reconstructed image for single side illumination has a

signal intensity at this position of less than 5% of the maximum (Figure 2j)). Moreover, the

images reconstructed from simulated datasets closely resemble the experimental results

(Figure 2c), f) and 1)). Note that both the experimentally- and theoretically-rendered images
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exhibit significant signal decay toward the central area (equator) of the sphere (Figure 2j),
green and orange lines). However, these effects are not illumination related and are rather
attributed to the limited-view artefact caused by the restricted 140° tomographic coverage of
the spherical array detector.[39,35]. Herein, we provide a detailed characterization of the
resolution at different points within the FOV. It is shown that the estimated resolution along
all directions is generally confined in the 150- 250um range for a cylindrical field of view of

10 mm length and 10 mm diameter (Supplemental Figure 4).

3.2. Tissue Imaging

MIPs of the reconstructed optoacoustic images of the ex vivo murine brain and heart are
shown in Figure 3 and Figure 4. Both the brain and the heart can be visualised in their
entirety with key anatomical structures clearly discernible, including both atria and ventricles
as well as the coronary artery in the heart (Figure 3a) and b)).[40-44] In the brain, both right
and left cortices, the medulla and the cerebellum are visible along with additional deep seated
structures, as labelled (Figure 4a) and b).[45,46] In addition, individual image cross sections
taken from both organs (Figure 3c) to e) and 4c) to e)) show that superficial as well as deep
structures can be clearly discerned when referenced to widely available atlases [39-45] and
gross anatomical images (Supplemental Figure 3 a) to c)). The relatively uniform
optoacoustic signal and contrast exhibited in the cross-sectional views of the heart and the
brain was achieved despite significant light attenuation due to absorption and scattering
(Figures 3f) and g) and 4f) and g)), thus clearly evincing the importance of uniform light

delivery in volumetric optoacoustic tomography.

4. DISCUSSION AND CONCLUSIONS

In this work, we have demonstrated the implementation of a uniform illumination solution for

volumetric optoacoustic tomography and showcased its advantages in tissue-mimicking
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phantoms and mouse organs ex vivo. The uniform sample illumination was achieved with a
custom-designed bundle of multimode optical fibers. The high numerical aperture of the
fibers obtains high signal to noise ratio with single-shot excitations while efficiently covering
the entire surface of the imaged sample. The optimum configuration of the fibers was
established with ray-tracing-based simulations. It should be noted that whilst further
illumination improvements tailored to specific applications may be possible, the current
configuration was deemed appropriate for a generally applicable case. The accurate fiber
positioning was ensured with a 3D-printed mount designed ad hoc for holding the ultrasound
transducer and the fiber outputs. The mount was printed using 3D Printing technology from a
CAD design and sealed to prevent water leakage during the experiments. Proper water
enclosing provides an optimum platform for minimizing light energy loss as well as
guaranteeing acoustic coupling of the optoacoustically-excited pressure waves. By availing of
the freedom of design afforded by the 3D printing technique, the design could be readily
adjusted to a different illumination configuration, size and orientation of the detection array,

sample location, etc.

The enhancement in imaging performance was quantified using a spherical object having
uniform absorption. When the sphere was uniformly illuminated, its entire surface became
visible with the reconstructed images, accurately resembling the theoretically predicted
(simulated) values. Even though it has been shown that optoacoustic images can in principle
be corrected for non-uniform illumination and light attenuation, it was not necessary in this
case.[25, 47,48, 49,50] Such correction for limited-view conditions or for a relatively low
number of measuring positions can be still hampered by streak-type artefacts associated with
strong non-uniformity of the excitation light field (hot spots).[51] Besides sub-optimal light
delivery, which is known to greatly affect quantification in optoacoustic imaging and

tomography,[52] the reconstruction accuracy may also be conditioned by other factors, such
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as limited coverage of the tomographic detection geometry.[35] Indeed, the incomplete
(140°) tomographic coverage of the spherical matrix array was responsible for the image
distortions in the central part of the reconstructed sphere, irrespective of the light illumination
uniformity. Quantification can also be hampered by acoustic attenuation and scattering in the
object. Further challenges for quantification are related to the final-sized aperture and narrow
frequency response of the ultrasound sensors, which may result in signal decay at deeper

regions, signal broadening and resolution degradation.[37,53,54 ,55,56]

Optimal light delivery can benefit a number of biological applications involving optoacoustic
imaging studies as it will improve upon the reconstruction accuracy and capacity for
identifying and quantifying presence of biological compounds. One example that was
showcased in this work is the imaging of entire extracted tissue samples, such as murine
organs. In this way, in vivo imaging results could be corroborated in intact blood-free samples
ex Vvivo using the same type of contrast and particularly concerning gross external and internal
anatomical heart and brain structures, may remove the need for time-consuming
histology.[57] Some isolation techniques, such as isolated brain [22] or Langendorff heart
preparations,[58,59] enable preserving the organ functionality after extraction and thus could
potentially benefit from the improved illumination design suggested in our work. Herein it
was shown that murine hearts and brains, when cleared from blood and fixed in PFA can be
imaged in their entirety with a single laser pulse. The same imaging strategy could be applied
to malignant masses dissected from patients.[13] Homogenous illumination is also key in
achieving artefact-free 3D and 4D imaging of behaving small organisms, such as freely-
swimming zebrafish larvae [20]. Our approach can effectively enhance the FOV and hence
the region where fish motion can be tracked in three dimensions. Optimal light delivery can
further facilitate more accurate identification and quantification of bio-marker distribution in

tumors visualized with volumetric optoacoustic tomography.[60,61] Homogenous light
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delivery would also aid functional studies which rely upon spectral unmixing in multi-
spectral optoacoustic tomography (MSOT). The main advantage of the current system is its
ability to achieve high spatiotemporal resolution (max isotropic resolution of 150 um at
100Hz). Future developments could see the system be adapted not only for imaging isolated
organs but potentially also for whole-body small animal imaging with a single laser pulse.
This would however certainly necessitate development of a dedicated detection array
matching the geometry of the entire imaged object. Alternatively, previous studies have
rotated the detector with a single illumination fiber around the animal to acquire tomographic

whole-body data or translated a ring-shaped transducer array along the entire mouse.[62,63]

In conclusion, optimum light delivery can significantly enhance the effective FOV,
quantitativeness and overall performance of volumetric optoacoustic tomography.
Considering the unique spatio-temporal resolution range covered with the imaging system
employed in the current work,[5] the suggested approach can facilitate more accurate
interpretation of OA images in numerous ex vivo, in vivo and in vitro studies, especially when
it comes to functional imaging studies where more homogenous light delivery could result in

more accurate spectral unmixing and quantification of specific chromophores.[64]
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Figure 1. a) Fabricated and polished fiber bundle (coupling end) with a final diameter of
1.8 mm. It is comprised of seven 600 um multimode glass fibers. b) Enlarged rendering
view of the fiber mount including seals, alignment bolts and the fiber itself. c) Inventor
rendering of the assembly of the entire holder, ultrasound matrix array transducer and the
imaged sample. The yellow arrow indicates the single fiber used for single side
illumination. For uniform illumination all 7 fibers were used. d) Colour photograph of the
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printed, sealed and assembled 3D-printed holder accommodating the transducer.
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Figure 2. Comparison between experimental and simulated volumetric optoacoustic
reconstructions. (a)-(c) Maximal intensity (MIP) projection images looking from the top
of each sphere for the single side, uniform and simulated (perfect) illumination scenarios,

respectively. (d)-(f) The corresponding side view MIPs. (g)-(i) Single cross-sectional
slices through the centre of each sphere. (j) Max circumference signal intensity in each Z
slice of the respective spheres.
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Figure 3. Validation of the uniform light delivery approach in an ex vivo
murine heart. (a) Volumetric optoacoustic tomography rendering from an
excised murine heart. (b) MIP views along the coronal, sagittal and transverse
views are shown. (c,d,e) The corresponding coronal, sagittal and transverse
orthoslices of the murine heart. The green arrow shows the slice location for
d), the blue arrow for €) and red arrow for c). Indications of gross anatomical
structures are labelled. AO: Aorta, VC: Vena Cava, LA: Left Atrium, LV: Left
Ventricle, LVW: Left Ventricular Wall, RA: Right Atrium, RV: Right
Ventricle, RVW: Right Ventricular Wall, Ap: Apex, LAu: Left Auricle, RAu:
Right Auricle, S: Septum, LCA: Left Coronary Artery, RCA: Right Coronary
Artery. The black line highlights the septum. f) OA circumference intensity
values for corresponding sectional views as listed. g) Corresponding contrast-
to-noise ratios (CNR) for the voxels shown in f).
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Figure 4. Validation of the uniform light delivery approach in an ex vivo
murine brain. (@) Volumetric optoacoustic tomography rendering from an
excised murine brain. (b) MIP views along the coronal, sagittal and transverse
views are shown. (c,d,e) The corresponding coronal, sagittal and transverse
orthoslices of the murine brain are shown. The green arrow shows the slice
location for d), the blue arrow for e) and red arrow for c). Indications of gross
anatomical structures are labelled. Ob: Olfactory bulbs, SSS: Superior Sagittal
Sinus, RC: Right Cortex, LC: Left Cortex, Ch: Cerebellum, Th: Thalamus, P:
Pons, Me: Medulla, Hy: Hypothalamus, Hip: Hippocampus, D3V: Dorsal
Third Ventricle, Th: Thalamus, , RV: Right Ventricle, LV: Left Ventricle, Ent:
Entorhinal Cortex, Str: Striatum, CS: Confluence of Sinuses, MB: Mid-Brain f)
OA circumference intensity values for corresponding sectional views as listed.
g) Corresponding contrast-to-noise ratios (CNR) for the voxels shown in f).
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