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Flash Scanning Volumetric Optoacoustic Tomography for
High Resolution Whole-Body Tracking of Nanoagent
Kinetics and Biodistribution
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and Daniel Razansky*

Tracking of biodynamics across entire living organisms is essential for
understanding complex biology and disease progression. The presently
available small-animal functional and molecular imaging modalities remain
constrained by factors including long image acquisition times, low spatial
resolution, limited penetration or poor contrast. Here flash scanning
volumetric optoacoustic tomography (fSVOT), a new approach for high-speed
imaging of fast kinetics and biodistribution of optical contrast agents in whole
mice that simultaneously provides reference images of vascular and organ
anatomy with unrivaled fidelity and contrast, is presented. The imaging
protocol employs continuous overfly scanning of a spherical matrix array
transducer, accomplishing a 200 µm resolution 3D scan of the whole mouse
body within 45 s without relying on signal averaging. This corresponds to an
imaging speed gain of more than an order of magnitude compared with
existing state-of-the-art implementations of comparable resolution
performance. Volumetric tracking and quantification of gold nanoagent and
near infrared (NIR)-II dye kinetics and their differential uptake in various
organs are demonstrated. fSVOT thus offers unprecedented capabilities for
multiscale imaging of pharmacokinetics and biodistribution with high
contrast, resolution, and speed.
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1. Introduction

Preclinical imaging plays an indispens-
able role in studies of disease pathophys-
iology and monitoring of treatments.
Broad availability of transgenic, knock-
out/in mouse models have fostered the
adaptation of clinical imaging modal-
ities for small animal imaging appli-
cations, including computed tomogra-
phy (CT), positron emission tomography
(PET), single-photon emission computed
tomography, and magnetic resonance
imaging (MRI).[1] New types of tech-
niques were further developed to pro-
vide superior functional and molecular
optical contrast relying on fluorescence
or optoacoustic (OA) excitation.[2] High
spatiotemporal resolution is of particu-
lar importance for the characterization
of toxicity, biodistribution, and metabolic
clearance of drugs and contrast agents.[3]

To this end, pharmacokinetic studies as-
sisted with targeted contrast agents have
greatly facilitated the evaluation of new
therapies, accelerated drug discovery,

and enabled optimizing the administration routes for effective
treatment of diseases.[4]

In the cancer research field, gold nanoparticles (AuNP) have
shown to offer promising theranostic properties,[5,6] yet safety
concerns related to accumulation and elimination from the
body call for a better understanding of their pharmacokinetics
and biocompatibility.[7] Studies involving large numbers of ani-
mals are commonly required to assess toxicity of nanoparticles
and other exogenously administered agents, turning imaging
throughput into a key factor for determining their efficiency.[8]

Acceleration of the scanning time is further essential for prop-
erly assessing the dynamic biodistribution of the administered
agents. However, total-body scan times of most small animal
molecular imaging modalities remain in the 10–20 min range,[9]

restricting their applicability for efficient visualization of biolog-
ical dynamics at the whole body level.
Optoacoustic tomography (OAT) has recently matured into

a highly versatile molecular imaging technology for preclini-
cal research.[10] It capitalizes on rich optical contrast combined
with fast and high-resolution ultrasound-based image formation
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to resolve a myriad of endogenous and exogenous substances
featuring distinctive light absorption profiles.[11] Small-animal
OAT scanners based on different acquisition geometries are
increasingly exploited in various biological applications.[12,13]

Whole-body tomographic imaging of mice is typically achieved
via scanning of ultrasound arrays with the imaging speed and
image quality mainly determined by the array configuration and
scanning geometry. For example, concave arrays of cylindrically
focused transducers provide cross-sectional (2D) views in real
time, but lack the angular coverage required for accurate volu-
metric (3D) imaging.[14–16] Ideally, a large number of pressure
signals should be acquired around the imaged object in order
to achieve accurate reconstruction of arbitrarily oriented vascular
structures.[17,18] Recently, spiral volumetric optoacoustic tomog-
raphy (SVOT) achieved unprecedented image quality by capital-
izing on the large angular coverage of a custom-made spherical
array.[19] SVOT further enabled scaling the effective temporal res-
olution to the desired field of view (FOV), greatly improving the
throughput capacity for studying biological dynamics and biodis-
tribution of agents. Yet, high speed imaging was restricted to
small (single organ) regions,[20] hampering the visualization of
fast kinetics on a larger scale. Generally, at least 10–20 min are
required for acquiring high resolution full body scans with state-
of-the-art OAT systems, which prevents leveraging the full advan-
tage of the superior resolution and molecular sensitivity of OAT
for visualizing large scale biodynamics.
Herein, we introduce flash scanning volumetric optoacous-

tic tomography (fSVOT), a new approach for high-speed imag-
ing of fast kinetics and biodistribution of optical contrast agents
in the second near infrared (NIR-II) window in entire mice.
The method effectively reduces high-resolution total-body image
acquisition times to sub-minute levels, thus taking whole-body
small animal molecular imaging to a new level of spatiotemporal
resolution performance.

2. Results and Discussion

2.1. The fSVOT

A detailed description of the fSVOT experimental system de-
sign is provided as Figures S1 and S2 in the Supporting In-
formation. Briefly, the concept of fSVOT relies on continuous
overfly scanning of a spherical matrix array transducer assisted
with micrometer-scale precision readings from laser distance
sensors. The system captures individual volumetric OA images
covering ∼1 cm3 field-of-view after every pulsed laser excitation
(Figure 1a). Following full translation and rotation cycles, the in-
dividual volumes at each scan position are combined together
to arrive at the whole-body mouse image. In this way, a 3D
total-body scan with ∼200 µm spatial resolution is accomplished
within 45 s without relying on signal averaging (see the Experi-
mental Section for details). To investigate the effect of scanning
velocity on the resolution and contrast of the images rendered by
the system, a phantom incorporating thin sutures was scanned
at velocities spanning 20–80 mm s−1 range (Figure 1b). The
contrast-to-noise ratio (CNR) of the images was estimated as the
ratio between image contrast (i.e., difference between peak sig-
nal and background) and noise calculated as standard deviation
of the background. As expected, the CNR of individual frames

corresponding to single-shot emission of the laser is similar and
independent of the scanning velocity (Figure 1c). When super-
imposing multiple frames to render a larger FOV, the contrast
worsens when increasing imaging speed (Figure 1d). This is con-
sistent with the fact that the scanning speed dictates the effective
number of overlapping frames used for rendering the superim-
posed image, and hence the effective number of averaged voxels.
As the CNR is expected to be proportional to the square root of the
number of superimposed frames—inversely proportional to the
scanning velocity—dividing the CNR values of the image by the
inverse of the square root of the corresponding scanning velocity
renders comparable normalized values (Figure 1e). Further anal-
ysis of the horizontal and vertical amplitude profiles (Figure 1f)
confirms that the spatial resolution, i.e., full width at half maxi-
mum (FWHM) of the line profiles, remains unaltered irrespec-
tive of the scanning velocity.

2.2. Whole-Body fSVOT

Figure 1g shows a sequence volumetric OAT frames acquired
from amouse scanned at 40mm s−1 velocity and 1064 nm excita-
tionwavelength, yielding a separation of 0.4mmbetween consec-
utive frames. Owing to the large FOV of the detector, neighboring
frames share overlapping regions and anatomical structures (Fig-
ure 1h). By adding up frames acquired by a single vertical sweep,
a large FOV spanning 4.5 cm length can be readily acquired
within just 1 s (Figure 1i), where the effect of CNR enhancement
via spatial integration ofmultiple volumetric frames is clearly vis-
ible. By following a zigzag trajectory (Figure 1a), fSVOT is then
capable of full-body imaging in less than 1 min.
The maximum intensity projections (MIPs) of the 3D whole-

body mouse images acquired within 45 s are shown in Figure 2,
offering detailed anatomical information of the thorax and ab-
dominal regions. Main organs like the kidney or the spleen as
well as the spine and the surrounding vascular system are clearly
discernible with high resolution and contrast. Finer structures
such as thoracic and femoral vessels can also be observed. No-
tably, the full 360° angular coverage of the system facilitates vi-
sualization of deep anatomical structures, which are concealed
by the projection (MIP) views that commonly emphasize superfi-
cial signals. This is further evident in the cross-sectional slice im-
ages (Figure S3, Supporting Information). Note that majority of
the intrinsic vascular contrast at the 1064 nm illumination wave-
length is contributed by absorption of the water and oxygenated
hemoglobin molecules (Figure 3a). The spectrum of individual
substance in Figure 3a was normalized with respective peakmax-
imum value within the spectral range of 700–1250 nm. A video
showing rotational 3D views of the reconstructed data is further
available in Video S1 in the Supporting Information.

2.3. In Vivo Biodistribution of Gold Nanoagent and NIR-II Dye

We subsequently exploited the unique spatiotemporal resolution
properties of fSVOT to track fast kinetics and biodistribution of
AuNP having peak absorption around 1070 nm (Figure 3a) at the
whole-body scale. Generally, substances can be cleared from the
blood circulation either by being filtered in the kidneys or me-
tabolized in the liver. Also, some nanoparticles are known to ac-
cumulate in the spleen. The kinetics are affected by the shape as
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Figure 1. The flash scanning volumetric optoacoustic tomography (fSVOT) approach. A) Schematics of the imaging system. The spherical matrix ultra-
sonic transducer array is translated and rotated 360° around the animal in an overfly scanning mode. Light is transmitted through an aperture in the
center of the array. Data acquisition is triggered by the optical parametric oscillator (OPO) laser source and synchronized with a displacement sensor,
which continuously samples the detector position. B) Maximal intensity projection (MIP) of the 3D rendering of a phantom containing two sutures. The
effect of the different scanning velocities on the image contrast is shown in the three zoom-ins. C) Contrast-to-noise ratio (CNR) values of an individual
volumetric image frame of the phantom at the three scanning velocities. D) CNR analysis of a larger compounded volume of a phantom. E) CNR values
after normalizing by the square root of scanning velocity. F) 1D OA signal profiles along the vertical and horizontal directions, as marked in (B). G)
Consecutive OA image volumes acquired from a mouse at a vertical scanning velocity of 40 mm s−1, corresponding to 0.4 mm separation between the
consecutive frames. H) Zoom-ins on three representative frames from panel (G) sharing the same anatomical structure (marked in red). I) Rendering
of a larger FOV acquired by a 1 s vertical sweep of the scanner. The same anatomical structure from (H) is also visible (marked in red). Scale bar—1 cm.

well as other properties of nanoagents. Accumulation level and
kinetics of excretion in the selected organs are then of particular
interest as they are directly linked to the potential toxicity of the
injected agents. Specifically, the analysis of AuNP was concen-
trated in the spleen and liver areas, regarded as the twomain sites
of AuNP accumulation in vivo. fSVOT scanning at 40 mm s−1

allowed for full 360° coverage between the thorax and abdomi-
nal regions within ∼45 s scanning time. In this way, longitudi-
nal responses in multiple anatomical locations could be simulta-
neously tracked with high spatial and temporal resolution. Gold
nanorod (AuNR) agent accumulation in the spleen and liver are
illustrated in Figure 3b,c, exhibiting a gradual increase in the

local signal amplitudes. The high OA image contrast in these
regions was further exploited to perform volumetric segmenta-
tions, which enabled accurate signal quantification over entire
organs (Figure 3d). Whilst the liver accumulation leveled off at
19% above the baseline signal at 1 min after the AuNP admin-
istration, the spleen signal plateaued at 27% above the baseline,
2 min post injection (Figure 3e). As expected, no agent perfu-
sion through the kidneys has been observed. Generally, an ini-
tial signal increase is expected as the agent circulates throughout
the whole vasculature of the animal body. This is followed by an
AuNR signal decrease in the kidneys as the agent clears from the
blood. The AuNR signal changes in the liver and spleen are in fact
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Figure 2. Rapid whole-body 3D images acquired noninvasively with flash scanning volumetric optoacoustic tomography (fSVOT) using 40 mm s−1

scanning velocity (45 s total scan time). Maximal intensity projections (MIPs) of the rendered volume are shown from the front, left, back, and right
views. Selected anatomical structures are labeled. Scale bar—1 cm.

Figure 3. Rapid high-resolution 3D tracking of nanoagent kinetics in whole mice with flash scanning volumetric optoacoustic tomography (fSVOT). A)
Optical extinction spectra of main tissue chromophores along with the AuNP and IR-1061 spectra. B) Cross-sectional images showing OA signal increase
due to AuNP accumulation in the spleen. The zoom-ins display the OA signal amplitude changes in a single slice over time (superimposed in color)
in response to AuNP administration. C) The corresponding slice images showing AuNP accumulation in the liver. D) 3D location of the segmented
organ volumes used for quantitative biodistribution analyses (liver—red, spleen—blue, and kidney—yellow). E) Volumetric OA signal changes (baseline
subtracted) measured across the whole liver, spleen, and kidney regions, following injection of AuNR (n = 5 mice). F) The corresponding signal changes
after the IR-1061 dye injection (n = 3 mice).
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insignificant after 3 min andmay lie within measurement uncer-
tainties. Same is true for the slight signal increase in the kidneys
at 9min. Note that theY-axis represents the relative signal change
with respect to the signal at 0 timepoint. A negative signal de-
creasemight have been caused by a number of measurement im-
perfections not directly related to the probe concentration, such
as slight motion of the mouse during the injections, laser en-
ergy instabilities, and light intensity variations inside the mouse
due to an increased tissue absorption by the contrast agent. Such
negative values are more prominent when the signal variations
are small and may be amplified by normalizing to a low back-
ground in some regions. Yet, consistent signal trends were ob-
served when averaging across several measurements. Note that
the error bar was calculated as the standard deviation of the rela-
tive signal change (in percentage) of all the fivemice at respective
individual time points. The control experiments using phosphate
buffered saline (PBS) injections (n = 3 mice) further confirmed
negative to no-response in both liver and spleen (Figure S4, Sup-
porting Information).
To further illustrate the capabilities of fSVOT for differentiat-

ing the organ kinetics, we injected an aqueous solution of IR-
1601 dye with peak absorption in the NIR-II region (Figure 3a).
In principle, due to the small size of the IR-1601 molecules, pref-
erential kidney clearance is expected in this case.[21] However, the
dye is only partially soluble in water,[22] which was confirmed by
our dynamic light scattering (DLS) measurements of the solu-
tion, revealing the presence of particles with an average diameter
of 600 nm (Figure S5, Supporting Information), arguably corre-
sponding to larger aggregation of the IR-1061 molecules. As a re-
sult, the clearance mechanism differed from AuNR in this case,
namely, the IR-1061 dye strongly accumulated in the kidney and
spleen regions with the signal peaking at 51% and 54% above the
baseline levels, respectively (Figure 3f).

3. Conclusions

We report on a fSVOT technique for rapid anatomical and
functional imaging of small animals. Whole body panoramic
(360°) imaging of mice was achieved with 200 µm resolution
in 45 s scan time with the new technique, which employs a
continuous overfly scanning of the spherical array probe as-
sisted with high micrometer-scale precision readings from laser
distance sensors. This corresponds to more than an order of
magnitude acceleration of the whole-body image acquisition
speed compared to previously reported systems employing a
point-by-point (stop and go) scanning method,[19] which further
necessitated animal repositioning for a full body 360° scan. This
step change in performance has enabled imaging of fast kinetics
and biodistribution of optical contrast agents not possible with
the previously reported approaches. The whole body imaging
speed of fSVOT is comparable to state-of-the-art anatomical
micro-CT scanners[23] and greatly outperforms scan times of
other tomographic imaging techniques such as MRI or PET.[24]

Furthermore, when the spherical matrix array is kept at a station-
ary position, the system can be used for real-time visualization
of agent perfusion dynamics in blood vessels[25] and at the whole
organ scale at unmatched volumetric frame rates in the kilohertz
range,[26] thus providing unique scalability across different spa-
tial and temporal dimensions not achievable with other imaging

modalities. System characterization suggests that image contrast
of the compounded volumes is exclusively dependent upon scan-
ning velocity, which enables scaling the imaging speed to the
desired image quality. Note that respiratory motion suppression
algorithms[27] and gated acquisition approaches[28,29] may further
be employed to enhance image quality.
fSVOT achieved dynamic monitoring of agents in 3D at

the whole-body scale while simultaneously tracking early ac-
cumulation and clearance of AuNP and IR-1601 dye across
different organs. AuNP are known to allow for multiplexed
targeting, diagnostic, and therapeutic functionalities[30] and
are particularly suited for OAT due to their strong and tunable
absorption properties. Tuning the AuNP shape to absorb light at
1064 nm facilitates deep tissue imaging due to the reduced light
attenuation and scattering by living tissues and the availability
of high energy short pulsed lasers emitting at this wavelength.
Furthermore, due to the lower absorption of HbO2 and the over-
all diminished background tissue contrast in the NIR-II spectral
window (>1000 nm),[31] new contrast agents are constantly de-
veloped to capitalize on their deep tissue imaging advantages.[32]

In previous works, OA tracking of nanoagents in mice has been
accomplished with typical total-body scanning times of several
hours,[33] or, alternatively, by confining detection to a single
cross-section.[34,35] Owing to its fast scanning times, differences
in settling times between the different organs could readily be
discerned with fSVOT, in agreement with previous reports that
employed cross-sectional imaging systems. At present, only
micro-CT was shown to render similar throughput, yet it pro-
vides significantly lower sensitivity to AuNP and other extrinsic
agents[36] and is further afflicted by the use of ionizing radiation.
fSVOT can potentially be further accelerated to achieve faster
frame rates, e.g., by using arrays with more elements or other
scanning trajectories. Here several challenges are anticipated,
such as vibrations, instabilities, or bubble formation during fast
scans or potential tissue damage when operating at higher laser
pulse repetition rates.
The capacity for fast tracking of agent kinetics is of particular

importance in cancer research, e.g., to assess vascular perfusion
function or study accumulation and retention of nanodrug
formulations in tumors.[37] Whole-body imaging on sub-minute
time scales with superb contrast and resolution offers new
venues for studying pharmacokinetics and pharmacodynamics
of nanoparticulate agents, their accumulation, and clearance
mechanisms in health and disease. fSVOT further offers a broad
selection of contrast molecules and nanoparticles not detectable
with other well-established modalities such as PET or MRI. This
is because any substance with distinct optical absorption char-
acteristics may serve for optoacoustic contrast enhancement.
In addition to its superior functional and molecular imaging
capabilities, fSVOT renders excellent anatomical reference
images mainly stemming from its strong intrinsic vascular
and hemoglobin-related contrast. The true volumetric nature of
fSVOT has the potential to further refine quantitative readings
as compared to the commonly employed cross-sectional OA
imaging approaches.[38] Note that continuous exposure of AuNP
to nanosecond pulsed laser illumination has been reported to
lead to significant OA signal degradation,[39] primarily attributed
to their poor thermal stability. This may hamper quantification
of time-lapse dynamics and biodistribution.[40] Yet, constant
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motion of the detection array and light illumination elements in
our implementation helps mitigating AuNP photodegradation
by reducing light exposure to a single laser pulse or a small
number of pulses.
In summary, we demonstrated the feasibility of rapid high-

resolution 3DOA tracking of nanoparticle kinetics inwholemice.
The newly introduced continuous scanning scheme boosts the
throughput capacity of OAT while enabling time-lapse multi-
plexed observations into early agent accumulation across mul-
tiple organs. All in all, fSVOT offers unprecedented abilities
for preclinical whole-body anatomical, functional and molecular
imaging of pharmacokinetics and biodistribution with high con-
trast, resolution, and speed.

4. Experimental Section
Experimental Setup: The layout of the experimental system is depicted

in Figure 1a. The spherical matrix transducer array (Imasonic SaS, Voray,
France) is mounted on motorized stages (International Automation In-
dustry Inc., Japan) that are continuously rotated and vertically translated
around the sample. The vertical motor provides load capacity of up to 8 kg
and can cover a range of up to 15 cm, reaching a scanning velocity of
80 mm s−1. The rotation motor was programmed to complete a full 360°
rotation in 15° steps. The sample was placed in a custom-made holder and
immersed in a water tank to facilitate efficient propagation and detection
of the optoacoustically generated pressure waves. OA signals were gener-
ated with a short-pulsed (<10 ns) laser source (SpitLight, Innolas Laser
GmbH, Germany) operating at 1064 nm. The pulse repetition frequency
of the laser was set to 100 Hz. Light was guided via a custom-made fiber
bundle through a central aperture of the array, thus creating a Gaussian
illumination profile with a size of∼10mm at the FWHM. The per-pulse en-
ergy at the fiber output was kept below 15mJ. The array consists of 256 ele-
ments (element area of 9 mm2) arranged on a hemispherical surface with
a radius of 4 cm and 90° angular coverage.[41] The elements have central
frequency of 4 MHz and −6 dB bandwidth of ∼100%, resulting in nearly
isotropic imaging resolution in the 200 µm range.[19] The recorded time-
resolved OA signals were digitized at 40 megasamples s−1 by a custom-
made data acquisition system (DAQ; Falkenstein Mikrosysteme GmbH,
Germany). The precise vertical position of the array was sampled by a sen-
sitive (16 µm resolution, sampling cycle-up to 3 µs) laser displacement
sensor (Keyence GmbH, Germany). The DAQ and displacement sensor
were simultaneously triggered by the Q-switch output of the laser. The
data recorded by all the 256 channels were transmitted to the personal
computer (PC) via 1 Gb Ethernet connection for further processing. Data
acquisition and motor positioning were computer-controlled using MAT-
LAB (Mathworks, MA, USA).

System Characterization: Calibration of the relative position and orien-
tation of the array with respect to the rotation axis was performed by scan-
ning at multiple angular locations around a single 100 µm polyethylene
microsphere (Cospheric Inc, Santa Barbara, USA) embedded in an agar
phantom. The exact time delay between the signal acquisition and read-
ings of the laser displacement sensor was calibrated by vertically scanning
the same microsphere phantom. To further examine the effect of different
scanning velocities on the image quality, an agar phantom containing two
black 125 µm diameter surgical sutures (Ethicon, USA) forming a cross-
shape was molded. The phantom was scanned in continuous motion at
velocities of 20, 40, and 80 mm s−1. CNR analysis was performed on indi-
vidual frames as well as the fully rendered images. Next, vertical and hor-
izontal amplitude profiles along the suture were compared. Data analysis
was executed in MATLAB.

Whole-Body and Biodistribution Imaging: All animal in vivo experi-
ments were performed in full compliance with the institutional guide-
lines of the Helmholtz Center Munich and approved by the government of
Upper Bavaria. Hairless immunodeficient mice (Envigo, Germany) were

anesthetized (2% isoflurane v/v) and placed in a custom-made holder,
which was used to maintain the mice in a stationary position along the
center of rotational scanning. The fore and hind paws were attached to
the holder during the experiment. The mice were then immersed inside
the water tank with their head remaining outside the water. The tempera-
ture of the water tank was maintained at 34 °C with a feedback-controlled
heating stick. A breathing mask with a mouth clamp was used to fix the
head in an upright position and supply anesthesia and oxygen. Injections
(n = 5 mice) of 150 µL gold nanorods (10 × 67 nm, surface plasmon res-
onance (SPR) wavelength = 1064 nm, 2.5 mg mL−1 PBS, Nanopartz Inc.,
USA) as well as 150 µL of clean PBS for control experiments were done
intravenously via a tail-catheter (n = 3 mice), while the animals were po-
sitioned inside the imaging setup. Similarly, different kinetics of IR-1061
dye using the fSVOT system were observed after injecting 150 µL: solution
of the dye diluted in PBS at a concentration of 0.52 mg mL−1 and filtered
with a 5 µm pore size (PluriStrainer 5, pluriSelect Life Science, Leipzig,
Germany) through the tail-vein (n = 3 mice).

Image Reconstruction and Analysis: The time-resolved signals from the
256 detection elements of the array were band-pass filtered (between 0.25
and 6 MHz) and deconvolved with the impulse response of the array
elements. The filtered signals were used to reconstruct volumetric im-
ages covering ∼1 cm3 FOV for each laser pulse using graphics process-
ing unit (GPU) implementation of a 3D back-projection algorithm.[42] A
designated reconstruction approach (see the Supporting Information for
more details) consisted in spatial compounding of the volumes acquired
in the overfly mode based on accurately synchronized laser distance sen-
sors readings, which greatly contributed to CNR enhancement. This was
particularly done by mapping the transducer elements’ coordinates onto
volumetric image grid (100 µm pixel resolution) using known positions of
the stages retrieved from the displacement sensor’s readings. 3D visual-
ization of the OA images was done with Amira (Visual Sciences Group).

The image intensity values were further normalized in the individual
reconstructed volumes with an exponential decay function to compensate
for light attenuationwith depth hence facilitating quantification of agent ki-
netics and biodistribution across different organs. To quantify the changes
in biodistribution of contrast agents across different organs, a volumetric
mask of each organ was manually delineated. Next, the OA signal am-
plitude within each organ was quantified. Finally, the ratios between the
baseline signal (prior to injection) and the signals at different time points
following the injection were calculated. Analyses were carried out using
MATLAB.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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