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Ultrasonography is a vital component of modern clinical care, with
handheld probes routinely used for diagnostic imaging and procedural

guidance. However, handheld ultrasound imaging is limited by factors
such as the partial cross-sectional field of view, operator dependency,
contact-induced distortion and lack of transmission contrast. Here we
demonstrate a new system that enables whole cross-sectional ultrasound
tomography of humansin both reflection and transmission modes. We

generate two-dimensional images of the entire in vivo human cross-section
inthe abdomen and thighs with uniformin-plane resolution using a custom
512-element circular ultrasound receiver array and a rotating transmitter.
Sequential scans with our system show strong agreement with clinical
magnetic resonance imaging counterparts. To address unmet clinical needs,
we explore two key applications. First, we observe abdominal adipose
distributions in our images, enabling adipose thickness assessment without
ionising radiation or mechanical deformation. Second, we demonstrate an
approach for video-rate biopsy needle localization with respect to internal
tissue features. These capabilities make whole cross-sectional ultrasound
tomography a potential practical tool for clinical needs currently unmet by

other modalities.

Since its inception in the mid-twentieth century, ultrasound imaging
has revolutionized healthcare by enabling non-invasive and afford-
able visualisation of soft tissue structure and function. Early systems
employed single transducers scanned linearly or circularly with par-
ticipantsimmersed in awater bath'?, later followed by membranes or
articulating arms to image regions in the abdomen®*. Initial results
were promising for disease diagnosis®, butimaging required mechani-
cal scanning over -1 h (ref. 6). Later developments in transducers and
electronics led to linear probes’, where multiple channels could be
usedin parallel. These advances enabled the modern handheld probe,
which has become the predominant form of ultrasonography across
many clinical applications. However, probes require trained operation®,
have limited ability to visualize features behind bone or air pockets
and provide only reflection-mode images over a narrow field of view

(FOV). The FOV can be expanded by scanning the probe around the
periphery of regions such as the human thigh and coregistering adja-
cent frames®"°. However, existing approaches require manual probe
movement to maintain contact with the skin, which can lead to image
variation between operators and systems'2,

More recently, alternate approaches using smaller immersion
tankswith planar®”, linear, ring” or hemispherical'® transducer arrays
have been investigated for ultrasound tomography (UST) imaging of
the breast" or limbs. These systems record both reflected and trans-
mitted signals, enabling the generation of reflectivity, speed of sound
and attenuation coefficient profiles. The extension to human-scale
imaging has been historically constrained by acoustic propagation
barriers, particularly atbone and air interfaces, where extreme imped-
ance mismatches obstruct wave transmission. Nevertheless, arecent
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study achieved whole cross-sectional imaging of ~12-cm-diameter
piglets postmortem despite the presence of bone and air'®. Although
this method produces high-quality images, it requires substantial data
acquisition time (15-25 min) and reconstruction time (20-25 min).
Such extended protocols are challenging to adapt to in vivo human
imaging owing to participant motion. These times also rival those of
magnetic resonance imaging (MRI), which may limit the practicality
and scalability of the technique in clinical settings. Another recent
system enables volumetric reflection-mode imaging of vasculature
and bones in human extremities such as the arm”. However, both of
these systems’ parameters (for example, array dimensions, acoustic
frequency and power, and detection sensitivity) are not yet suitable
for human-scaleimaginginregions suchas the adult humanabdomen.

Inthis work, we developed asystem that enables UST of the entire
human cross-section, resulting in two-dimensional (2D) images of
reflectivity, speed of sound and attenuation coefficient profiles. We
constructed a custom 512-element circular receiver array combined
with asingle-element transmitter that rotates around the participant.
This geometry enablesbothreflection- and transmission-mode imag-
ing withimproved robustness to acoustic occlusions, while maintain-
ing practicality for in vivo human abdominal imaging compared with
planar or hemispherical alternatives. To image deep in the body, we
enhance the signal sensitivity by using low-noise parallel preamplifiers
directly coupled withthereceiver array and by exciting the transmitter
with a chirp waveform. Compared with handheld probes, we reduce
issues of acoustic shadowing from regions containing bone or air
pockets by using full 360° viewing angles. In comparison with MRI
and other standard imaging modalities, whole cross-sectional UST is
a potential low-cost, safe, fast and convenient tool for screening and
monitoring abdominal conditions.

We demonstrate this technique by imaging cross-sections of the
abdomen and legs of healthy volunteers, where we clearly observe
several organs and key features in reflection-mode images, and we
obtain profiles of speed of sound and attenuation coefficient. This
approach visualizes abdominal adipose layers, offering a promising
modality for mapping adipose thickness distributions without ionising
radiation or tissue compression. We also demonstrate a method for
localizing biopsy needle tips deepin tissue with respect to internal fea-
tures. By coupling an acoustic transmitter to acommercial needle and
detecting theresulting scattered signals from the needle tip, we obtain
30-frame-per-second images of the needle tip location. Together, these
techniques showcase whole cross-sectional UST as asafe and practical
modality for a variety of clinical applications.

Results

Whole cross-sectional human imaging

We developed acustom 60-cm-diameter, 512-element circular acous-
ticreceiver array with 1 MHz centre frequency. A 1.5-inch-diameter
transducer (Olympus V395) with a custom cylindrical diverging poly-
methylpentene (TPX) lens is used as a transmitter, and it is mounted
on a plastic gear that rotates around the participant using a stepper
motor. All receiver channels are preamplified using custom circuit
boards within the array (Supplementary Fig. 1), and these signals are
digitized in parallel using two data acquisition modules (Photosound
Legion) housed in shielded enclosures. The array is mounted on two
vertical motor stages to adjust its height in a water immersion tank.
Thewateractsasacoustic coupling between the skin and transducers.
An arbitrary function generator (Siglent SDG2042X) connected to
a300-W RF power amplifier (ENI A300) excites the transmitter. The
system hardware is shown in Fig. 1a.

To enhance the signal-to-noise ratio (SNR) without exceeding
the mechanical index (MI) safety standard, we use a 400-ps chirp sig-
nal spanning 0.3-2.0 MHz. We first record the transducer response
using only water inthe imaging domain, whichis then cross-correlated
with the target response to recover a pulse-like representation. We

show example signals fromthe receiver array for water and the human
abdomen in Fig. 1d,e, showing both backscattered and transmitted
signalsrecorded in parallel. Figure 1f shows pulse-compressed signals
obtained through cross-correlation with the water reference. This
approachalso enables channel calibration using the water scan, where
we expect the same received amplitude for channels directly opposite
the transmitter.

We demonstrate cross-sectional UST in healthy volunteers. For
abdominalimaging, participantssitonastoolinthe waterimmersion
tank with their head supported against a cushion to reduce motion
and with their arms raised to elevate the ribcage. During a 10-s scan,
participants are asked to hold their breath while remaining motionless.
Figure 2a shows example reflection-mode images of the abdomen of a
31-year-old female volunteer (participant1). Theimages are displayed
ininverse greyscale (brighter regions are more anechoic) normalized
tothe peak pixel amplitude. The outer boundary is extracted using an
automated segmentation tool*’. We performed scans at 1-cm vertical
intervals, from approximately the ribcage to the pelvis. The participant
was in the immersion tank for approximately 10 min over the entire
imaging session. With the same volunteer standing in the immersion
tank, we alsoimaged the thighs (Fig.2b), where the femur, surrounding
muscle groups and adipose boundaries are observed.

We compare our abdominalimages with T1-weighted images from
3-T MRI (Siemens Prisma) in Fig. 3. The elevational slices between UST
and MRl are aligned using the navel as areference point. UST visualizes
various structures, such as the liver, stomach, kidneys, abdominal
aorta, venacavaand vertebral body. We labelled regions using an ana-
tomicalatlasand through consultationwith a clinical collaborator. Sup-
plementary Video1compares the UST and MRIimages across all slices.
Note that despite the presence of bone and potential air pockets, our
geometry enables imaging of regions deep in the body. Owing to our
lower acoustic frequency compared with that in typical probe-based
ultrasonography, ourimages primarily correspond to reflections from
tissue boundaries rather than scattering within tissues®.

Acousticsignals transmitted through the body enable reconstruc-
tion of speed of sound and attenuation coefficient maps by comparing
arrival timeand amplitude, respectively, withthose from the water-only
scan. We show example reconstructions for a23-year-old female volun-
teer (participant2) overlaid onreflection-modeimagesin Fig.4c,d. The
liver exhibits a higher speed of sound than surrounding organs, con-
sistent with literature values?, while elevated attenuationis observed
in the spine and stomach. Overall, the measured values are in good
agreement with literature reports for multiple organs, including the
liver (Supplementary Fig.11). To validate this method, weimaged refer-
ence ethanol-water mixtures containing five targets (-3 cm diameter)
with speeds of sound ranging from 1,510 to 1,610 m s™. Our estimates
demonstrated lessthan 3% error (Supplementary Table 4), supporting
the potential of thisapproach for quantitative evaluation of conditions
such as liver fibrosis and non-alcoholic fatty liver disease*’. We show
the reconstructed speed of sound and attenuation coefficient for
participant1in Supplementary Figs.4 and 5.

Human adipose imaging

Subcutaneous adipose (SA) and preperitoneal adipose (PA) distribu-
tions serve as key indicators of metabolic health?*. SA thickness can
be measured with calipers and probe-based ultrasound. Calipers are
known to be less accurate for individuals with larger SA thickness, are
operator-dependent and have only moderate agreement with estimates
from MRI”. Probe-based ultrasound, though moreaccurateand capable
of measuring PA thickness than calipers®, requires extensive operator
training and suffers from probe-induced tissue compression”. Both
methodsalsorequireinstrument repositioning at each measurement
site, making frequent whole-body adipose distribution assessment
impractical®®. We compare our approach with existing methods in
Supplementary Table 2.
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Fig. 1| UST system for whole cross-sectional human imaging. a, The system
diagram. b, A schematic diagram of the orbiting single-element transmitter and
receiver ring array. During a10-s scan, the diverging-wave transmitter rotates
around the body while all 512 receivers record the backscattered (reflection
mode) and transmitted (transmission mode) signals. The coloured sectors on
thereceiver ring indicate the acoustic aperture window for reflection imaging
(green, 160° angular aperture) and transmission imaging (purple, 90° aperture),
which provide tissue contrast and quantitative parameters such as speed of
sound or attenuation coefficient, respectively. c, A chirp excitation waveform.
Top: temporal profile of the amplified chirp-encoded waveform coupled to the
transmitter, with Hamming window apodization at the beginning and end of the

Normalized amplitude

signal. Bottom: instantaneous frequency of the 400-us chirp signal spanning 0.3
2.0 MHz. d-f, Ademonstration of pulse compression in received time-domain
channel data. The left column shows sinograms, while the right column shows a
recorded signal profile from channel 256 (dashed line in the sinogram), with the
following: areference recording in water (d), where the inset images display the
initial and terminal segments of the chirp pulse, highlighting the gradual increase
infrequency content; araw signal recorded from the human abdomen (e); and a
pulse-compressed signal obtained by cross-correlating e with the corresponding
water reference (f), demonstrating recovery into a sharp profile. AWG, arbitrary
waveform generator; DAQs, data acquisition modules; PA, power amplifier.

Cross-sectional UST offers unique advantages for SA assess-
ment by enabling clear visualisation of the adipose layers around the
abdominal periphery without mechanical deformation. To validate
this approach, we first imaged a phantom consisting of a lard layer of
varying known thicknesses, held in place with plastic ribbon over a4%
agar core. We extracted the reflection-mode image amplitude along
lines normal to the phantom surface. We estimated the lard layer thick-
ness by determining the distance between the two dominant peaks
along this line (Supplementary Fig. 15). Our estimated thicknesses of
1.04 £+ 0.02 cm and 2.02 + 0.05 cm agree well with the true values of
1.00 cm and 2.00 cm, respectively, despite a lower speed of sound in
lard (-1,440 m s versus ~1,500 m s in water).

We compareinvivo adipose regionsidentified by UST and fat-only
T1-weighted MRl in Fig. 5a-d in participant 1. This participant has a
body mass index (BMI) of 18.8 kg m™. Two distinct SA layers are vis-
ible: the superficial adipose layer (SAL) and the deep adipose layer
(DAL). We extract profiles in the UST and MRI images to estimate the
SA thickness along three lines (Fig. 5b-d). We estimate the thickness
using the two dominant amplitude peaks for UST and the 50% normal-
ized intensity crossings for MRI. Because the MRIimages are acquired
with the participantinthe supine position, we choose regions that are
less susceptible to adipose deformation®®. The measurements show
very close agreement, with differences of less than1 mmbetween UST
and MRI. Additional profiles are shown in Supplementary Fig. 16. We
then imaged a 27-year-old male volunteer (participant 3) with BMI of

25.1kg m2and greater SA thickness (Fig. 5e). The anterior side of the
abdomen clearly shows the SA and PA regions relative to the skin sur-
face and rectus abdominus muscles. Within the SA, we observe the SAL
and DAL, separated by the superficial (or Scarpa’s) fascia® . We show
additional images for participant 3 in Supplementary Fig. 6. Because
whole cross-sectional UST is fast, safe and more cost-effective than MRI,
itshows promise for guiding and assessing weight loss regimes, clinical
trials of weight loss drugs or liposuction planning and evaluation®.

Biopsy needle localization

Next, we demonstrate UST-guided biopsy needle localization. In clini-
cal practice, tissue samples from suspected cancerous regions are
collected via needle biopsy, typically guided by ultrasound or X-ray
CTimaging®. However, probe-based ultrasound localizationis gener-
ally only used for superficial targets like in the breast, and it requires
that the needle is approximately orthogonal to the imaging probe to
provide sufficient backscatter to the probe. While manufacturers have
developed treatments like scoring or bubble-filled polymer coatings
to generate more isotropic scattering and improve the ultrasound
visibility®*, these approaches can increase the insertional friction of the
needle®. Moreover, probe-based localization requires the operator to
simultaneously manipulate both the probe and needle, which requires
substantial training® and becomes particularly challenging in complex
tissue regions. Computed tomography (CT) needle guidance, while
providing whole-body localization, involves acumbersome workflow
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Fig.2| Whole cross-sectional UST of a healthy adult female (participant 1).

a, Serial UST slices of the abdomen spanning from approximately the ribcage

to the pelvis, acquired with the participant seated in the water immersion tank.
The sequential cross-sections delineate abdominal organs, musculature and
adipose distributions. b, UST images of the thighs acquired with the participant
standing in the tank, demonstrating clear separation of subcutaneous fat and
musculoskeletal compartments. The full scanned image sequences are available
inSupplementary Fig. 3.

requiring multiple positioning cycles. Each adjustment requires the
clinical team to exit and re-enter the scanning room, taking several
minutes to complete. Thisinterrupted workflow, combined withacon-
cerning radiation exposure (approximately 10 mSv) (ref. 37), highlights
the need for alternative guidance approaches.

Our approach uses acommercial 16-gauge core biopsy needle con-
sisting of a solid stainless-steel core (1.5 mm diameter) that translates
withinahollow sleeve. We found that ultrasound signals can be coupled
into the unmodified needle using an ultrasonic transducer interfaced
with the plastic handle. These signals propagate along the needle asan
acoustic waveguide, and they are scattered nearly isotropically at the
needle tip (Fig. 6a). To enhance SNR, we employ the same chirp signal
used in UST imaging. The scattered signals from the tip are detected
with our acoustic array and are cross-correlated with the water chirp
response. The propagation time along the needle is calibrated for
and remains constant. We expect the dominantly excited mode to
be longitudinal with approximately constant phase velocity over our
frequency range (Supplementary Fig. 14).

Theneedletiplocationis determined usingone-way delay-and-sum
beamforming, accounting for the propagation time along the length of
the needle. The needle’simage response (Fig. 6b) demonstrates a full
width at half maximum (FWHM) of ~0.7 mm. This approach enables
30-frame-per-second needle localization over a human-scale FOV.
Example video frames (Fig. 6¢,d) show the needle response overlaid
onaUSTreflectivity image of anagarose phantom supported by asteel
post. We normalize the needle response images by the same expected
maximum value across all video frames. The needle’s centre response
is automatically determined on the basis of the 5th-order moment of

the needle image. The full video is provided in Supplementary Video
2. As seen, the acoustic image quickly and accurately tracks the loca-
tion of the needle tip with respect to the phantom, even when moving
rapidly or inserted into the tissue. To validate this approach in more
realistic conditions, we used layered ex vivo porcine tissue (consist-
ing of skin, adipose and muscle) as an anatomical phantom. With the
needle oriented approximately horizontally, this approach tracks
its position during movement around and into the tissue (Fig. 6e,f).
Supplementary Video 2 demonstrates continuous localization of the
needle tip throughout the insertion path.

Discussion

We developed a system for whole cross-sectional human ultrasound
imaging that advances beyond conventional probe-based ultrasonog-
raphy in several key ways. Our approach captures complete body
cross-sections while simultaneously providing three contrast mecha-
nisms: reflectivity, speed of sound and attenuation coefficient. Con-
ventional short pulses would yield substantially reduced signal after
penetrating the entire human body. To improve the SNR, we employ
chirped pulses in conjunction with matched filtering, enabling us to
achieve higher-quality images. Chirped signals deliver more ultrasound
energy while adhering to safety standards. Unlike clinical ultrasonog-
raphy, whichrequires extensive operator training to visualize regions
ofinterest, our approach could be largely automated since it requires
minimal participant positioning. These advantages could be particu-
larly attractive for applications requiring frequent imaging, and they
could help reduce costs compared with other modalities.

Cross-sectional UST offers several potential clinical applications
that warrant further study. This technique could enable screening
of organs or tissue for indications of inflammation or disease’®. For
instance, liver cirrhosis may be visualized and tracked over time. Aortic
aneurysms may also be visualized with UST in patients who are often
asymptomatic. The quantitative measurements of speed of sound and
attenuation coefficient could serve as diagnostic tools, for instance,
to assess changes due to non-alcoholic fatty liver disease®®. In addi-
tion, our speed of sound maps could enhance acoustic focusing in
therapeutic applications such as shockwave lithotripsy for kidney
or gallbladder stones. Pancreas screening represents an important
potential application of our technique, as no dedicated screening tool
currently exists for this purpose.

Compared with other emerging techniques, such as low-field
MRI*, whole cross-sectional UST is faster (<10 s per 2D slice) with com-
parable or finer resolution (-1 mm), and it does not require a shielded
room or amagnet-compatible environment. Further, itismore porta-
ble, more open and less noisy than MRI. Owing to its magnet-free opera-
tion, it canbe used for participants with implants that areincompatible
withMRI. Together, these features make cross-sectional UST a potential
practical tool for clinical needs currently unmet by other modalities.
Although our system’s resolution does not match clinical CT or MRI,
it offers unique advantages for longitudinal monitoring by enabling
frequent scans without ionising radiation exposure, large-magnet
hazards or lengthy scanning times. The system’s efficiency in both
cost and time could make it practical to track changes over weeks or
months, especially for conditions where broad structural changes are
most relevant, such as organ size variation or adipose redistribution.
The cost of UST patient care per visit is substantially lower compared
with standard MRI, and the shorter visits also provide greater conveni-
ence for patients. We provide acomparison of cross-sectional UST with
other clinical modalities in Supplementary Table 1.

Ourlarge FOV enables adipose assessment around the entire body.
Unlike calipers or probe-based ultrasound, this approach visualizes SA
and PA around the entire periphery without mechanical deformation.
This could be an appealing tool for liposuction planning and evalua-
tion, weight loss monitoring*® or pharmaceutical trials for anti-obesity
drugs, where MRIand CT are prohibitively costly or harmful. Improved
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Fig. 3| Example reflection-mode UST images of a healthy female’s abdomen
(participant 1) compared with T1-weighted MRI. a, An unlabelled reflection-

mode UST image 6 cm inferior to the starting position. b, A labelled UST image
identifying various organs and structures. ¢, A T1-weighted MRl image of a
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Fig. 5| Abdominal adipose imaging in healthy volunteers. a, An unlabelled
USTimage 10 cminferior to the starting position in a healthy female (participant
1,BMI of18.8 kg m ™). b, Alabelled UST image highlighting the differentiation
ofthe skin, SALand DAL. The cyan arrows show the lines used for the

thickness estimationind. ¢, The T1-weighted fat-only MRI reconstruction of a
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corresponding region. d, The extracted line profiles used to estimate adipose
thickness with UST (blue) and MRI (red). The circles show the estimated adipose
boundaries. e, Anabdominal UST of a healthy male (participant 3, BMI of
25.1kg m™).f, An extracted UST line profile.

image quality or contrast may further enable the evaluation of visceral
adipose regions. Muscle regions are also observed in our images (for
example, abdominal and leg muscles), which may be useful for guid-
ing athletic training. A key advantage of our system is the intuitive
nature of the cross-sectional images, which may reduce the amount
oftrained analysis required compared with conventional ultrasound.
Whileinterpretationis currently aided by clinical collaborators, future
development of automated analysis pipelines could further enhance
usability. In particular, artificial intelligence-based segmentation and
organlabelling methods, such as those developed for MRIor CT*, could
provide guidance and annotation for non-expert users. Such advances
could facilitate longitudinal screening and broaden the scalability of
this technology for use in diverse clinical settings.

Cross-sectional UST shows promise in image-guided needle
biopsy, where X-ray imaging is conventionally used. Our human-width
FOV enables biopsy needle localization relative to internal features
without ionising radiation. Unlike CT guidance, which requiresiterative
needle positioning and imaging, UST provides real-time feedback dur-
inginsertion. This technique could also be used for localization during
minimally invasive robotic surgery*, where the needle or tool tracked

relative tointernal featuresis particularly valuable during procedures
that deform tissues.

Our current 10-s slice acquisition time enables imaging within
a single breath hold. Two primary factors limit shorter acquisitions:
the mechanical scanning rate of the transmitter and the data acquisi-
tion transfer rate, which depends on the repetition rate and acqui-
sition length. We could achieve faster scanning using a slip ring for
electrical connection to the transmitter and a more powerful driving
motor. Given the -1-ms round-trip acoustic propagation time within the
immersiontank, the repetition rate could potentially increase from our
current device limit of 180 Hz to ~1 kHz. While an acoustic array could
also be used to transmit and receive signals, this may compromise
sensitivity due to electrical switching and reduced chirp signal length
and quality. Water immersion could be eliminated through several
alternatives: inflatable water bags such as those used in shockwave
lithotripsy*, gel or liquid standoff pads*, or with skin-coupled con-
formalacoustic arrays*‘. However, water immersion may be practical
for specific applications such as assessing adipose distribution. For
example, fitness or wellness centres could conveniently integrate
immersion-based scanning where users already swim or bathe. These
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Fig. 6 | UST-guided biopsy needle localization. a, A schematic of the

needle configuration. b, The acoustic response of the needle tip in water.

¢, A photograph showing the needle inserted into an agar phantom.d, The
corresponding reconstructed frame overlaid on the reflection-mode UST image,
with the red circle marking the automatically detected needle tip as the centroid
ofthe acoustic response. e, Needle insertion into ex vivo pork belly tissue. f, The
reconstructed frame overlaid on the reflection-mode UST image. The full video
sequences are provided in Supplementary Video 2.

usersmight value periodicscanstotrack changesinadipose and muscle
thickness, similar to how dual-energy X-ray absorptiometryis used to
monitor body composition®.

In the future, we also plan to enhance this system with addi-
tional laser-induced photoacoustic and microwave/radiowave
frequency-induced thermoacoustic contrast. Using the same acous-
tic receivers, these images would be inherently coregistered with our
UST images to overlay optical and microwave/radiowave frequency
absorption profiles. We also plan to improve our transmission-mode
reconstruction quality using techniques such as full-wave inversion*®,
enablingbetterlocalization of the speed of sound and attenuation coef-
ficient variations. Additional acoustic elements could also reduceimage
acquisition time and provide three-dimensional imaging capability.

Methods
System hardware
We developed a custom 512-element, 60-cm-diameter acoustic receiver
array with a 1-MHz centre frequency. This geometry is scaled from
similar systems for small animal or human breast photoacoustic
imaging**%, We use lower acoustic frequencies than typical handheld
probes or breast UST systems to enable whole cross-sectional imag-
ing. For instance, the typical acoustic attenuation of <1 dB cm™ MHz™
results in~30 dB attenuation across a typical 30-cm-diameter human
cross-section at1 MHz (ref. 21).

All 512 receiver array elements are 1-mm-thick, 3 mm x 10 mm
gold-coated piezoelectric polymer (PVDF-TrFE, PolyK Technolo-
gies LLC). We selected PVDF-TrFE for its broad bandwidth and ease

of manufacturing. Its acoustic impedance (-4.2 MRayl) is also more
closely matched to casting epoxy backings (-3.5 MRayl) and water
(1.5 MRayl) than other piezoelectric materials. Each element is capaci-
tively coupled to copper-clad polyimide electrodes by bonding with
high-strength epoxy. A continuous copper-clad polyimide electrodeis
used for ground reference. The electrodes are then directly connected
to parallel preamplifiers implemented on custom annular printed
circuit boards. The preamplifiers provide 15 dB of voltage gain with
100 kQ input impedance. Further construction details are shown in
Supplementary Figs.1and 2.

We machined a 60-cm-diameter plastic disc and used it asamould
for the inner surface of the array. The elements and preamplifiers are
housed in a stainless-steel shielded enclosure, with coaxial cables for
each element connected through stainless steel holding tubes. Casting
epoxy serves as the backing material for each element, and we incorpo-
rate anangled back panelto reduce acoustic reverberation. Allchannels
are low-pass filtered (f. =2 MHz) and digitized (Photosound Legion)
in parallel at 5 million samples per second using 20 dB of additional
gain. The digitizers are controlled and transfer data through USB over
opticalfibre toreduceinterference. The preamplifiers are powered by
rechargeable lithium-polymer batteries, which feature a d.c. voltage
regulator to minimize electrical noise. To account for geometrical
error during manufacturing, the technique described inref. 49 isused
to calibrate each element’s position.

The gear rotation is driven by a stepper motor. An optical hom-
ing switch is used to ensure a consistent initial rotation angle. Plastic
hooks are mounted on the gear to hold the transmitter cable on the
gear surface during rotation (Supplementary Video 3).

Acquisition parameters

To enhance the SNR while being limited by the MI, alinear chirp signal
versus time (¢) is used with a time-varying frequency f(¢) = f.t + f,,
where f, = (f; —f,)/T is the linear chirp rate, f, = 0.3 MHz is the lower
frequency, f; =2.0 MHz is the upper frequency and 7=400 ps is the
chirp duration. The transmitted frequencies are limited by the band-
widths of the transmitter and receivers. We used a maximal pulse
duration given our maximal acquisition time of 800 ps, enabling
recovery of the round-trip reflected signals over the entire FOV. The
resulting transmitted chirp signalis

x(t) = sin [Zn (j%tz +fot>] . (6]

Compared with a pulse with similar peak pressure, this results in
an expected SNR gain of ~ /T x B, where B =f; —f, is the acoustic
bandwidth*’.Inaddition to the target, we also performascan with only
water in the imaging domain, resulting in recorded signals x,, ;(¢) for
eachreceiver elementi. This provides the response of each transducer
to the chirp, which is then cross-correlated with the target’s chirp
response x.;(¢). The pulse response for the target signals x;;(¢)is then
recovered for each elementias

Xy, () % X ; (6)
max [ (£) * Xy ; (O]

Xs,i (t) = (2)

where x denotes cross-correlation. We normalize by the maximum of
the autocorrelation of x, ;(¢) to account for sensitivity variationin the
receiver elements. The transmitter operates with a pulse repetition
rate of 180 Hz. With the gear rotation time of 10 s, this results in 1800
transmitted pulses over afull circular scan around the target.

Reflection-mode reconstruction algorithm

Weemploya2D delay-and-sumalgorithmfor reflection-mode ultrasound
reconstruction. We first cross-correlate each channel’s recorded signal
with its direct transmission water-only response to obtain a pulse-like
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representation. We then band-pass filter the cross-correlated signals
within 0.3-2.0 MHz and normalize them on the basis of the water-only
autocorrelation. We use the Hilbert transformto obtain complex repre-
sentations of the signals, which are used for reconstruction. Then, for
each transmitter position, we determine the time delay between the
transmitter focal point and each pixel for a given background speed
of sound. We mathematically correct for the angle-dependent focal
point with the acoustic lens, as shown in Supplementary Fig. 13. Next,
we calculate the delay time from each pixel to each receiver position.
We use the 256 receiver channels on the side of the transmitter to limit
reconstructionto backscattered signals. For each transmitter position,
complex pixel values are found from the sum of the cross-correlated
received signals at the total round-trip delay time.

After formingthe angle-stacked compleximage for each transmit-
ter position, we improve image quality with coherent-subset scaling.
The transmitter positions are partitioned into overlapping subsets of
M =80 consecutive angles, advanced by M/2 so that each new subset
shares 50% of its angles with the previous one. Within every subset, we
apply a Hann angular apodisation, coherently sum the complex data
and take the magnitude to generate an envelopeimage for that subset.
Finally, weincoherently average the envelopes fromall subsets to pro-
duceacompounded amplitude image. This procedure preserves coher-
entinformation withineach narrow angular window while suppressing
speckle through incoherent averaging across windows, resulting in a
cleaner, higher-contrast reflection image.

Weimplemented this algorithm using CUDA kernel from MATLAB,
computed using a NVIDIA GeForce RTX 3070 graphics processing
unit. Reconstruction was performed overa512 mm x 512 mmgrid with
0.125 mm x 0.125 mm pixel size, consisting of 4,096 x 4,096 pixels.
For each slice, the required computational time was approximately
12 min. We expect this could be greatly shortened with more capable
graphics processing units. To visualize the images, we first used a 2D
Wiener filter with a 4-pixel neighbourhood size. We then normalized
the images to their maximum amplitude and displayed them on a
logarithmic scale. Background segmentation was carried out using
anautomated segmentation tool*.

Image quality

We assessed our in-plane resolution using a thin (<0.1 mm) metal-
lic wire. The reconstructed image and axis profiles are provided in
Supplementary Fig. 8. We find an in-plane FWHM of approximately
0.9 mm. To determine our elevational resolution, we imaged a thin
brass disc positioned such that its edges were at the centre and outer
boundary of our typical FOV. The height of the disc was scanned, and a
UST image was obtained at 2.5-mm increments. An elevational FWHM
of 15 mm and 25 mm was found for the centre and edge of the FOV,
respectively. Neither the transmitter nor the receivers are focused in
theelevational direction, but their larger dimensionsin this direction
reduce their acceptance angles.

Human imaging protocol
Five volunteers (three female and two male participants) consented
to beimaged using this system. Thisimaging procedure was approved
by the CaltechInstitutional Review Board (protocol IR21-1099). Before
human imaging, we used a calibrated hydrophone (Onda HGL-0085)
positionedimmediately in front of the transmitter to evaluate the safety
of our system. We used an Ml of less than 0.2 over the entire chirp band-
width, whereas the limit set by the US Food and Drug Administration
(FDA) is 1.9 (ref. 51). We evaluated the spatial peak temporal average
intensity (/spr,) as 24 mW cm™, whereas the FDA limit is 720 mW cm™.
We calculated the thermal index from the empirical formula as listed
inref. 52 tobe 0.65, which is also much lower than the FDA limit of 6.0
for diagnostic ultrasound devices.

Before imaging, we filled the water immersion tank with warm
(30 °C) tap water using rubber tubing. We provided a private room

for volunteers to change into a swimsuit and to dry using a towel
and space heater after the imaging session. Volunteers entered the
tank using an external ladder with handrails and anti-slip coatings
(Supplementary Fig. 18). After volunteers entered the water tank,
we asked them to use their hands to wipe away air bubbles that may
have accumulated on their abdomens. An emergency off button
was accessible to the volunteers during scanning, shutting electri-
cal power to all system devices. All electrical devices were powered
through a ground-fault circuit interrupter in case of water exposure.
The operators ensured volunteer comfort verbally and visually. The
volunteers remained seated on animmersed stool during image acqui-
sition with their shoulders resting on abackrest to reduce motion. We
performed these human experiments in a dedicated imaging room.
Written informed consent was obtained from participants in accord-
ance with our insitutional review board protocol. Volunteers were
compensated US$100.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this Article.

Data availability

The data that support the findings of this study are provided within
thearticle andits Supplementary Information. A representative ultra-
sound dataset is available via Figshare at https://doi.org/10.6084/
mo.figshare.31043818.v2 (ref. 53). Owing to the large size of the
full raw ultrasound datasets (>100 GB), these data are not publicly
deposited but are available from the corresponding author upon
reasonable request.

Code availability

The reconstruction algorithm and data processing methods can be
foundinthearticle. The reconstruction code is not publicly available
becauseitis proprietary and may be used in licensed technologies.
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assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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