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Abstract

Imaging of small animals has played an indispensable role in preclinical research by providing
high dimensional physiological, pathological, and phenotypic insights with clinical relevance. Yet
pure optical imaging suffers from either shallow penetration (up to ~1-2 mm) or a poor depth-to-
resolution ratio (~1/3), and non-optical techniques for whole-body imaging of small animals lack
either spatiotemporal resolution or functional contrast. Here, we demonstrate that standalone
single-impulse photoacoustic computed tomography (SIP-PACT) mitigates these limitations by
combining high spatiotemporal resolution (125-um in-plane resolution, 50 ps / frame data
acquisition and 50-Hz frame rate), deep penetration (48-mm cross-sectional width /n vivo),
anatomical, dynamical and functional contrasts, and full-view fidelity. By using SIP-PACT, we
imaged /n vivo whole-body dynamics of small animals in real time and obtained clear sub-organ
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anatomical and functional details. We tracked unlabeled circulating melanoma cells and imaged
the vasculature and functional connectivity of whole rat brains. SIP-PACT holds great potential for
both pre-clinical imaging and clinical translation.

Small animals, especially rodents, are essential models for preclinical studies, and they play
an important role in modeling human physiology and development, and in guiding the study
of human diseases and in seeking effective treatment?. The ability to directly visualize
dynamics with high spatiotemporal resolution in these small-animal models at the whole-
body scale provides insights into biological processes at the whole organism level2. In
addition to high spatiotemporal resolution, the ideal non-invasive small-animal imaging
technique should provide deep penetration, and anatomical and functional contrasts.
Previously, small-animal whole-body imaging has typically relied on non-optical
approaches, including magnetic resonance imaging (MRI), X-ray computed tomography (X-
ray CT), positron emission tomography (PET) or single-photon emission computed
tomography (SPECT), and ultrasound tomography (UST)3: 4. Although these techniques
provide deep penetration, they suffer from significant limitations. For example, adapting
MRI to achieve microscopic resolution requires a costly high magnetic field and a long data
acquisition time, ranging from seconds to minutes, too slow for imaging dynamics® 6. X-ray
CT lacks functional contrast’. PET/SPECT alone suffers from poor spatial resolution. In
addition, X-ray CT and PET/SPECT use ionizing radiation, which may inhibit longitudinal
monitoring®. UST does not image blood oxygenation or extravascular molecular contrasts®.
To overcome all of the above limitations using one system, we need to develop new imaging
modalities.

Optical imaging of biological tissue employs non-carcinogenic electromagnetic waves to
provide extraordinary structural, functional, and molecular contrasts with either endogenous
or exogenous agents®-12. Unfortunately, the application of conventional optical imaging
technologies to small-animal whole-body imaging is impeded by the strong optical
scattering of tissue, which prevents high-resolution imaging beyond the optical diffusion
limit of ~1-2 mm in depth3. Although diffusive optical imaging methods, such as
fluorescence diffuse optical tomography3, can provide centimeters of penetration, their
image resolution is rather poor, approximately 1/3 of the depth.

To date, photoacoustic tomography (PAT) is the only high-resolution optical imaging
modality that breaks the optical diffusion limit!4. In PAT, the energy of incident photons is
absorbed by chromophores inside the tissue to be imaged and re-emitted as ultrasonic waves.
The ultrasonic waves are subsequently detected to generate tomographic images with optical
contrasts. Thanks to the weak scattering of ultrasound in soft tissue (about three orders of
magnitude weaker than light scattering on a per unit path length basis in the ultrasonic
frequency of interest), PAT enjoys superb resolution at depths, with a depth-to-resolution
ratio of ~200 1°. Combining the advantages of optical contrasts and acoustic detection, PAT
holds great promise for a full-package solution of small-animal whole-body imaging.
Currently, PAT has been implemented primarily in the forms of scanning-based
photoacoustic microscopy (PAM) and reconstruction-based photoacoustic computed
tomography (PACT). We have demonstrated high-speed, high-resolution functional PAM of
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the mouse brain in action, with penetration up to several millimeters6. PACT has provided
penetration beyond 10 mm, but with either poor temporal resolution, due to data acquisition
multiplexing’~1°, or unclearly resolved sub-organ features, due either to partial acoustic
detection coverage2%: 21 or to sparse spatial sampling22-24. For high-performance small-
animal whole-body imaging, we need to simultaneously integrate high spatiotemporal
resolution, deep penetration, multiple contrasts, full-view fidelity, and high detection
sensitivity in one system.

Here, we report a significant advance in PACT technology that overcomes all the above-
mentioned limitations prevalent in both non-optical and pure optical imaging techniques.
Our imaging technology, called single-impulse panoramic PACT (SIP-PACT), allows us to
capture structural, functional, cellular, and molecular small-animal whole-body images with
unprecedented speed and quality. SIP-PACT employs 512-element full-ring acoustic
detection with simultaneous one-to-one mapped pre-amplification and analog-to-digital
sampling. A single laser pulse, sufficiently short to be treated as an impulse, excites
photoacoustic waves, which are detected within 50 ps for 2D imaging of a cross-section. The
2D panoramic acoustic detection scheme provides 125-um isotropic in-plane resolution
within a field of view (FOV) of ~16 mm in diameter (Online Methods), and full-view
fidelity (i.e., no partial-view artifacts)2®. Moreover, to better reveal detailed features inside
the body, we developed a half-time dual-speed-of-sound universal back-projection algorithm
to compensate for the first-order effect of acoustic inhomogeneity. SIP-PACT enables a
number of new whole-body imaging capabilities, with performance complementary to those
of the above-mentioned non-optical approaches. At a 50-Hz frame rate, it non-invasively
images whole-body small animals (up to 48 mm in width), with sub-organ vasculature and
internal organ structures clearly resolved, without any labeling. At such high spatiotemporal
resolutions, the biological dynamics associated with heartbeats and respiration are clearly
observed without motion artifacts. Taking advantage of the absorption spectral signatures of
oxy-hemoglobin and deoxy-hemoglobin, SIP-PACT provides fast mouse brain and whole-
body functional imaging. Naturally, SIP-PACT can be used to monitor live animals over a
long duration for drug testing without the potentially detrimental interference of an ionizing
radiation overdose if X-ray CT were used. With the assistance of a near-infrared (NIR) dye,
SIP-PACT shows the process of dye perfusion in both the mouse brain and internal organs,
demonstrating the capability of molecular imaging. SIP-PACT visualizes and tracks
circulating tumor cells (CTCs) in a live mouse brain without any labeling. Moreover, SIP-
PACT sees through the rat whole brain (as deep as 11 mm) and detects the functional
connectivity in the deep brain (up to 9.7 mm).

Label-free imaging of small-animal whole-body anatomy and dynamics

In SIP-PACT, we employed a 512-element full-ring ultrasonic transducer array (Imasonic,
Inc., 5-MHz central frequency, more than 90% one-way bandwidth, Supplementary Fig. 1)
for 2D panoramic in-plane acoustic detection, which avoids artifacts induced by limited
detection coverage2®. The digitized raw data was fed into a half-time dual-speed-of-sound
(in tissue and water) universal back-projection algorithm (Supplementary Figs. 2 and 3,
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Online Methods) for image reconstruction. Two different illumination approaches have been
applied respectively for imaging the mouse brain cortex and trunk (Fig. 1, Supplementary
Fig. 4, and Online Methods). Top illumination and side detection are used for brain cortex
imaging, and full-ring side illumination and side detection (aligned confocally to maximize
detection sensitivity) are used for trunk imaging. To maximize optical penetration, we took
advantage of the “optical window”, 650-1350 nm, where mammalian tissues least attenuate
light. We used 1064-nm laser excitation with a 50-Hz pulse repetition rate for this task. SIP-
PACT non-invasively imaged the vasculature of the brain cortex (Fig. 2a) and the anatomy of
the internal organs within the thoracic cavity (heart, lungs; Fig. 2b and 2c¢) and the
abdominal cavity (liver, spleen, kidney, cecum, and intestine; Figs. 2, d to f), with detailed
structures revealed by hemoglobin contrast (Online Methods, Supplementary Fig. 5). As
with many other tomographic imaging modalities, after scanning the animal vertically
through the confocal plane and stacking the slices of cross-sectional images, we compiled a
three-dimensional (3D) tomogram of the mouse trunk (Supplementary Video 1). The
thickest section of the mouse trunk had a width of 28 mm (Fig. 2e and 2f), and the entire
cross-section was clearly imaged with a spatial resolution of 125 um (Supplementary Fig. 6
and 7). At an imaging frame rate of 50 Hz, respiratory motions and heartbeats were fully
captured at well above the Nyquist sampling rate (Supplementary Videos 2-6). The
substantially improved system performance and whole-body image quality (Supplementary
Figs. 8-12, and Supplementary Video 7) enable SIP-PACT to complement other small-
animal whole-body anatomical imaging modalities.

In one cross-sectional image of the thoracic cavity (Fig. 2b and Fig. 3a), both respiratory
motion and heartbeats are displayed (Supplementary Video 2). By recording the signal
changes of a rib (along the red solid line in Fig. 3a) and the heart wall (along the blue dashed
line in Fig. 3a), the respiratory motion and heartbeats can be tracked and identified (Fig. 3b).
Fourier analysis shows that the motion of the rib repeated at a respiratory frequency of ~1
Hz, and the motion of the heart wall repeated at both the respiratory frequency and a
heartbeat frequency of ~5.2 Hz (Fig. 3c and Supplementary Fig. 13 and 14).

Within a cross-sectional view of lower abdominal cavity (Supplementary Video 6), the
signals from arteries are temporally correlated due to their direct connection to the heart.
The high imaging speed and the single-impulse acquisition capability of SIP-PACT enabled
us to selectively map the arterial network on the whole-body cross-sectional image. By
pixel-wise calculation of the amplitude at the heartbeat frequency (Online Methods), the
arterial network can be mapped on the whole-body cross-sectional image (Fig. 3d), where
the renal arterial network of the right kidney is highlighted by heartbeat encoding. During
systole, the aortic wall dilates due to the ejection of blood from the contracted left ventricle,
generating a pressure wave that travels along the arterial tree. We selected two vertically
distributed arteries from the arterial network (highlighted by arrows 1 and 2 in Fig. 3d) to
compute the changes of the cross-sectional areas (Fig. 3e and Supplementary Video 8). A
steady phase delay is revealed in the close-up panel (Fig. 3f), indicating that the changes of
the cross-sectional areas are the results of the pulse wave propagating through the arterial
network. This demonstrates that SIP-PACT can noninvasively map the whole-body arterial
network and measure the relative pulse wave phase difference between arteries. This
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capability could provide a non-invasive and direct diagnostic tool for chronic coronary artery
disease and chronic renal disease?6: 27

SIP-PACT of whole-body oxygenation dynamics

By taking advantage of the difference between the oxy- and deoxy-hemoglobin absorption
spectra, we can image whole-body oxygenation dynamics by exciting PA waves alternately
with two optimal wavelengths. In order to systemically modulate the oxygen saturation of
hemoglobin (sO5,), we manipulated the oxygen concentration in the inhalation gas.

By illuminating the mouse brain from the top (Fig. 1a) with two laser pulses of different
wavelengths at a biologically negligible delay (50 ps), we noninvasively imaged both the
cortical vasculature and the sO, of the cortical vessels /n vivo (Fig. 4a and 4b,
Supplementary Video 9 and Online Methods). In this experiment, a mixture of 95% oxygen
and 5% nitrogen was initially used with gaseous isoflurane for anesthesia. During the
oxygen challenge, the mixture was switched to 5% oxygen and 95% nitrogen for 3 minutes
(4.5 minutes for whole-body oxygen challenge), and then switched back to the initial
concentration to end the challenge. We estimated the systemic sO, change by averaging
signals over the superior sagittal sinus, the central vessel shown in color in Fig. 4a and 4b.
Variations in sO, (Fig. 4c), derived from changes of oxy- and deoxy-hemoglobin
concentrations (Fig. 4d), were observed following the manipulation of the inhalation oxygen
concentration. The sO»drop resulting from hypoxia is manifestly slower than its recovery,
consistent with previous observations28: 29,

Blood-oxygen-level-dependent (BOLD) MRI, widely used for functional studies in both
animal models and humans, is sensitive primarily to the concentration of deoxy-
hemoglobin30: 31, Similar to BOLD MRI, SIP-PACT can also map the trunk’s hemodynamic
response to a change in oxygen supply by using a single deoxy-hemoglobin sensitive
wavelength for excitation, but at a higher imaging speed and greater sensitivity than those of
BOLD MRI. (Supplementary Figs. 15a and 15b, and Online Methods). After we switched
the oxygen concentration from 95% to 5%, the whole-body oxygenation levels changed
accordingly (Fig. 4e and Supplementary Video 10). Because deoxy-hemoglobin has a much
stronger molar optical absorption than oxy-hemoglobin at the excitation wavelength of 720
nm, the PA signal changes reflected mainly the whole-body deoxy-hemoglobin
concentration changes. In Fig. 4e, yellow represents a positive relative PA signal change,
which means a decrease in sO,, while blue shows a negative relative PA signal change,
meaning that sO, increased. When a global shortage of oxygen occurs, the whole-body sO»
should drop accordingly. We observed a relative sO, decrease in most of the organs, such as
the brain, liver, and kidney, and an sO, increase in some organs, such as the cecum (Fig. 4f,
Supplementary Fig. 15¢ and 15d). These observations might be explained as follows: Once
global hypoxia occurs, the animal adjusts its whole-body metabolic activity to survive the
challenge. The vital organs, such as the brain, heart, and kidney, must maintain their basic
functions with normal metabolic activities, so their maintained oxygen consumption under
hypoxia leads to an sO, drop32. Because some other organs, such as the cecum, reduce their
metabolic activity to save oxygen for other vital organs, a reduced oxygen extraction fraction
leads to an sO5 increase within those organs33-3°, For the first time, to our knowledge, we
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have photoacoustically imaged the dynamics of whole-body oxygenation distribution across
internal organs with great detail /77 vivo and without labeling.

Label-free tracking of CTCs in the mouse brain in vivo

CTCs have been regarded as an important pathway and a potential indicator for tumor
metastasis, a hallmark of tumor malignancy36: 37. Tracking the fate of metastasizing cancer
cells /n vivois vitally important to the study of early extravasation, early angiogenesis, and
treatment of cancer38. In this study, we target melanoma, a skin cancer which is expected to
cause an estimated 10,130 fatalities in the United States in 2016 39, and demonstrate that our
SIP-PACT system is capable of /n vivo monitoring of melanoma migration in the entire
mouse cortical vasculature. Melanin has a much stronger optical absorption at around 680
nm than hemoglobin does (Supplementary Fig. 16). Hence, we use SIP-PACT with 680-nm
laser excitation to capture the migration of intra-arterially injected melanoma cancer cells
along cortical vessels (Supplementary Video 11, and Online Methods) in real-time, with
high contrast and without any labeling. It should be noted that the injected melanoma cells
could present in the bloodstream in the form of both single cells and CTC clusters,
contributing to the strong signals in our images. A motion-contrast image created (Online
Methods) from signals before (Fig. 5a) and after CTC injection and overlaid on the vascular
image shows the melanoma cancer cells (Fig. 5b), where colors represent the CTCs” flow
directions. The movements of melanoma cancer cells in the yellow dashed box region in Fig.
5a are visualized in Fig. 5¢, where the melanoma cells in the current frame are highlighted in
red, those in the previous frames are shown in green, and the flow path of each cell is
marked by an orange dashed line. By tracking the melanoma cells in real time and analyzing
the movement of flowing melanoma cells in the spatiotemporal frequency domain (Online
Methods), we can compute the flow rate of the cancer cells, which is smaller than the
cerebral blood flow rate?0: 41, We extracted the time traces of each pixel along the red
dashed line in Fig. 5a, and plotted the signals (Supplementary Fig. 17a) as an image in the
space-time domain. By taking the two-dimensional Fourier transformation of this image, we
mapped lines with the same slope in the space-time domain onto a single line in the
spatiotemporal frequency domain (Supplementary Fig. 17b), simplifying the calculation of
the flow speed and providing better accuracy. The flow speed of the melanoma cells was
computed by linear fitting to be 0.65 mm/s. Applying this method with a sliding window, we
were able to visualize CTC flow speed distributions in multiple vessels of the brain (Fig.
5d). The flowing of melanoma cancer cells in both cortical arteries (Supplementary Fig. 18)
and veins was visualized. We also observed occasionally ceased motion of melanoma cells,
which might be a possible sign of the homing of metastasizing cancer cells (Supplementary
Fig. 19).

In addition, we also imaged dye perfusion in both the mouse brain and the internal organs
(Supplementary Figs. 20-22, and Supplementary Video 12) after an intra-arterial injection of
an NIR dye (FHI 104422P, Fabricolor Holding Int'l LLC). We thus have demonstrated SIP-
PACT's potential for molecular imaging once the dye is functionalized.
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Deep imaging through rat whole brain and whole body

Revealing how our brain works is a great challenge that merits our every effort: It will not
only illuminate the profound mysteries in science but also provide the key to understanding
and treating neurological diseases such as Alzheimer’s and Parkinson’s. To date, most deep
brain functional studies have been based on functional MRI (fMRI) or power Doppler
ultrasound (fUS), and optically imaging through even a mouse brain (~6 mm in depth) with
reasonable spatiotemporal resolution and contrast is still a hurdle. In this study, we used SIP-
PACT to see through a rat’s whole brain. As shown in Supplementary Fig. 23, the rat head
was mounted vertically and the light was obliquely delivered to the rat cortex. A cranial
window (Online Methods) was opened to maximize the acoustic transmission. Taking
advantage of the deep penetration of 1064-nm light, the full-view acoustic coverage and high
detection sensitivity of SIP-PACT (Supplementary Fig. 8), a coronal view of the rat whole
brain (11 mm in depth) was produced with detailed vasculature (Fig. 6a).

The brain serves as the center of the nervous system, dynamically coordinating responses
through the functional network. The intrinsic functional connectivity (FC) across spatially
separated brain regions can be measured through regionally correlated, spontaneous, low
frequency (0.01-0.1 Hz) fluctuations in BOLD signals with fMRI, particularly during
resting-state/task-free periods (resting-state fMRI or rsfMRI). Similar to fMRI, SIP-PACT
can also globally monitor the brain hemodynamics with appropriate spatiotemporal
resolution and penetration. To detect the FC, we measured and compared the spontaneous
hemodynamic responses between contralateral regions of the rat brain. We measured the FC
of the rat whole brain in the coronal plane (~bregma —2.16 mm), where we identified 16
functional regions (labeled in Fig. 6b) and computed the correlation coefficients of every
pair (Online Methods). We also employed a seed-based method (Online Methods) to study
the FC (Fig. 6¢, Supplementary Fig. 24). The results (Fig. 6d) show clear correlation
between corresponding regions across the left and right hemispheres, as well as correlation
between neighboring regions in the neocortex. These findings are consistent with previous
research in both fMRI and fUS.42 43 Most interestingly, we identified the left-right
correlation between the deep thalamus regions (9.7 mm in depth, Fig. 6c, bottom row),
which, to our best knowledge, has not been demonstrated at this spatial resolution. Our FC
observation demonstrates the potential of SIP-PACT as a high-resolution imaging tool for
studying deep brain functions in rats, which was previously difficult to accomplish using
optical contrast, and, therefore underexplored.

To further validate the deep penetration, an adult rat with a trunk (abdominal region) width
of 48 mm was also imaged by SIP-PACT using side illumination (Fig. 1). As shown in Fig.
6e and 6f, the internal organs, such as the left and right lobes of the liver, the kidneys, the
spleen, the intestine, and supply vessels, are clearly revealed (Supplementary Video 13).

OUTLOOK

We have developed a SIP-PACT system that simultaneously integrates high spatiotemporal
resolution, deep penetration, multiple contrasts, full-view fidelity, and high detection
sensitivity. SIP-PACT allows us to capture structural, functional, cellular, and molecular
small-animal whole-body images with 125-um in-plane resolution within 50 us per frame,
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using a single laser impulse per image. Panoramic acoustic detection provides the best in-
plane coverage of ultrasound reception and eliminates partial-view artifacts related to the
directive emission of PA waves. The substantially enhanced imaging performance enables
SIP-PACT to complement existing modalities for small-animal whole-body imaging. The
SIP-PACT system offers a number of whole-body imaging capabilities (Supplementary
Table 1). It non-invasively images the mouse anatomy in real time, with clearly resolved
sub-organ vasculature and structures. Such a capability can be used for direct diagnosis of
pathological changes of internal organs. As a result, our technology opens a new window for
medical researchers to test drugs and monitor longitudinal therapy, without the harm from
ionizing radiation in X-ray CT, PET or SPECT. Aortic pulse wave measurement and analysis
have been widely used to study cardiovascular diseases in both clinical and preclinical
research6: 27, With a frame rate of 50 Hz, SIP-PACT reveals whole-body cardiac related
dynamics and selectively maps the whole-body arterial network in mice. Relatively steady
phase delays between arteries within internal organs can also be computed, which indicate
changes in the cross-sectional areas resulting from pulse wave propagation through the
arterial network. Thus, the capability of mapping the arterial network and the relative phase
delay distribution within each cross-section enables SIP-PACT to be a potential non-invasive
tool for direct diagnosis of chronic coronary artery disease and chronic renal vascular
disease. Evaluation of the hemodynamic response to oxygen challenges and the resulting
changes in the blood oxygen level in the brain and body provides an effective means to
access neural activity and whole-body metabolism. Leveraging the absorption spectral
difference between oxy-hemoglobin and deoxy-hemoglobin, SIP-PACT achieves functional
imaging in both the brain and trunk, which enables applications such as monitoring
hemodynamic-related metabolic activities across internal organs during chemotherapy. SIP-
PACT has demonstrated the ability to track unlabeled circulating melanoma cancer cells /n
vivo in the mouse brain. This capability might provide new insights into metastasis research,
which can potentially be used to better tailor cancer therapies in the future. SIP-PACT also
revealed detailed structures and vasculature in the whole cross section of a rat trunk (48 mm
in width) /n vivo, which demonstrated a thickness potentially applicable to imaging human
extremities or early birth neonates. In addition, a larger FOV and deeper acoustic penetration
can be achieved by reducing the central frequency of the transducers to 1-2 MHz, which
scales SIP-PACT up for human breast imaging. We envision potential applications of SIP-
PACT in clinical translation and practice.

Photoacoustic imaging has already demonstrated its capability of functional brain imaging in
rodents with exquisite sensitivity and high resolution at depths beyond the optical diffusion
limit16. 44.45 Now SIP-PACT has further extended the functional brain imaging depth to the
rat whole brain (~10 mm in depth), which has not been demonstrated with optical contrast
and spatiotemporal resolution as fine as SIP-PACT provides. However, to reach the ultimate
goal of imaging single neuron action potentials at the whole brain level, great efforts are
needed to further improve the spatiotemporal resolution, sensitivity, and voltage-sensitive PA
contrast agents.
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METHODS

System construction and laser configuration

For SIP-PACT, we employed a 512-element full-ring ultrasonic transducer array (Imasonic,
Inc., 50-mm ring radius, 5-MHz central frequency, more than 90% one-way bandwidth,
Supplementary Fig. 1) for 2D panoramic acoustic detection. Each element has a cylindrical
focus (0.2 NA, 20-mm element elevation size, 0.61-mm pitch, 0.1-mm inter-element
spacing). A lab-made 512-channel pre-amplifier (26-dB gain) was directly connected to the
ultrasonic transducer array housing, with minimized connection cable length to reduce cable
noise. The pre-amplified PA signals were digitized by a 512-channel data acquisition (DAQ)
system (four SonixDAQs, Ultrasonix Medical ULC, 128 channels each, 40-MHz sampling
rate, 12-bit dynamic range) with programmable amplification up to 51 dB. The digitized
radio frequency (RF) data were first stored in the onboard buffer then transferred to a
computer through USB 2.0.

For whole-body imaging illumination, a 1064-nm laser beam (DLS9050, Continuum, 50-Hz
pulse repetition rate, 5-9-ns pulse width) or a 720-nm laser beam (LS-2145-LT-150,
Symphotic Tii, 20-Hz pulse repetition rate, 12-ns pulse width) was first homogenized and
expanded by an engineered diffuser (EDC-10-A-1r, RPC Photonics), then passed through a
conical lens (AX-FS-1-140-0, Del Mar Photonics) to form a ring-shaped light pattern, and
re-focused by a lab-made optical condenser. The incident light formed a ring pattern on the
trunk of the mouse, with the illuminated area located within the transducer’s elevational
focal zone. For brain imaging illumination, the excitation beam was uniformly shined on the
cortex after passing through the engineered diffuser. The laser fluence (8 mJ/cm?) at 630 nm,
680 nm, and 720 nm was within the American National Standards Institute (ANSI) safety
limits for laser exposure (20 mJ/cm? at 630 nm and 680 nm, and 40 mJ/cm? at 720 nm, at a
10-Hz pulse repetition rate). The laser fluence in mouse and rat brain imaging, and in mouse
trunk imaging, was ~18 mJ/cm? at 1064 nm, with a 50-Hz pulse repetition rate, which is
below the ANSI safety limit (at 1064 nm: 100 mJ/cm? at a 10-Hz pulse repetition rate, or 1
W/cm?2). During the rat trunk imaging, the excitation fluence was ~38 mJ/cm? at 1064 nm,
with a 50-Hz pulse repetition rate, which is above the ANSI limit. The rats were monitored
periodically after imaging, and no skin damage was found.

For two-wavelength imaging, such as in the brain sO, mapping experiment, two lasers were
synchronized by a control card (sbR10-9626, National Instruments). The Q-switch trigger of
each laser was set at a fixed delay of 50 ps, thus one laser fired 50 ps later than the other.
Since the pulses at each of the two wavelengths were delayed by only 50 ps, during which
time the object was relatively stationary in terms of most biological activities, we call the
illumination essentially simultaneous.

Animal preparation

All experimental procedures were carried out in conformity with laboratory animal protocols
approved by the Animal Studies Committee at Washington University in St. Louis. Adult, 3—
4-month-old Swiss Webster mice (Hsd: ND4, Swiss Webster, Harlan Co.; 20-30-g body
weight) were used for /n vivo functional brain and CTC imaging. Adult, 2-3-month-old
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Sprague Dawley rats (Hsd: Sprague Dawley SD, Harlan Co.; 170-200-g body weight) were
used for /n vivorat brain imaging of function connectivity. Adult, 8-10-week old nude mice
(Hsd: Athymic Nude-FoxINU, Harlan Co.; 20-30-g body weight) were used for /in vivo
mouse trunk imaging. Adult, 2-month-old nude rats (Hsd: Athymic Nude-Foxnlrnu (rnu/
rnu), Harlan Co.; 150-160-g body weight) were used for /7 vivorat trunk imaging.
Throughout the experiment, the mouse was maintained under anesthesia with 1.5%
vaporized isoflurane. Before functional brain and CTC imaging experiments, the hair of the
mouse was first removed by clippers and depilatory cream. The mouse was then secured to a
lab-made imaging platform, and the cortical surface was positioned flat and lined up with
the transducer array’s focal plane. During the whole-body imaging experiments
(Supplementary Fig. 4), the mouse/rat’s fore and hind legs were respectively taped to the top
and bottom parts of the lab-made holder that held the animal upright during imaging. The
top of the holder was an aluminum tube affixed to the animal’s nose and mouth, and the
bottom was an aluminum cylinder attached to a permanent magnet base. The magnet base
securely held the animal holder to the scanning stage for elevational scanning. It takes ~12 s
to scan the whole trunk to acquire a volume containing 600 cross-sectional images. The
animal’s trunk was immersed in water, and its body temperature was maintained at ~30 °C
by circulating the water through a heating bath outside the tank.

Before functional rat brain imaging experiments, a craniotomy was conducted by the Hope
Center Animal Surgery Core at Washington University. Under isoflurane anesthesia, the rat
was placed in a stereotaxic apparatus. After being shaved and swabbed, the scalp was
incised and retracted. The parietal bone was then removed using a fine drill bit, with
frequent irrigation and swabbing with cold, sterile PBS. Finally, the bone flap was removed
over an area of ~0.5 cm x 0.9 cm to expose the brain (parietal lobes). The rat head was
mounted vertically and the light was obliquely illuminated onto the rat cortex
(Supplementary Fig. 23). After locating the proper imaging plane (coronal view) of the rat
brain, the isoflurane level was changed to 0.5% from 1.5%. After 40 minutes, we started the
measurement of functional connectivity. Each functional connectivity measurement took 10
minutes, with a 2-Hz frame rate at 1064-nm illumination.

Both the melanoma cancer cells and NIR dye were injected through the carotid artery.
Ligatures of the external and the common carotid artery*® were constructed by the Hope
Center Animal Surgery Core at Washington University in St. Louis. For melanoma cancer
cell imaging, we injected 100 pL of a cell suspension containing 1x106 B16 cells. For dye
perfusion imaging, we injected 100 uL of NIR dye (FHI 104422P, Fabricolor Holding Int'l
LLC) solution with a 0.5% mass concentration.

Half-time, dual-speed-of-sound PA reconstruction

We used the half-time universal back-projection (UBP) algorithm*7: 48 to reconstruct all
images in this work. Conventional half-time UBP assumes a uniform speed of sound (SOS)
to calculate the PA signal delay necessary for the reconstruction. In real applications,
however, the heterogeneous acoustic properties of the substances within the elevational focal
plane render the uniform SOS assumption problematic. Consequently, the resulting images
always suffer from artifacts that cannot be removed or alleviated by image processing

Nat Biomed Eng. Author manuscript; available in PMC 2018 January 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 11

techniques, such as deconvolution. In the case of whole-body imaging, at a given elevational
position, breakdown of the uniform SOS assumption mainly results from the dramatic
acoustic property difference between the biological tissue and the surrounding fluid (in our
case, water), whereas the SOS differences among different tissue types cause only second-
order effects. For example, at room temperature, the SOS of water, the liver, and the kidney
are 1480 m/s, 1590 m/s, and 1570 m/s, respectively2>.

We numerically simulated the problem in 2D, using a circular numerical phantom with a
radius of 13 mm and a uniform speed of sound of 1520 m/s. The phantom was surrounded
by water with an SOS of 1480 m/s, and the whole region was bounded by a ring-shaped
detector array with a radius of 50 mm. The phantom and the ring array were located
concentrically, as shown in Supplementary Fig. 2a. Within the phantom, an optical
absorption pattern representing a leaf skeleton was used (Supplementary Fig. 2b). We used
the k-Wave toolbox to generate PA data®®, and reconstructed images using half-time UBP
with single and dual SOS. We compared the images reconstructed using a single uniform
SOS (Supplementary Fig. 2¢) and the correct (Supplementary Fig. 2d) dual-SOS map.
Clearly, a single SOS reconstruction introduces splitting or fringing artifacts in the image
(Supplementary Fig. 2c, inset zoomed-in view).

To date, many methods have been developed to solve the problem caused by SOS
heterogeneity. These methods either rely on iterative SOS corrections28 or use additional
hardware and software to measure the SOS map®0. Both types of approaches dramatically
increase the complexity of signal demodulation and image reconstruction. Here, to improve
the image quality, we used a method that imposes no additional computational cost. The key
is to correct the first-order errors only. In doing so, we segment the entire region into two
zones: a tissue zone and a water zone. We assume that the SOS is uniform within each zone,
but is different across the zones. To further simplify the problem, we make the following two
assumptions. First, the cross section of the mouse body is approximated by an ellipse
characterized by its center position (X, Jp) and the lengths of its major and minor radii (~,
Ry). Second, refraction at the boundary of the two zones is neglected. In other words, rays
travel straight from the field point (xs, J%4) to a detector (xy, J4). The second assumption is
sufficiently accurate, according to a simple geometrical analysis2®. Using these assumptions,
we can calculate the sound propagation delay between any source-detector pairs given the
SOS in the body (1) and water (1), (Supplementary Fig. 3a). It should be noted that if a
series of images are taken at, or close to, a fixed elevational position, the delay map is
calculated only once before reconstruction. Subsequently, we can use the delay map
generated by the dual-speed assumption to reconstruct images with no additional
computational cost. In Supplementary Fig. 3b, we illustrate the gross localization error
produced by the single-speed assumption. In the calculation, we assumed that 7, = Ry=10
mm, xg = Jp =0, and 1, = 1570 m/s, v, = 1506 m/s, and Ry = 50 mm. The PA signal
generated by a point source, located at the position labeled by a red star in Supplementary
Fig. 3b, was back-projected along the direction piercing the source and the detector. The
reconstructed position of the point source, according to the single-speed assumption, scatters
around the correct position, depending on the azimuthal angle of the transducer. A splitting
as large as 0.4 mm is observed. In Supplementary Figs. 3c and 3d, we compare the images
of the liver region of a mouse reconstructed using half-time single-speed (Supplementary
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Fig. 3c) and half-time dual-speed (Supplementary Fig. 3d) UBP approaches. Supplementary
Fig. 3c shows many artifacts, including the horseshoe-shaped features on the body surface
(which are shown as blood vessels perpendicular to the image plane in Supplementary Fig.
3d), and splitting of the vasculature in the upper-left and lower-right regions of the body.
These artifacts are completely removed by the dual-speed reconstruction, as shown in
Supplementary Fig. 3d. The acquired data was reconstructed off-line using the half-time
dual-speed-of-sound universal back-projection method, and it takes ~0.1 s to reconstruct one
frame with 400 x 400 pixels using intel i7 CPU, which can be further accelerated by GPU
parallel computing.

Methods for whole-body image contrast enhancement

To produce the high contrast small animal whole-body anatomical images illustrated in this
work, we first applied a set of Hessian-based Frangi vesselness filters®! at different scales to
the reconstructed 2D images. Then, all the filtered images were averaged to produce the
output images. These two steps form our multi-scale vessel enhancing filtering. We applied
this filtering scheme to both the negative and positive components of the input image, to
account for its bipolar nature (i.e., both the most negative and positive values represent large
optical absorption). The results from both the negative and positive components were then
added to form the final image. The filter scales used in all the enhanced images in this work
are 0.05 mm, 0.10 mm, 0.15 mm, 0.20 mm, 0.50 mm, 0.75 mm, 1.00 mm, and 1.25 mm,
which were chosen empirically to cover the range of one half to ten times the quantified
resolution (0.125 mm). As shown in Supplementary Fig. 5, the anatomical structures in both
the original bipolar images and enhanced unipolar images match well with each other.

Because this contrast enhancement technique is nonlinear, we are aware that it would induce
inaccuracy if its results were used for quantitative analyses. Therefore, all of the functional
and quantitative calculations in this work were based on the raw, bipolar reconstructed
images without the contrast enhancing filtering.

lllumination wavelength selection

The molar optical absorption of deoxy-hemoglobin is much higher than that of oxy-
hemoglobin within the wavelength range of 600-800 nm (Supplementary Fig. 15a). Thus,
when the excitation wavelength is within this range, the PA signal is more sensitive to the
change of deoxy-hemoglobin concentration (Supplementary Fig. 15b). We chose 720 nm for
whole-body functional imaging, to balance the penetration depth and deoxy-hemoglobin
sensitivity.

The optical absorption of melanosome decreases slowly with an increase in wavelength, and
the optical absorption of hemoglobin is relatively weak within the far red and NIR regions.
The optical absorption ratio between melanosome and whole blood (at 85% sO,) peaks at
~680 nm (Supplementary Fig. 16a), and thus an excitation wavelength of 680 nm (Q-Smart
850, Quantel, 10-Hz pulse repetition rate, 6-ns pulse width; and basiScan-M/280, Newport)
was used for imaging circulating melanoma cancer cells.
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Fourier domain analysis of whole-body dynamics

To demonstrate the motion in the thoracic cavity, the PA signals along the lines indicated in
Fig. 3a were extracted and the primary peaks in each frame were tracked. For each line
examined, the peak’s position formed a time trace and was transformed into the temporal
frequency domain, where the respiratory frequency components and/or the heartbeat
frequency components were visualized.

To map the arterial network, Fourier transform was performed on the time trace from each
pixel. The amplitude at the heartbeat frequency was extracted to form the artery map.

To analyze the phase delay across different arteries, we examined neighboring patches of the
selected vertically distributed arteries, segmented the arteries at each frame by thresholding,
and computed the area values. The changes in the cross-sectional areas were then calculated
and filtered with a high-pass filter to remove low-frequency interferences. The zero-phase
digital filtering technique was used to avoid changing the phase information, and the cutoff
frequency was set at the halfway point between the respiratory frequency’s 2"9 harmonic
and the heartbeat frequency. For demonstration purposes, the changes for different arteries
were normalized to 0 and 1, according to their minimum and maximum values, which did
not alter phase information.

Functional imaging of brain and whole-body oxygenation

In this study, the oxygen challenge protocol was as follows: A mixture of 95% oxygen and
5% nitrogen was initially used for 3 minutes, then the mixture was changed to 5% oxygen
and 95% nitrogen for 3 minutes (4.5 minutes for whole-body oxygen challenge), and finally
changed back to the initial concentration to end the challenge.

To generate the video shown in Supplementary Video 9, we took 4000 images at 10 Hz,
using the essentially simultaneous illumination scheme (Fig. 1a). We used 1064 nm
(DLS9050, Continuum, 50-Hz pulse repetition rate, 5-9-ns pulse width) and 630 nm (Q-
Smart 850, Quantel, 10-Hz pulse repetition rate, 6-ns pulse width; and basiScan-M/280,
Newport) for illumination and the following equation for the calculation of sO5:

-1
CHb02 — 5Hho2 €hp PA630/F630
CHb EHbOQ €up PA1640 /F1064

C
HbO-
sOg=———2

C,.+C.

HbO9 Hb

In the above equations, PA represents photoacoustic amplitude, ~is the optical fluence at the
feature being imaged, & represents molar extinction coefficient, and Cis concentration. To
estimate PA/F, we normalized all channel data using the signal generated at the transducer’s
surface. We divided the original 4000 frames of raw data into 160 bins and averaged within
each bin on a per channel basis. The data cube was subsequently averaged along the third
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dimension (time) with a window size of five. The reconstructed images were smoothed using
a Hessian filter, and we segmented several branches of vessels to display the calculated sO,
in color. The average sO5, value of the central vein was plotted as a function of time to show
the dynamic relative change.

To generate the images shown in Fig. 4e, we averaged the first 1000 frames (corresponding
to the first 50 seconds of the experiment) of the whole-body functional images as the
baseline image. Then we averaged 2500 frames (corresponding to the time from 180 s to 305
s) during the oxygen challenge as the challenge signal image. A relative signal change image
can be computed between the baseline image and the challenge signal image. A disk filter
(with a size of 5 pixels, from the Matlab Image Processing Toolbox) was applied to the
relative signal change image and then overlaid on the anatomy image.

Supplementary Video 10 was created with a method similar to that used in Fig. 4e. We
calculated the baseline from the average of the first 1000 frames (50 s), and used a 375-
frame (18.75-s) moving window to monitor the dynamic changes thereafter. The overlay
images were also smoothed with a 5-pixel (0.25-mm) disk filter.

To generate the comparison shown in Fig. 4f, we randomly picked 50 pixels within each
respective anatomical region in Fig. 4e. Their pixel values at randomly selected frames
within the baseline (before the oxygen challenge procedure) and plateau (during the oxygen
challenge procedure) time windows were extracted for statistical analysis. Because each
pixel had a baseline value and a plateau value, paired Student’s #test was employed to
compute the p value. Note that due to difficulties of directly comparing signal levels across
animals, the statistical analysis only considered samples from the same animal. Additional
results from the other two animals can be found in Supplementary Figs. 15¢ and 15d.

Flowing of melanoma cancer cells

We estimated the local motion vectors from consecutive frames in Supplementary Video 11
using a dense optical flow based algorithm®2, and plotted their amplitude and direction with
brightness and color (Fig. 5b).

The vessels that contained flowing melanoma cancer cells were first manually identified
from the video (Supplementary Video 11). Time traces at points along these vessels were
then extracted, forming images in which one dimension was the distance along the vessels
(x) and the other dimension was the elapsed time (2. Taking a two-dimensional Fourier
transform of these images mapped lines with the same angle in the x-£space onto a single
line passing the origin in the spatiotemporal frequency domain. After removing the two DC
components and thresholding at 10% of the maximum amplitude, we applied linear fitting to
the transformed images to estimate an overall flow speed. For a long vessel, where we
believed a speed distribution should be present, we used a heuristically determined 1.5-mm
sliding window and applied the aforementioned method within the window to calculate the
flow speed changes along the vessel. Akin to all windowed frequency analyses, tuning the
window size allowed us to balance between flow speed quantification accuracy and the
spatial resolution of the speed map.
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Functional connectivity of the rat brain

In order to measure the FC of the rat brain, we adopted a data analysis method previously
reported®3. Briefly, the images were first filtered by a 5-pixel disk filter to reduce motion
noises due to respiration. A region of interest (ROIl) in the visible brain area was then
identified manually. A 2" order Butterworth bandpass filter (0.01 Hz to 0.1 Hz) was
subsequently applied to all temporal sequences. Global signal regression was performed
based on the time sequences of all pixels within the ROI. In seed-based FC studies, we
picked a seed in the image and computed the correlation coefficients between all pixels in
the ROI and the seed. In functional region-based FC analyses, we identified the functional
regions, averaged the signals from pixels within a region, and computed correlation
coefficients between regions to form a connectivity network image.

Whole-body rat image processing

The full-ring transducer array with 512 elements can spatially well sample the object within
a field of view of ~16.3 mm in diameter, as determined by the equation below:

Ni:ﬂ'D
2

where NV/=512 is the number of elements, A =200 um is the wavelength corresponding to
the high cut-off frequency of the transducer, and D is the diameter of the FOV. If the FOV is
increased, the peripheral region becomes sparsely sampled. To address the reconstructed
artifacts induced by the sparse sampling, we applied the following method.

The raw ultrasound channel data were first filtered with three low-pass filters, with cutoff
frequencies at 10 MHz, 7.5 MHz, and 5 MHz, respectively, corresponding to FOVs with
diameters of 25 mm, 37.5 mm, and 50 mm. The three filtered channel data sets were then
used to reconstruct three images. One disk-shaped mask and two donut-shaped masks
selecting these FOVs were created and blurred with a 5-pixel standard deviation Gaussian
filter. The blurred mask images were then multiplied with the three reconstructed images,
and the resultant images were added together to produce the final reconstructed image.

SIP-PACT enjoys a high dynamic range due to its low noise figure enabled by the pre-
amplifiers. This advantage helps us to mitigate the problem of light attenuation by the
relatively thick rat trunk tissue, enabling accurate detection of small signals in deep tissue.
To better represent these images, we employed an adaptive gain compensation (AGC)
method, which is similar to time gain compensation (TGC) widely used in ultrasound
imaging. The image was segmented into 50 concentric rings from the center of the object to
the farthest edge of the object. Pixel values from within each ring and above 2x the noise
level were averaged as the baseline signal level of the ring. Pixels within each ring were then
normalized to baseline signal level of the ring. The AGC method notably enhanced the
overall visibility of small features at depths, while maintaining the local contrast-to-noise
ratio.
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Reproducibility

The experiments were not randomized. The investigators were not blinded to allocation
during experiments and outcome assessment. No sample-size estimation was performed to
ensure adequate power to detect a prespecified effect size.

Code availability

The reconstruction algorithm and data processing methods are described in detail in the
Methods. We have opted not to make the data acquisition, image reconstruction, and
processing code available because the code is proprietary and used for other projects.

Data availability

The authors declare that all data supporting the findings of this study are available within the
paper and its Supplementary Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematics of the SIP-PACT system for (2) brain and (b) trunk imaging. During dual-
wavelength illumination, all lasers fire at 10 Hz and the delay time between the dual-pulse is
50 ps. For single-wavelength illumination, the 1064-nm laser fires at 50 Hz and the Ti:
Sapphire (Ti-Sa) laser fires at 20 Hz. BC, beam combiner; CL, conical lens; MBS, magnetic
base scanner; OC, optical condenser; USTA, (full-ring) ultrasonic transducer array; WT,
water tank. (c) Close up of the green dashed box region in (b), which shows the confocal
design of light delivery and PA wave detection.
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Figure2.
Label-free SIP-PACT of small-animal whole-body anatomy from the brain to the trunk

(Supplementary Video 1). (a) Vasculature of the brain cortex; SSS, superior sagittal sinus.
(b) Cross-sectional image of the upper thoracic cavity (Supplementary Video 2); HT, heart;
LL, left lung; RL, right lung; ST, sternum. (c) Cross-sectional image of lower thoracic cavity
(Supplementary Video 3); LV, liver; TA, thoracic aorta; VE, vertebra. (d) Cross-sectional
image of two lobes of liver (Supplementary Video 4); AA, abdominal aorta; IVC, inferior
vena cava; LLV, left lobe of liver; PV, portal vein; RLV, right lobe of liver. (e) Cross-
sectional image of upper abdominal cavity (Supplementary Video 5); IN, intestines; SC,
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spinal cord; SP, spleen; SV, splenic vein. (f) Cross-sectional imaging of lower abdominal
cavity (Supplementary Video 6); BM, backbone muscles; CM, cecum; LK, left kidney; RK,
right kidney.
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Figure 3.
Label-free imaging of small-animal whole-body dynamics. (a) Cross-sectional image of the

upper thoracic cavity, where the red solid line crosses a rib, and the blue dashed line crosses
the heart wall. (b) Line profiles in (a) versus time show the displacements of (upper panel)
the rib during respiration and (lower panel) the heart wall during heartbeats. The traces of
the rib and heart wall movements are identified and highlighted with solid red lines. (c)
Fourier transforms of the rib and heart wall movements showing the respiratory frequency
and heartbeat frequency, respectively. (d) Heartbeat encoded arterial network mapping
overlaid on the anatomical image. (e) Cross-sections of the vessels highlighted by arrows in
(d), showing changes associated with arterial pulse propagation (Supplementary Video 8).
(f) A zoomed-in of the dashed box in (e) shows the relative phase delay between the two
curves of the vessels’ cross sections.
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Figure 4.
SIP-PACT of mouse whole-body oxygenation dynamics. sO, mapping of mouse cortical

vasculatures during (a) hyperoxia and (b) hypoxia. (¢) Brain sO, changes during oxygen
challenges, the gray rectangle outlines the challenge periods (Supplementary Video 9) (d).
Changes in concentrations of oxy-hemoglobin and deoxy-hemoglobin during oxygen
challenges, the gray rectangle outlines the challenge periods. (e) Fractional changes in blood
oxygen level in the cross-sectional image of the lower abdominal cavity (Supplementary
Video 10). (f) Normalized PA amplitude, corresponding to blood oxygen level, in internal
organs during hyperoxia and hypoxia, where the hollow bars represent the baseline
amplitudes and the solid bars represent the plateau amplitudes during challenge (n = 50,
error bars are s.e.m.). The p values were calculated by paired Student’s #test. See Online
Methods for details of this statistical analysis.
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Figure5.
Label-free tracking of CTCs in the mouse brain /7 vivo (Supplementary Video 11). (a)

Baseline cortical vasculature before the injection of melanoma cancer cells, under 680-nm
excitation. (b) PA imaging of the mouse cortex after injection of melanoma cancer cells,
where colors represent CTCs’ flow direction. Flow speed is radially encoded in the color
disk by hue saturation (a greater radius indicates faster) (c) Tracking the flowing of cancer
cells, where red highlights the moving cancer cells in the current frame, yellow crosses show
their initial positions, and the orange dashed lines represent the CTCs’ flowing traces. (d)
Flow speed distribution of CTCs in segmented cortical vessels.
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Figure 6.
Deep imaging of rat whole brain functions and whole-body anatomy. (a) Rat whole brain

vasculature in the coronal plane. (b) Segmentations of different functional regions of the
brain. (c) Seed-based functional connectivity analyses of RSGc (top row), Hippocampus
(middle row), and Thalamus (bottom row) regions on both sides of the brain. (d) Correlation
matrix of the 16 functional regions labeled in (b). Notice the correlation between left and
right hemispheres, as well as the correlation across different regions in the neocortex. S1Sh,
primary somatosensory—shoulder region; SIHL, primary somatosensory cortex—hindlimb
region; M1, primary motor cortex; M2, secondary motor cortex; RSD, retrosplenial
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dysgranular cortex; RSGc, retrosplenial granular cortex; Hip, hippocampus; Thal, thalamus.
(e) and (f) Cross-sectional images of a rat whole-body (Supplementary Video 13). IN,
intestine; LK, left kidney; LLV, left liver; RK, right kidney; RLV, right liver; SC, spinal cord;
SP, spleen; SV, splenic vein.
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