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ABSTRACT
Purpose:
Diabetes is associated with a deterioration of the microvasculature in brown adipose tissue
(BAT) and with a decrease in its metabolic activity. Multispectral optoacoustic tomography
has been recently proposed as a new tool capable of differentiating healthy and diabetic BAT
by observing hemoglobin gradients and microvasculature density in cross-sectional (2D)
views. We report on the use of spiral volumetric optoacoustic tomography (SVOT) for an
improved characterization of BAT.
Procedures:
A Streptozotocin-induced diabetes model and control mice were scanned with SVOT.
Volumetric oxygen saturation (sO) as well as total blood volume (TBV) in the subcutaneous
interscapular BAT (iBAT) were quantified. Segmentation further enabled separating feeding
and draining vessels from the BAT anatomical structure.
Results:
Scanning revealed a 46% decrease in TBV and a 25% decrease in sO; in the diabetic iBAT with
respect to the healthy control.
Conclusions:
These results suggest that SVOT may serve as an effective tool for studying the effects of
diabetes on BAT. The volumetric optoacoustic imaging probe used for the SVOT scans can be
operated in a handheld mode, thus potentially providing a clinical translation route for BAT

related studies with this imaging technology.

Keywords: optoacoustic, brown fat, metabolism, hemoglobin, oxygen saturation, adipose

tissue, angiopathy
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INTRODUCTION

Brown adipose tissue (BAT) appears to provide a self-defense mechanism against diabetes
and has been shown to offer therapeutic potential against this widespread disease [1]. BAT
has long been recognized to play a role in temperature control in newborns. Yet, recent
evidence suggests that it is also present and active in adults [2], primarily located behind the
muscles of the lower neck and collarbone [3]. In diabetic patients, a decrease in the metabolic
activity of BAT has been observed [4], which appears to correlate with angiopathy [5]. Mouse
models have shown promise in facilitating studies into the BAT metabolism [6], further
supported by wide availability of the diabetes models [7; 8]. In mice, BAT is spread across
several locations, primarily in the cervical-thoracic region, known as the subcutaneous

interscapular BAT (iBAT).

Accurate non-invasive characterization of BAT and its metabolic activity may greatly
facilitate development of novel strategies to treat diabetes. The presence of BAT and its
metabolism can be characterized by glucose uptake rate as measured by 2-deoxy-2-
[18F]fluoro -D-glucose [9-11], translocator proteins [12] or cannabinoid receptor-1 [13]
tracers in positron emission tomography (PET). The use of ionizing radiation however
impedes longitudinal clinical studies while further involving introduction of exogenous
agents. On the other hand, tissue blood flow can be estimated by contrast-enhanced
ultrasound [14] and near-infrared fluorescent imaging [15], thus providing an indirect
measure of metabolic activity. Another potential indicator of such activity is elevated tissue
temperature, which can only be measured superficially with infrared imaging [16]. The
limitations of existing imaging approaches urge therefore for the development of new

approaches for the characterization of BAT and its metabolic activity.



Multispectral optoacoustic tomography (MSOT) has previously shown promise for non-
invasive label-free measurements of iBAT metabolism and differentiation between its diabetic
and healthy states by imaging of hemoglobin gradients and blood volume [17]. MSOT-based
detection of development of beige adipocytes during adrenergic stimulation was further
demonstrated using expression of near-infrared fluorescence protein iRFP720 [18]. Spiral
volumetric optoacoustic tomography (SVOT) has recently offered unprecedented capabilities
for three-dimensional (3D) characterization of microvascular structures and oxygen saturation
(sO2) quantification in whole mice [19]. Here we investigate the SVOT capabilities for the 3D

visualization and characterization of entire iBAT depots in healthy and diabetic mice.

MATERIALS AND METHODS

The SVOT imaging system

A schematic representation of the SVOT scanning procedure is provided in Fig. 1a with a more
detailed description available elsewhere [19]. Briefly, a spherical ultrasound array of
piezocomposite elements is mounted on motorized rotating and translating stages and
scanned around the mouse following a helical (spiral) trajectory. The array consists of 256
elements with a central frequency of 4 MHz and -6 dB bandwidth of ~100% distributed on a
spherical surface with 40 mm radius and 90° angular coverage. Optical excitation is provided
by short-pulsed laser light (10 ns duration pulses with 25 mJ per-pulse energy and up to 100 Hz
pulse repetition frequency) tunable in the near-infrared range (700-900 nm). Light is guided
via a fiber bundle through a central aperture of the array. SVOT enables imaging the entire

mouse with a nearly isotropic 3D spatial resolution in the 300 um range [20].



In vivo experiments

Male BALB/c mice (6-8 weeks old, Envigo Laboratories, Germany) were kept at 24+1°Con a
12:12-h light-dark cycle and fed with standard rodent diet (Altromin 1314, Altromin
Spezialfutter GmbH & Co, Germany) with free access to water. Diabetes was induced with a
single i.p. injection of Streptozotocin (Sigma, Germany) at 150 mg/kg body weight after 4—6
hours fasting. Blood glucose levels (350-500 mg/dl) were measured on the same day when
the SVOT scanning was performed, 7-14 days after induction of diabetes. Prior to in vivo
imaging, the mice were anesthetized with isoflurane, placed in a custom-made animal
holder and immersed in a water tank (water temperature 33°C) to facilitate efficient
propagation and detection of the optoacoustically-generated pressure waves. The head of
the animals was kept above water, and a mask was placed over the mouth and nose for the
administration of anesthesia and oxygen. All in vivo mouse experiments were performed in
full compliance with the institutional guidelines of the Helmholtz Center Munich and with

approval from the Government District of Upper Bavaria.

Data analysis

SVOT imaging of mice was performed in a localized region surrounding the iBAT. The
tomographic optoacoustic data was acquired at four wavelengths, namely, 730,760,800 and
850 nm. Tomographic reconstructions of single volumes (15 x 15 x 15 mm?3) for each scanning
position of the spherical array transducer were done using a 3D back-projection-based
algorithm [21; 22] implemented in Matlab (Mathworks, USA). Volumetric image frames
associated with breathing motion were identified and removed for an enhanced imaging
performance, as previously reported [20]. All remaining frames were subsequently averaged

and the resulting images were corrected for exponential light attenuation with depth

according to e_\/3"a(’1)(”a(’l)ﬂ"s(’l))z, where average values for the wavelength-dependent
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reduced scattering y’S(A) and absorption i, (1) coefficients in adipose tissue were taken from
literature [23]. All individual reconstructions were then combined based on the known
positions of the ultrasound array during the SVOT scan [20]. Microvasculature density was
estimated from the total blood volume (TBV) in the iBAT region, which was calculated from
the voxel intensity values of the reconstructed images at 800 nm excitation (isosbestic point
of hemoglobin). A standard linear spectral unmixing algorithm [24] was applied to the
multispectral data on a voxel-by-voxel basis to retrieve the bio-distribution of HbO, and Hb.
The blood oxygen saturation (sO,) was then calculated as the ratio between the HbO, and the
sum of the HbO; and Hb signals. A Mann-Whitney test was used for statistical comparisons
between the groups. All processing procedures were performed in Matlab and the final 3D

images were exported into Amira (ThermoFisher Scientific, USA) for better visualization.

RESULTS

The anatomical position of iBAT can be clearly discerned within the interscapular region (Fig.
1b) in the whole-body SVOT images taken at 800 nm (Fig. 1c). This large-area scan was
performed with 10 angular positions (10° step) and 8 translational positions (2 mm step) of
the array, resulting in a highly detailed (200um spatial resolution) 3D image of the entire
thoracic region of the mouse. The high contrast generated by the system from the iBAT is

primarily associated with the rich and dense microvasculature of this tissue [25].

The iBAT regions of the healthy (n=3) and the Streptozotocin-induced, diabetic mice (n=3)
were then scanned multispectrally. The iBAT can be easily spotted anatomically in the images
taken at the isosbestic hemoglobin wavelength of 800 nm, effectively representing the total

blood volume (TBV) distribution (Fig. 2a). The main draining vein from the iBAT, the so-called



Sulzer vein (SV), is also visible. The expected deterioration of the microvasculature density in
the diabetic iBAT is consistent with the observed 46% lower TBV value as compared to the

healthy control (Fig. 2b).

Spectral unmixing of the multi-wavelength image data further revealed the sO; distribution in
the iBAT (Fig. 3a). To quantify the TBV and sO, values in the iBAT independently from the large
vessels, a global threshold for the sO, map was set automatically by using the Otsu's method
[26]. This threshold value of 60% sO, was applied to the sO; map in order to set iBAT apart
from the surrounding large vessels (Fig. 3b). When comparing with average oxygenation
levels of the healthy iBAT (sO,=36%), the decreased metabolic activity in the diabetic iBAT
results in reduced sO; levels of s0,=27% (Fig. 3c). The separation between the mean sO; values
for the healthy and diabetic groups is also evident based on individual animal data (Suppl. Fig.
S1). The large vessels, on the other hand, show slightly decreased average oxygenation levels

in diabetic mice (s0,=75%) as compared to the healthy controls (s0,=78%).

DISCUSSION

We performed a straightforward quantification of sO; in the entire iBAT depots. The results
support the MSOT measurements of metabolic activity [17], both in terms of the sO, trends
and decrease of TBV in diabetic mice. Yet, the SVOT images enable better visualization of the
depots and arguably more quantitative measurements due to the full 3D tomographic angular
coverage and nearly isotropic resolution in all three dimensions [19]. Vascular structures can
be clearly identified in the SVOT scans, which may facilitate the registration of images taken

at different time points in longitudinal studies of the effects of diabetes on BAT.



The decrease in sO, of iBAT observed in diabetic mice is consistent with the expected decrease
in metabolic activity in this tissue. The SVOT method is uniquely endowed with the capacity
for longitudinal tracking of deep tissue oxygen metabolism without the need for extrinsic
labeling. Its high sensitivity to hemoglobin allows for high-contrast visualization of the iBAT
depots containing dense microvasculature networks. The measured reduced TBV values in the
diabetic iBAT imply a decrease in the vasculature density with respect to the healthy tissue.
Such deficiency is generally expected due to angiopathy-related vasculature deterioration.
The sO, quantification can be significantly hampered if the iBAT cannot be clearly separated
from the surrounding vessels, which was readily achieved here based on large differences in

their underlying sO; levels.

It has been previously shown that SVOT allows for visualizing biological processes at temporal
scales ranging from a few milliseconds to several days [19]. Hence, apart from longitudinal
studies on diabetes, it might further be possible to image dynamics in the iBAT depots e.g.
associated with the induced activation of BAT [17]. The true volumetric nature of SVOT offers
several advantages with respect to other commonly employed cross-sectional optoacoustic
imaging approaches [27; 28]. Indeed, the large solid angular coverage provided by the spherical
array transducer enables accurate three-dimensional reconstructions not afflicted by the so-
called limited-view effects [29]. This facilitates enhanced visibility of the three-dimensional
tissue morphology and more quantitative readings of the tissue bio-chromes. Spatial
resolution of the SVOT observations can also be enhanced by employing a spherical array with
a larger detection bandwidth, as has recently been showcased with the optoacoustic
microtomography (OMT) method[30]. At the near-infrared wavelengths, structures at a depth
of at least 1 cm in living tissues can be imaged by SVOT, although this limitation is less
significant in our measurements owing to the superficial location and high vascularization of

the iBAT.



CONCLUSION

This work illustrates capabilities of the SVOT technique in diabetic research. Our results
corroborate and complement recently reported measurements of metabolic activity where
oxy and deoxy-hemoglobin gradients measured by a cross-sectional MSOT technique were
used to differentiate between healthy and diabetic iBAT in mice (17). Finally, the volumetric
optoacoustic imaging probe used for the SVOT scans can be seamlessly operated in a handheld
mode [31]. Since cervical BAT is located relatively superficially in humans, it is expected to be
readily accessible with a hand-held optoacoustic system based on a spherical matrix array.
This may potentially serve as a viable clinical translation route for BAT-related studies with
this 3D imaging technology. All in all, the volumetric and dynamic imaging capabilities of SVOT
have the potential to reveal new insights into the BAT metabolism and improve its

characterization in diabetes research.
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Figure 1.

a Schematics of the SVOT system. Light is emitted from the center of the spherical
transducers array, which detects the optoacoustic signal. The transducers array rotates in a
spiral motion around the animal. b A photo of the skin of the lower neck region removed,
exposing the iBAT. c A 3D representation of a SVOT scan of the lower neck region, clearly
showing the iBAT in a mouse.
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Figure 2.

a Three maximal intensity projections of the TBV distribution in the iBAT region of a diabetic
mouse and a healthy mouse. The Sulzer Vein (SV) position is also marked. b Comparison of
TBV distribution in the diabetic and healthy iBAT (p<0.01).
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Figure 3.

a Coronal projection of the sO; distribution map of the iBAT region of a diabetic mouse and a
healthy mouse. b An illustration of the segmented iBAT in semi-transparent yellow, exposing
feeding and collecting vessels in red, interwoven between and around the iBAT.

¢ comparison of sO, distribution between healthy and diabetic iBAT (p<0.01) and between
their major vessels.
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