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Techniques forimaging haemodynamics use ionizing radiation or

contrastagents or are limited by imaging depth (within approximately
1mm), complex and expensive data-acquisition systems, or low imaging
speeds, system complexity or cost. Here we show that ultrafast volumetric

photoacousticimaging of haemodynamics in the humanbodyatuptolkHz

canbeachieved using a single laser pulse and a single element functioning as
6,400 virtual detectors. The technique, which does not require recalibration
for different objects or during long-term operation, enables the longitudinal

volumetricimaging of haemodynamics in vasculature a few millimetres
below the skin’s surface. We demonstrate this technique in vessels in the
feet of healthy human volunteers by capturing haemodynamic changes
inresponse to vascular occlusion. Single-shot volumetric photoacoustic
imaging using a single-element detector may facilitate the early detection
and monitoring of peripheral vascular diseases and may be advantageous
for use in biometrics and point-of-care testing.

Vascular diseases, such as atherosclerosis, thrombosis, aneurysms
and peripheral vascular diseases, pose serious health risks such as
heart attack, stroke, organ failure and complications in the lower
extremities, particularly in patients with diabetes'*. The importance
of early detection and interventionin these diseases through imaging
of haemodynamics, especially in the monitoring of the blood supply
to lower extremities, cannot be overstated, given that it paves the way
for timely treatment and reduces the risk of severe outcomes such as
amputations™*. The efficacy of pharmacological therapies and surgi-
cal interventions can be evaluated by monitoring changes in haemo-
dynamics’. Moreover, measuring factors such as blood-flow velocity

can also assess an individual’s risk of developing vascular diseases,
aiding preventive measures and facilitating personalized treatment
plans. Overall, imaging of haemodynamics has a vital role in disease
diagnosis, treatment, prevention and research, especially in managing
diseases that affect the lower extremities, ultimately improving patient
outcomes and advancing medical research’.

There are several techniques available toimage haemodynamicsin
the humanbody, eachwithits own strengths and limitations. Magnetic
resonance imaging, computed tomography angiography and positron
emission tomography all have the ability to produce high-resolution
images of the vascular system and blood-flow dynamics, but they
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require the use of ionizing radiation and the injection of contrast
agents, which can have adverse health effects®®. Moreover, relying on
strongionizing sources and numerous detector elements, these tech-
niques are bulky and expensive, making them inaccessible to mobile
clinics or small healthcare facilities. Opticalimaging techniques, such
as fluorescence imaging and optical coherence tomography, offer
non-invasive visualization of haemodynamics, but their penetration
depthsare constrained by the optical diffusion limit (around 1-2 mm)
and do not have sufficient specificity to haemoglobin®°. Doppler
ultrasound is another option, providing real-time measurement of
blood flow velocity and direction. However, even with recentimprove-
ments in minimizing ultrasound probes, state-of-the-art ultrasound
imaging techniques still require burdensome and costly data acquisi-
tion systems, such as Verasonics, due to hundreds to thousands of
detector elements™".

Photoacoustic tomography (PAT), also known as optoacoustic
tomography, offers a promising solution to the limitations faced by
otherimaging techniques for haemodynamicimaging ™. In contrast
to other techniques, PAT uses the photoacoustic (PA) effect to absorb
the energy of incident photons by optical absorbers, such as haemoglo-
bin, inbiological tissue and re-emit them as ultrasonic waves (PA waves)
to generate optical contrast tomographic images'® ™. As aresult, PAT
doesnotrely onionizing radiation or contrast agents. Moreover, owing
tothe weak scattering of ultrasound in biological tissue, PAT provides a
depth-to-resolution ratio of approximately 200, enabling high spatial
resolution at depths up to several centimetres”. Two primary forms of
PAT are photoacoustic microscopy'®, which requires sequential scan-
ning of the probing beam, and photoacoustic computed tomography
(PACT)""**%3, which captures a three-dimensional (3D) image using one
or afew pulses of the probing beam. Photoacoustic microscopy uses a
single-element detector, which requires a simple data-acquisition sys-
tembut hasalowimaging speed. By contrast, although PACT can offer
higher imaging speeds of up to kilohertz**%, it necessitates anumber
of detection elements and corresponding data acquisition systems.
This results in a system that is complex, costly and bulky.

To overcome the challenges of complexity, cost and sizein PACT
systems, researchers have been working on ways to reduce the num-
ber of detector elements that are needed to reconstruct a3D image.
One promising approach uses the principles of compressive sensing
and single-pixel imaging®®~’, which use acoustic scatterers to achieve
PA or ultrasound tomography with just asingle detector element®*~>,
However, these techniques are time consuming, as they require a
sequence of measurements with different mask configurations, lim-
iting their speed. To address this issue, researchers have developed
methods that take advantage of the spatiotemporal encoding of an
ergodic relay (ER) or a chaotic cavity***. These techniques can pro-
duce single-shot images while using fewer detector elements®*™*°.
However, they have been demonstrated only for two-dimensional (2D)
imaging and require recalibration for different objects, which can be
time consuming. Moreover, they may not be suitable for long-term
imaging in unstable environments owing to their sensitivity to bound-
ary conditions. Recently, our group developed a spatiotemporal
encoder that enables single-shot 2D imaging of thin objects, such as
thinblack rubber, using asingle-element detector without the need of
object-specific calibration*. However, owing to contamination from
signals outside of the calibration plane, this approach cannot provide
volumetricimaging of thicker 3D objects such as blood vessels in vivo.
Moreover, as the spatiotemporal encoder and the transducer are
not integrated, the system is susceptible to mechanical vibrations
and thermal fluctuations. This necessitates periodic recalibration,
therefore making the system unsuitable for long-term imaging in
unstable environments.

In this Article, we present PACT through an ER (PACTER), a PACT
system that simultaneously addresses the challenges faced by previous
imaging techniques. PACTER provides a highly accessible and efficient

solution, paving the way for non-invasive, label-free and ultrafast
volumetric imaging of haemodynamics at depth in humans. With
PACTER, a single-element detector encodes information equivalent
to that of 6,400 virtual detectors, enabling the reconstruction of a
tomographicimage of vasculature in 3D with just a single laser pulse.
The system achieves longitudinal volumetric imaging at kilohertz
rates, making it possible to capture fasthaemodynamicsin the human
body in real-time. We demonstrate PACTER’s ability in monitoring
vital signs in small animals and in visualizing human haemodynamics
inresponse to cuffing, capturing the variability in blood flow speeds.
We also show that PACTER can capture the haemodynamic changes
in human foot vessels during vascular occlusion, demonstrating its
potential as apowerful tool for assessing vascular functionin the lower
extremities. Enabled by the integrated ultrasonic transducer and the
object-independent universal calibration, the system needs to be
calibrated only once andis suitable for long-term imagingin unstable
environments. PACTER’s single-element detector design makes it
convenient, affordable and compact, and is therefore translatable to
clinical applications such as home-care monitoring***?, biometrics,
point-of-care testing** and non-invasive haemodynamic monitoring
inintensive care units*. PACTER’s ability to capture dynamic changes
in vascular occlusion presents clinical potential for early detection,
enhanced assessment and more personalized treatment of peripheral
vascular diseases. The single-element detector conceptin PACTER can
alsobegeneralized to otherimaging technologies, such as ultrasonog-
raphy*®, sonar* and radar*®,

Results

PACTER system

The PACTER system requires calibration only once before its use for
acomplete series of imaging (Methods). In the calibration procedure
(Fig. 1a), the laser beam was transmitted through the ER and focused
ontoauniformoptical absorber placed ontop of the ER. We chose lysed
bovine blood as our calibration target because our primary imaging
objects are blood vessels, making bovine blood a relevant standard.
Moreover, our experiments demonstrated that bovine blood provides
more-stable PACTER signals compared with other uniform absorb-
ers, such as black tape, black rubber and black ink, which are more
susceptible to photobleaching (Supplementary Fig.1). One reason for
the stability of blood is its fluid nature. If we bleach it, the movement
can replenish the bleached portion, making it more stable than solid
substances such asblack tape or black rubber. Moreover, the pigment
inblackink absorbs 532 nm light more intensely than the haemoglobin
intheblood, making it more vulnerable to photobleaching®. Using two
motorized stages, we controlled the positions of a pair of mirrors to
steer the focused laser beam across the field of view (FOV) in the x-y
planeand recorded the PACTER signals at each scanning position. After
calibration, the uniform optical absorber could be removed, and the
system was ready for imaging. In the imaging procedure (Fig. 1b), the
focusing lens was replaced by a fly’s eye homogenizer (Supplemen-
tary Fig.2), which converted theincident laser beaminto a wide-field,
homogenizedillumination pattern that had the same shape and width
as that of the calibration FOV (Supplementary Note 1). Note that the
illumination pattern does not necessarily have to be identical to the
calibration FOV (Supplementary Fig. 3). To acquire imaging data, the
object was directly placed ontop of the ER using ultrasound gel as the
coupling medium, and we recorded the PACTER signal generated by
the object after each laser pulse.

To enhance the detection sensitivity and improve the stability of
the system for long-term in vivo imaging in unstable environments,
we fabricated asingle-element ultrasonic transducer integrated onto
the hypotenuse surface of the prism of the ER (Fig. 1c), whereby the
transducer does not interact with the illumination laser beam (Sup-
plementary Fig. 4). The transducer was based on a lead magnesium
niobate-lead titanate (PMN-PT) single crystal (Supplementary Figs. 5

Nature Biomedical Engineering


http://www.nature.com/natbiomedeng

Article

https://doi.org/10.1038/s41551-023-01149-4

a Calibration

b Imaging

Pulsed laser

HWP

PBS

Bovine blood .

z Object

=p

X ER

Fly’s eye homogenizer

i' ;‘ Mirror
]” 4 .
’ & 3\
/ v ! / | X ‘
/
Mirro "“X\\ i/ ?
-~y
Microlens

|
array '

- )

Ultrasonic transducer

_,/Amplifier

Mirror

) Computer
Mirror
Lens
Lens e
Mirror Ultrasonic transducer

c d

[}

©

2

£

ER ©

<

o

Laser
pulse

1 N

Ultrasonic

transducer
Fig.1| The PACTER system. a,b, Schematic of the PACTER system calibration
(a) and imaging (b) procedures. BT, beam trap; DAQ, data acquisition unit; HWP,

half-wave plate; PBS, polarizing beam splitter; ER, ergodic relay. The differences
between the two modes are highlighted by the black dotted boxes. ¢, Schematic
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of the single-element ultrasonic transducer fabricated on the ER. d, 1D (£) PACTER
signals detected by the ultrasonic transducer at time instances t,, t, and t.

e, Reconstruction of a4D (xyzt) image of human palmar vessels from the signals
ind. Norm., normalized. Scale bar,1 mm.

and 6), which achieved exceptional piezoelectric performance, such
asahigh piezoelectric constant (d,;) and electromechanical coupling
coefficient (k)°*°*%. Compared with a post-fabrication transducer that
is coupled to the ER with resin, the integrated PMN-PT transducer
achieved greater sensitivity over a broad band (Supplementary
Fig.7).Furthermore, asone of the gold electrodes of the transducer was
directly sputtered onto the surface of the ER (Methods), the PACTER
signals inside the ER could reach the transducer with the maximum
transmission, and the transducer and the ER became an integrated
piece that facilitated stable data acquisition for long-term in vivo
imagingin unstable environments.

Conventionally, a single-element ultrasonic transducer can
acquire only aone-dimensional (1D) signal in the time domain (Fig. 1d).
However, with the ER, PACTER can use the single-element transducer
to encode spatiotemporal information equivalent to those captured
by 6,400 detectors (Supplementary Video 1), which can then be used
to reconstruct a 3D map of the optical absorbers in the imaging vol-
ume. With a kilohertz laser repetition rate, PACTER can use the 1D (t)
signals to generate athousand 3D (xyz) volumes per second, leading to
ahigh-speed four-dimensional (4D) (xyzt) image of optical absorption
in, for example, human palmar vessels (Fig. 1e).

PACTER signal and reconstruction

PACTER needs only a one-time universal calibration despite its more
stringent requirement for 3D imaging (Supplementary Note 2, Sup-
plementary Fig. 8 and Supplementary Video 2). In our experiments,
we found that calibration dataacquired over the course of ayear could
all be used for reconstruction (Supplementary Fig. 9). This suggests
thatasingle calibration dataset could be effective for atleast ayear.In
the calibration procedure, the focused laser beam was scanned across
the FOVin 80 by 80 steps with astep size of 0.1 mm (Fig. 2a). Toensure
that the PACTER signal acquired at each calibration pixel was distinct
fromothers, we chose a step size of about a half of the full width at half
maximum of a line profile along the cross-correlation map, that s,
about 0.21 mm (Supplementary Fig.10). Although the calibration sig-
nals were obtained by scanning the laser beam across a 2D plane, they
could be used as 80 x 80 = 6,400 virtual transducers for 3D reconstruc-
tion (Fig.2b) because (1) the PACTER signals were object-independent;
and (2) the calibration signals were generated at the bottom of the 3D
imaging volume. When source pointsin the 3D volume(r,, m=1,2, ...)
were illuminated by a laser pulse, the PA signals that they generated
would propagate to the calibrated virtual transducers (r,, n=1,2, ...)
aftertimet, , = |r,, — r,|l/c, where cis the speed of the sound in the
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Fig.2|Single-shot 3D reconstructionin PACTER. a, Illustration of the
calibration procedure of PACTER. Focused laser beams for calibration are shown
ingreen. Calibration pixels are highlighted as orange dots. The calibration step
sizeis 0.1 mm. The calibration pixels (80 x 80) become 6,400 virtual transducers.
r, r,and r; are the positions of three calibrated virtual transducers. b, lllustration
of PACTER of human palmar vessels. The homogenized beam for wide-field
illumination is shownin green. r] and r; are the positions of two source points in
the vessels. The blue and green spheres denote the PA waves generated by the
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source points. The calibrated virtual transducers capture the PA signals from r;
and r) with different delays, indicated by the thick blue and green lines. ¢, The
PACTER signals k,(¢), k,(t), k;(t) of the calibrated virtual transducers
correspondingtor,, r,, r;, respectively. d, The PACTER signal from the wide-field
imaging consists of PA signals from r; and r}, which are essentially i(¢), k(t), k3(¢)
delayed according to the distance between the calibrated virtual transducer and
the source point.

medium. Then, these signals would follow the same acoustic pathinside
the ER to the ultrasonic transducer as that of the calibration signals.
From the transducer’s perspective, compared with the calibration
signal k,(¢) acquired atr,, (Fig. 2¢), the signal from the source point r,,
relayed through r,, is proportional to k,(¢) delayed by ¢, ,, that is,
k, (¢t — |r;,, — rpll/c) (Fig. 2d). The signal is modulated by both p,, ,, the
initial pressure at ry,, and a weighting factor dependent on the angle
and distance. Accordingly, we developed an algorithmto reconstruct
the initial pressure in the 3D volume (Methods). Owing to the prohib-
itively computationally intensive nature of the reconstruction, we
reformulated the forward model through temporal convolution and
implemented it using fast Fourier transformation. Numerical simula-
tions reveal that thisapproachincreased the computational efficiency
by 9,100% (Supplementary Note 3).

Spatiotemporal characterization of PACTER
Using the signals acquired by the single detector, PACTER can image
the 3D structure of a curved black wire with a single laser pulse

(Fig. 3a) and the 4D dynamics of bovine blood flushing through an
S-shaped tube when the tube was illuminated by multiple laser pulses
(Fig. 3b and Supplementary Video 3). To evaluate whether the 3D vol-
umes reconstructed by PACTER were correct measurements of the
objects, we first compared the perspective views of the 3D volumes
reconstructed by PACTER with the ground-truth projection images
formed by raster-scanning the laser beam across the objects (Supple-
mentary Fig. 11). Despite alower spatial resolution compared with the
ground truth, the comparison demonstrates that PACTER can correctly
reconstructthe3D objectsin thelateral (x-y) directions. However, itis
important to note that, in the case of in vivo mouse abdominal vascula-
ture, the higher fluence of the focused laser beam compared with the
wide-field homogenized beam enabled the ground-truth projection
image (Supplementary Fig. 11d) to reveal deeper blood vessels. These
vessels were not visible in the PACTER image (Supplementary Fig. 11h).
Second, weimaged athin object in water, of which the zpositions were
precisely controlled and measured using a linear translation stage.
We imaged the object at multiple z positions, reconstructed the 3D

Nature Biomedical Engineering


http://www.nature.com/natbiomedeng

Article

https://doi.org/10.1038/s41551-023-01149-4

epm,!]duu;
Vd "WION

(]

c i i i

z=0.409 mm z=1.044 mm z=1.679 mm

e

apnidwe yd ‘wlioN

38.9mms™

opnidwe
Vd "WION

Position

T|me

Fig.3|Spatiotemporal characterization of PACTER. a, 3D PACTER image of
acurvedblack wire. b, Images of 4D PACTER showing bovine blood flushing
through an S-shaped tube. ¢, 3D PACTER images of three bars printed with black
ink onto a transparent film. In each image, the object was placed at a different
zposition.d, Reconstructed (recon.) versus real z positions of the objects in
c.Dataaremean + s.e.m.n=1,980. The blue curve represents a linear fit. e, 3D
PACTER image of two crossing human hairs in agarose. f, Maximum z-projections
(top) and y-projections (bottom) of the 3D volume in e. The z positions of the
object are colour coded. g, Profiles along the yellow dotted lines in f denoted by

77.9 mms™

AL L

spnijdwe
Vd "WJIoN

o

10 — Fit (slope = 0.993)
g §  Measured
3 = 8
; €
2 LS
o N
i
=8 4
g 3
s 2
@ 2
(o]
[0] L L
0 5 10
z=9.934 mm
Real z (mm)
f g
5
2 10 ® Measured |
2 Fit !
g I
< 05 } N }
& e 10.5§ mm
2 | |
9] I !
=z (0] .
0] 0.5 1.0 1.5 20
Lateral position (mm)
3
2 10 ® Measured
144 S
§
:‘\ < 05
3 9 0.13
: A3 mm
S
o
2.55 =z (0]
(0] 0.2 0.4 0.6
Axial position (mm)
.
J
2725 mms” 7 500
> F‘m —— Fit (slope = 0.964)
o £ §  Measured
3 E 200
R
> 3
s &
% @ 100
g 8
s 9]
g 9]
)
0 100 200 300

Real speed (mm s™)

grey dots. The blue curves represent two-term Gaussian fits. The black arrows
denote the minimum distances that can separate the two hairs. h, 3D PACTER
image of bovine blood flushing through a tube. The white arrow indicates the
flushing direction. i, PA amplitudes along the tube in h over time, when the
blood flushes through the tube at different speeds. Scale bars, 1 mm (vertical)
and 50 ms (horizontal). j, The speeds of the blood flow were quantified from the
reconstructed images versus the real speeds ini. Dataare mean +s.e.m.n = 74.
Theblue curve represents alinear fit. For a-c, e, fand h, scale bar,1 mm.

volumes (Fig. 3¢) and compared the z positions in the reconstructed
volumeswiththe real ones. AsshowninFig.3d, the reconstructed and
real z positions were linearly related (R*=1.000) with a slope (0.993)
closetol,demonstratingthat PACTER can accurately reconstruct the
3D objectsin the axial (z) direction.

To quantify the resolution of PACTER, weimaged two human hairs
embedded in an agarose block (Fig. 3e). The hairs were intentionally
positioned such that they werein close contact with each other, form-
ing a crossing pattern that could be seen in both z- and y-projections

(Fig. 3f). Defining the spatial resolution as the minimum distance that
can distinguish the peaks of the two hairs, we found the lateral and
axial resolutions of PACTER to be 0.56 mm and 0.13 mm, respectively
(Fig.3g). The anisotropic spatial resolutions along the lateral and axial
directions were related to the image-formation process in PACTER
(Supplementary Notes 4 and 5 and Supplementary Figs. 12 and 13).
The coarser lateral resolution was due to the acoustic impedance
mismatch between the object and the ER, which led to a limited-view
effect that reduced coupling for propagation directions beyond the
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critical angle of the ultrasonic wave’s refraction from water into fused
silica (Supplementary Note 4), while both resolutions were limited
by the frequency-dependent acoustic attenuation (Supplementary
Fig.14). By imaging a thin object placed at different z positions, we
found that the resolution of PACTER was not sensitive to the imaging
depth (Supplementary Fig. 15).

To evaluate whether PACTER could be reliably used to image 4D
dynamics, that is, time-lapse movements of 3D objects, we captured
4Dimages of bovine blood flushing through a tube at different speeds
precisely controlled by a syringe pump (Fig. 3h and Supplementary
Video 4). On the basis of the reconstructed 4D images, we plotted the
PA amplitudes along the tube (1D images) over time (Fig. 3i), calculated
the speeds of the blood flow (Supplementary Fig. 16) and compared
them with the real speeds set by the syringe pump (Fig. 3j). A linear
relationship (R? = 0.999) between the reconstructed and real speeds
with a slope (0.964) close to 1 can be observed, demonstrating that
PACTER s capable of 4D imaging, faithfully reconstructing the dynam-
ics of 3D objects over time. Empowered by the imaging speed of up to
athousand volumes persecond, PACTER could resolve the high-speed
dynamics of the blood flushing through the tube at 272.5 mm s™in 3D,
with atemporal resolution of 1 ms (Supplementary Video 5).

4D in vivo imaging of mouse haemodynamics with PACTER
Enabled by its ability of non-invasive, label-free and ultrafast 3D imag-
ing, PACTER s expected to be suitable for monitoring haemodynamics
invivo. Here we evaluated PACTER’s ability in monitoring vital signs in
smallanimals. Weimaged the haemodynamics of the abdominal regions
of mice (Fig. 4a). With a single laser pulse, PACTER could reconstruct
the abdominal vasculaturein 3D (Fig. 4b,c). When multiple laser pulses
were used, PACTER revealed the 4D dynamics of the blood vessels (Sup-
plementary Videos 6 and 7). On the basis of the 4D PACTER datasets,
we isolated individual blood vessels from the cross sections of the
3D volumes (Fig. 4d,e) and visualized their motions and structural
changes (Fig. 4f,g).

By recording the time-lapse changes of the centre positions and
widths of the blood vessels, the respiratory motion could be tracked
and identified (Fig. 4h,i). Using Fourier analysis, we found that the
centre position of the blood vessel of mouse 1 fluctuated periodically,
exhibiting arespiratory frequency of 1.8 Hz (Fig. 4j), whereas the width
ofthe vessel was relatively stable. By contrast, arespiratory frequency
of1.4 Hz could be observed on the basis of both the centre position and
the width of the blood vessel of mouse 2 (Fig. 4k). Moreover, when we
imaged the third mouse (Supplementary Video 8), we observed ares-
piratory frequency of 1.9 Hz from the width, not the centre position, of
theblood vessel (Extended DataFig.1). The distinct 4D haemodynamics
of the blood vessels from the three mice demonstrated that PACTER
couldbeapractical toolin monitoring vital signs, such as breathing, in
small animals. Note that we did not observe heartbeats, as ourimaging
was focused on the abdominal region of the mouse, which is distant
fromthe thoracicregion”, and our system’s sensitivity was insufficient
to detect the PA signal changes within the pulsating arteries.

4D invivoimaging of haemodynamics in human hands using
PACTER

To demonstrate PACTER’s effectiveness in monitoring haemodynam-
icsin humans, we imaged the hand vasculature of two participants.
Different regions of the hand, such as the fingers, proximal phalanx
and thenar regions, were imaged independently as the participants
moved their hands to align those regions with the ER (Extended Data
Fig.2).Inthefollowing study, we focused onimaging the participants’
thenar vasculature and their responses to cuffing, whichwas induced
by asphygmomanometer wrapped around the participants’ upperarm
(Fig. 5a). Using PACTER, we imaged the thenar vasculature in 3D with
singlelaser pulses (Fig. 5b,c) and reconstructed the 4D dynamics of the
blood vesselsinresponse to cuffing (Supplementary Videos 9 and 10).

As shown in the maximum-amplitude projections of the 4D datasets
(Fig. 5d,e), whereas some blood vessels exhibited a non-decreased
PA amplitude throughout the experiment, the other vessels showed
adecreased PA amplitude after cuffing due to the occlusion of blood
flows; when the cuffing was released, the blood flows recovered, and
the PA amplitude was rapidly restored (Fig. 5f,g). The different haemo-
dynamics of these two types of blood vessel in response to cuffing
indicate their distinct rolesin the circulatory system®*: the blood vessels
with non-decreased and decreased PA amplitudes could be venous and
arterial, respectively, agreeing with the observations reportedin other
cuffing-based studies®*~°. With the ability to simultaneously image
both arterial and venous blood in vivo, PACTER provides additional
benefits over conventional pulse oximetry, which can monitor only
arterial blood without spatial resolution®’.

As PA amplitudes have 100% sensitivity to optical absorption®,
the 4D haemodynamics imaged by PACTER revealed the real-time
changes in the blood vessels in response to cuffing, and the linear
position of the blood front during the recovery phase could be used to
measure the blood flow speed®. For participant1, the occlusion rate of
the vessel was found tobe 1.3 + 0.1 m s, significantly slower than the
blood flow speed 0f 16.1 + 3.1 m s extracted from the recovery phase
(Fig.5h,i). For participant 2, the occlusion rate and the blood flow speed
of the vessel werefoundtobe2.4 + 0.2 ms?and26.3 + 6.4 ms™, respec-
tively (Fig. 5j,k), exhibiting a greater blood flow speed compared with
participant1(Fig. 5I). Inmediately after animaging session, we asked
participant 1to slightly move their hand and used PACTER to image a
different area of the thenar region (Supplementary Video 11). Using the
same analysis on a different blood vessel, the occlusion rate and the
blood flow speed were found tobe 0.6 + 0.1ms?and 21.6 + 7.9 ms™,
respectively (Extended Data Fig. 3). Taken together, we demonstrated
that PACTER could monitor haemodynamics in humans, including the
consistent responses of thenar vasculature to cuffing, and capture the
variability in blood-flow speeds.

4D in vivoimaging of haemodynamic changes in human foot
vessels using PACTER
Imaging of haemodynamics in the lower extremities, specifically in
the human feet, has an essential role in the diagnosis, treatment and
prevention of peripheral vascular diseases and diabetes®. To evaluate
the clinical applicability of PACTER, we imaged the haemodynamic
changesin humanfoot vesselsin response to vascular occlusion, which
was induced by a sphygmomanometer wrapped around the partici-
pant’s leg (Fig. 6a). Using PACTER, we captured 3D images of blood
vesselsintheinstep areawith single laser pulses both before and after
vascular occlusion (Fig. 6b) and reconstructed the 4D dynamics of the
blood vessels inresponse to the occlusion (Supplementary Video 12).
The maximum-amplitude projections of the 3D volumes before
and after vascular occlusion (Fig. 6¢) and their difference (Fig. 6d)
showed that the blood vessels exhibited increased and decreased PA
amplitudes, suggesting their roles as venous and arterial, respectively.
As the occlusion progressed, the cuff prevented blood from leaving
the foot through the veins, while blood continued to flow into the
foot, causing the PA signals to increase in the veins (shown in blue in
Fig. 6d). Conversely, the cuff caused a reduction in the blood volume
and diameter of the arteries due to the gradual closing, leading to a
decrease in the PA signals in the arteries (shown in red in Fig. 6d)***°.
This resulted in observable changes in the PA signals in the veins and
arteries due to the occlusion preventing the blood from both entering
and leaving the foot (Fig. 6e). After release of the cuff, the PA signals
inthe arteries increased, indicating the acute opening of the arteries
with the full release of the blood flow, while the PA signals in the veins
decreased. Even when we imaged a different instep region from the
participant and inflated the sphygmomanometer at a lower rate to
create vascular occlusion, similar responses from the veins and arter-
ieswere observed (Extended Data Fig. 4 and Supplementary Video 13).
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and the magenta dashed line in e (g) versus time; the time instancesind and e
areindicated by vertical grey lines. h,i, Centre positions (blue solid curves) and
widths (orange dashed curves) of the vessels versus time, based on the fitsind
(h) and e (i). The shaded areas denote the standard deviations. n = 5. j k, Fourier
transforms of the centre positions and widths of the vesselsin h (j) and i (k),
showing the respiratory frequency from the vessel centre positions only (j) or
both the vessel centre positions and widths (k). For b-e, scale bar,1 mm.

This process, known as post-occlusive reactive hyperaemia, is consist-
entwith previous studies®*¢%!,

These results demonstrate PACTER’s potential as a powerful tool
for assessing vascular function in the lower extremities. The detailed
and localized information that it provides could prove to be invalu-
able in early-stage screening, leading to more sensitive detection or
early prevention of conditions such as ischaemia or ulcer develop-
ment. Moreover, withits ability to accurately monitor haemodynamic

changes, PACTER could facilitate the measurement of treatment effi-
cacy for peripheral vascular diseases and diabetes. Our technique
could prove to be valuable for guiding wound treatment in vascular
clinics and could facilitate post-surgical decision-making and provide
longitudinal monitoring of functional wound healing. Ultimately, we
believe that PACTER holds substantial promise for enhancing patient
outcomes and advancing medical research in peripheral vascular
diseases and diabetes.
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Fig. 5| PACTER analysis of human hand haemodynamicsin vivo. a, Schematic
ofthe human hand imaging experiment. b,c, 3D PACTER images of the thenar
vasculature of participant1(b) and participant 2 (c). d,e, Maximum-amplitude
projections of the 3D volumes from the 4D PACTER datasets along the zaxis in

b (d) and c (e) at the time instances before, during and after cuffing. t,=17.44 s,
t;=19.02 s. The solid lines flank the vessels under investigation. Differences
from the images during cuffing are highlighted. f,g, PA amplitudes along the
vessels (1D images) ind (f) and e (g) versus time; the timeinstancesind and e are
indicated by vertical grey lines. The blue and orange arrows indicate the peak
responses in the occlusion and recovery phases, respectively. h, The positions
(solid circles) of the blood front along the blood vessel during the occlusion
(left) and recovery (right) phases in f. The blue curve is an exponential fit with

anocclusionrate of 1.3+ 0.1 ms™, and the orange curveis alinear fitshowing a
blood flow speed of16.1 + 3.1 m s™. i, Comparison between the durations of the
occlusion and recovery phasesin f. Statistical analysis was performed using a
two-sample t-test; P< 0.001.j, The positions (solid circles) of the blood front
along the blood vessel during the occlusion (left) and recovery (right) phases
ing. Theblue curveis an exponential fit with an occlusionrate of 2.4 + 0.2 ms™,
and the orange curveisalinear fit showing ablood flow speed 0f 26.3 + 6.4 ms™.
k, Comparison between the durations of the occlusion and recovery phases
ing. Statistical analysis was performed using a two-sample ¢-test; P < 0.001.

1, Comparison between the blood flow speeds during recoveryinfand g.
Statistical analysis was performed using a two-sample ¢-test; P < 0.001. Dataare
mean £s.e.m.n=9.Forb-e,scalebar,1 mm.

Discussion

Compared with previous techniques using ERs, including PA topogra-
phy throughan ER (PATER)*®, PA microscopy through an ER (PAMER)*
and PAimaging through a spatiotemporal encoder (PAISE)*, PACTER
offers several substantial advances (Supplementary Table 1). First,
previous methods allow for only 2D imaging and do not provide depth
information about the object. Specifically, PAISE can generate only
2D images of thin objects, such as thin black rubber. The signals from
thicker 3D objects such as in vivo blood vessels, which do not belong
to the calibration data, contaminate the reconstruction. By contrast,

PACTER enablesboth3D and 4D in vivoimaginginanimalsand humans.
Second, previous techniques are not suited for long-term imaging in
unstable environments. Thisis because PATER and PAMER are sensitive
to boundary condition between the object and the ER, necessitating
recalibration for different objects. Although PAISE does not require
object-specific calibration, all of these techniques use post-fabrication
transducersthatare resin-coupled to the ERs, making them susceptible
tomechanical vibrations and thermal fluctuations, therefore requiring
periodic recalibration. By contrast, PACTER uses an integrated trans-
ducer thatis directly fabricated onto the ER, enhancing sensitivity over
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Fig. 6 | PACTER analysis of haemodynamic changes in human foot vessels.

a, Schematic of the human foot imaging experiment. b, 3D PACTER images of
the foot vessels of participant 3 before (left) and after (right) vascular occlusion.
¢, Maximum-amplitude projections of the 3D volumes from the 4D PACTER
datasetsalongthe zaxisinb. ¢, = 0 s. The blue and orange circles indicate regions

ofaveinand an artery, respectively. d, The difference between the two images in
c. e, Relative PA signals of the venous and arterial regions indicated by the blue
and orange circlesin cand d. The shaded areas denote the standard deviation.
n=5.Thearrows and vertical lines indicate the start times of occlusion and
recovery. Forb-d, scale bar,1 mm.

abroadband while enabling long-termin vivo imagingin unstable envi-
ronments. Third, all previous works use the two-step iterative shrink-
age/thresholding algorithm for reconstruction®, which can be orders
of magnitude slower than the fast iterative shrinkage-thresholding
algorithm (FISTA) algorithm used in PACTER®, For the substantial num-
ber of voxels (80 x 80 x 120) in the 3D volumesimaged by PACTER, the
reconstruction becomes computationally intensive to a prohibitive
degree. Thus, without PACTER’s computational innovation, which uses
FISTA and temporal convolution implemented through fast Fourier
transform, 3D and 4D imaging through ERs would not be possible.
Finally, owingto the issues associated with previous techniques, they
areunable to provide humanimaging. By contrast, PACTER’s ability to
capture dynamic changesin vascular occlusion offers clinical potential
forearly detection, enhanced assessment and personalized treatment
of peripheral vascular diseases.

Although the currentimplementation of PACTER requires motor-
ized stages for calibration, a pulsed laser for illumination and a data
acquisition card for dataacquisition, these requirements could be ful-
filled using cheaper and more compact alternatives. Given the system’s
universal calibration ability and the fact that asingle calibration dataset
could remain effective for at leastayear (Supplementary Fig. 9), the ER
in PACTER could be precalibrated, eliminating the need for motorized
stages during the system’s distribution. The pulsed laser and the data
acquisition card could be replaced with cost-effective light-emitting
diodes®* and microcontrollers®, respectively, which could further
enhance the portability of the system. Moreover, mass production of
the ER and the single-element ultrasonic transducer could substantially
lower the cost of the system, making PACTER more accessible to users
orresearchersin low-resource settings, further reducing the barriers
to clinical translation. Furthermore, by incorporating an optical fibre,
the PACTER system could be modified for handheld operation (Sup-
plementary Fig. 17). This modification would offer increased flexibility
forimaging different body partsin both animals and humans.

Owingtothe large dimensions of the ER compared with the acous-
ticwavelength, the PA waves need to propagate along distance inside
the ER; therefore, a slight change in the speed of sound due to tem-
perature fluctuations® would cause large differences in the measured
PACTER signal (Supplementary Video 14). To address this problem,
we built a temperature-stabilizing box to maintain the temperature
of the ER (Supplementary Fig. 18), which stabilizes the temperature
of the ER at a set temperature, for example, 30 °C, at all times, guar-
anteeing a constant speed of sound throughout the experiments.
Furthermore, the penetration depth of our PACTER system was lim-
ited to 3.6 mm in vivo due to the strong attenuation of 532 nm light
by endogenous chromophores in biological tissue®. Changing the
wavelength to 1,064 nm could increase the penetration depth to sev-
eral centimeters'”?>. Another limitation of PACTER is the relatively
small FOV (8 mm x 8 mm) constrained by the diameter of the glass
rod in the ER. We believe that the design of the ER could be further
optimized to achieve a larger FOV, enabling new applications such
as vascular biometrics®®. Currently, the dimensions of the prism and
the rod are selected on the basis of the following design considera-
tions*: (1) the rod’s diameter, which determines the FOV, should be
substantially smaller than the right-angle edge length of the prism to
ensure that the PA signals can be effectively scrambled; (2) the rod’s
lengthshould greatly exceed the right-angle edge length of the prism
to extend the duration of the object-independent signal (unaffected
by the boundary condition), thereby ensuring the universal calibra-
tion capability. As shown in the simulations in Supplementary Fig. 19,
once these design considerations are adhered to, minor changes in
dimensions will not impact the spectra of PACTER signals, therefore
maintaining the spatial resolution. Moreover, owing to the computa-
tionally intensive nature of 3D reconstruction in PACTER, the image
reconstruction for a3D volume of 80 x 80 x 120 voxels currently takes
10 min when using a CPU, which becomes a bottleneck for real-time
display of the volumetric data. However, this bottleneck s anticipated
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to be eliminated if the reconstruction algorithm isimplemented on a
GPU. Finally, the spatial resolution of PACTER is currently limited by
the limited-view effect caused by the acoustic impedance mismatch
betweenthe object and the ER. This couldbe addressed in the future by
addinganimpedance-matchinglayer ontop of the ER. Supplementary
Fig.20 llustrates three potentialimplementations of such anacoustic
impedance-matching layer.

In summary, PACTER—a non-invasive, label-free and ultrafast
imaging technique—enables 4D imaging of haemodynamicsin humans
using the 1D signal captured by a single detector, achieving animaging
speed of up toathousand volumes per second. We have demonstrated
PACTER’s ability to visualize 4D haemodynamics in humans and small
animals, particularly the haemodynamic changes in human foot ves-
sels during vascular occlusion. We have also shown the convenience of
using PACTER to image different objects, including human hands and
mouse abdomens, without the need for recalibration. PACTER’s high
imaging speed enablesimmediate interventioninthe case of abnormal
haemodynamic changes. Moreover, PACTER’s low cost and compact
form factor are ideal for point-of-care testing, facilitating the quick
and easy assessment of haemodynamic parameters at the bedside or
inremotelocations. We envision that PACTER will have animpactona
wide range of applications in biomedical research and clinical settings,
including home care of diabetic-foot ulcers*? or peripheral vascular
diseases?, point-of-care screening for hypertension**, and simultane-
ous oximetry of both arterial and venous blood in intensive care units*.
Furthermore, PACTER’s single-shot volumetric imaging concept using
asingle-element detector can extend beyond optical imaging, aiding
fields suchas medical ultrasonography*®, underwater sonar* and air-
borneradar*®. Forexample, PACTER can potentially replace the trans-
duce array for detection in ultrasonography®, thereby substantially
reducing the system’s cost and complexity (Supplementary Fig. 21).

Methods

Experimental set-up

Inthe PACTER system, the power of a5 ns pulsed laser beam at 532 nm
(INNOSLABIS8II-DE, EdgeWave; 1 kHz pulse repetition rate) was con-
trolled by a half-wave plate (WPH10M-532, Thorlabs) and a polarizing
beam splitter (PBS25-532-HP, Thorlabs). The beam reflected by the
PBSwassenttoabeamtrap (BT610, Thorlabs). The beam transmitted
through the PBS was expanded by abeam expander consisting of two
lenses (ACN254-050-A and AC254-100-A, Thorlabs). During calibra-
tion (Fig. 1a), the expanded beam was steered by the mirrors mounted
onto two motorized linear translation stages (PLS-85, PI), which were
controlled by two motor drivers (CW215, Circuit Specialists). The beam
diameter was adjusted to be 2 mm by an iris (SM1D12, Thorlabs), and
thebeamwassentthroughalens (AC254-300-A, Thorlabs) and focused
ontop ofthe ER. A container withawindow at its bottom sealed with an
optically and ultrasonically transparent disposable polyethylene mem-
brane was filled with bovine blood, which was used as auniform optical
absorber for calibration (Fig. 2a). The container was placed on top of
the ER, where ultrasound gel (Aquasonic 100, ParkerLabs) was applied
between the polyethylene membrane and the ER surface to facilitate
acoustic coupling. During imaging (Fig. 1b), the beam diameter was
adjusted to be 6 mm by the iris, and the beam was sent through a fly’s
eyehomogenizer (Supplementary Note 1) consisting of two microlens
arrays (64-480, Edmund Optics) and a lens (AC254-250-A, Thorlabs),
which homogenized the beam in the imaging volume. Ultrasound gel
was applied between the object and the top of the ER to facilitate acous-
ticcoupling. The PACTER signals detected by the ultrasonic transducer
were amplified by two low-noise amplifiers (ZKL-1R5+, Mini-Circuits),
filtered by a low-pass filter (BLP-70+, Mini-Circuits), and digitized by
adata acquisition card (ATS9350, AlazarTech) installed on a desktop
computer. Amultifunctional input/output device (PCle-6321, National
Instruments) was used to control the laser, the motorized stages and
the dataacquisition card.

Universally calibratable ER

The ER in PACTER consists of a right-angle prism (PS611, Thor-
labs; 25 mm right-angle edge length) and a customized optical rod
(VY Optoelectronics; 18 mmdiameter, 175 mm length, top and bottom
surfaces polished to 60-40 surface quality). Both components were
made of ultraviolet fused silica, which has good optical transparency
and low acoustic attenuation. To enhance the ergodicity’, the edges
of the prism were ground by a diamond saw (SYJ-150, MTI) following
asawtooth pattern to obtain chaotic boundaries*°. The prism and the
rod were glued by ultraviolet-curing optical adhesive (NOA68, Norland
Products), after exposure under ultraviolet light for 12 h. To avoid a
changeinthe speed of sound due to temperature fluctuations during
experiments, the whole ER was sealed in atemperature-stabilizing box
(Supplementary Fig.18) regulated by a thermocouple (SA1-E, Omega
Engineering), aheating pad (SRFG-303/10, Omega Engineering) and a
temperature controller (Dwyer 32B-33, Cole-Parmer).

Fabrication of the ultrasonic transducer

The fabrication process of the ultrasonic transducer is as follows.
First, PMN-PT piezoelectric single crystal (CTS Corporation) was
chosen as the core component for acoustic—electrical conversion
due to the excellent piezoelectric coefficient and high permittivity,
whichissuitable for high-frequency transducers with small aperture
sizes because of the general electrical impedance matching (50 Q).
Second, on the basis of the material parameters, transducer model-
ling software (PiezoCAD) based on a Krimboltz-Leedom-Mattaei
equivalent circuit model was used to simulate and optimize the design
of the transducer. Thus, a30 MHz PMN-PT transducer with a small
active aperture size of 0.4 x 0.4 mm? was designed and obtained.
The piezoelectric element exhibits a central frequency of 30 MHz.
Third, the piezoelectric crystal was lapped to the required thickness
(40 um), gold electrodes were sputtered onto both sides and then a
layer of conductive silver paste (E-solder 3022) was deposited onto
the piezoelectric sheet as abacking layer. Fourth, the acoustic stack
was diced into the designed element size. Fifth, using Kapton tapes
as a mask, a gold electrode was sputtered onto the corner of the
hypotenuse surface of the prism of the ER (Supplementary Fig. 5).
The piezoelectric element was then affixed directly to the electrode
on the ER by using a thin layer of conductive silver paste. The wires
were connected out to read the signals. Last, a thin parylene layer
as the protective layer was deposited onto the device. As shown in
Supplementary Fig. 5¢, the structure of the piezo-element contains a
silver matchinglayer, and three gold electrodes. The first and second
electrodes on the both side of the PMN-PT were used for poling the
PMN-PT crystal. The third electrode on the surface of the matching
layer was used to connect the electrode on the prism to form the
circuit as the piezo-element was connected by the double-shield
coax cable. The inner conductor was connected with the E-solder
conductive backing, and the copper braid was connected on the gold
electrode onthe prism (on the side of the piezo-element) to connect
the ground side of the piezo-element.

Data acquisition

Acustom-written LabVIEW (National Instruments) program was used to
trigger the pulsed laser, drive the motorized stages during calibration
and acquirethe data. The PACTER signals were acquired ata sampling
rate of 250 megasamples per second, and a sampling length of 65,532
datapoints per acquisition. Owing to the distance between the object
and the ultrasonic transducer, a 28 ps delay was added to the data
acquisition after the laser trigger. During calibration, to improve the
signal-to-noise ratio of the signal, we repeated the acquisition 500
times ateach calibrated virtual transducer and used the averaged signal
for PACTER reconstruction. To prevent motor backlash, the data were
acquired only when the motor was moving forward; the acquisition
stopped when the motor returned. During imaging, to improve the
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temporal resolution of the system, no signal averaging was used, and
motor scanning was disabled.

Imaging protocols

Allhumanand animalimaging experiments were performed inaccord-
ance with relevant guidelines and regulations. The human imaging
experiments followed the protocol approved by the Institutional
Review Board (IRB) of the California Institute of Technology. Three
healthy adult participants were recruited for this study. Written
informed consent was obtained from all of the participants accord-
ingtothe protocol. The PACTER system was precalibrated using bovine
blood, and the participants were enrolled for the imaging procedure
only. Forimaging the vasculature in human hands, after applying ultra-
sound gel, the participants were instructed to place their hands on top
ofthe ER. Forimaging the human hand haemodynamicsinresponse to
cuffing, asphygmomanometer was wrapped around the participants’
upper arm (Fig. 5a). Toinduce blood vessel occlusion, the sphygmoma-
nometer was inflated to a high pressure (200 mmHg), maintained for
ashorttime (around15 s) and then quickly released; the totalimaging
time was 30 s. For imaging haemodynamic changes in human foot
vessels, asphygmomanometer was wrapped around the participant’s
leg (Fig. 6a). To induce vascular occlusion, the sphygmomanometer
was inflated to a high pressure (200 mmHg), maintained for 15 s to
20 s, and then quickly released; the total imaging time was 30 s. The
animal imaging experiments followed the protocol approved by the
Institutional Animal Care and Use Committee (IACUC) of the California
Institute of Technology. IRB and IACUC were aware of both protocols
before approval. The fluence of the laser beam for imaging (5 mJ) cm™)
was within the American National Standards Institutes (ANSI) safety
limit for laser exposure (20 mJ cm™2at 532 nm)”’.

Animal preparation

Female athymic nude mice (Hsd: Athymic Nude-Foxnlnu, Envigo;
15-20 g, aged 4-5 weeks) were used for the animal imaging experi-
ments. Before imaging, the mouse was placed into a small chamber
with 5% vaporized isoflurane mixed with air for anaesthesiainduction.
It was then transferred to a customized animal mount, which hasahole
at the bottom such that the abdomen of the mouse can be imaged by
PACTER. Ultrasound gel was applied on top of the ER, and then the
animal mount was lowered until the mouse abdomen was in contact
with the ER. Throughout the imaging session, the mouse was kept
anaesthetized with a continuous supply of 1.5% vaporized isoflurane,
its head was fixed to the stereotaxic frame of the mount and its body
temperature was maintained at around 38 °C by a heating pad.

Sample preparation

For calibration, refrigerated lysed bovine blood (910, Quad Five) was
restored to room temperature and transferred to the customized
container (Fig. 2a) for acquiring the calibration signals for PACTER
reconstruction. Besides bovine blood, black tape (6132-BA-10, 3M),
black rubber (5508 T44, McMaster-Carr) and black ink (X-1, Tamiya)
were also used to test their performance as uniform optical absorbers
for calibration. During the test, black tape and black rubber were cut
into 10 mm x 10 mmsheets and placed ontop of the ER, with ultrasound
gel as the coupling medium; black ink was stored in the customized
container. For imaging, black wires (8251T9, McMaster-Carr) were
bent into curved shapes and placed into the customized container
filled withwater. Bar patterns were printed with black ink onatranspar-
ent film (ITF-30, Octago), cut into 10 mm x 10 mm sheets and placed
into the water-filled customized container; a wooden stick mounted
onto a manual linear translation stage (PT1, Thorlabs) was glued to
the back of the film to control its z position in the imaging volume.
Human hairs were embeddedin a4% agarose block (A-204-25, GoldBio),
and the block was placed into the water-filled customized container
during imaging. Polyurethane tubes (MREO25, Braintree Scientific;

0.012 inchinner diameter) were first placed in the water-filled custom-
ized container in straight or curved shapes, and a syringe was used to
flushbovine blood through the tubes; the speed of the blood flow was
controlled by asyringe pump (NE-300, New Era).

PACTER reconstruction
InPACTER, the signal s(¢) detected by the ultrasonic transducer at time
tinahomogeneous medium is expressed as (Supplementary Note 3)

1[0,9,](6m,n) cos Bm,n
% — Eall

1t — ¥all

5t — )t>0. (1)

N M
s = kn(O) D Pom
n=1 m=1

Here, Mand Nare the numbers of the source points and the calibrated
virtual transducers, respectively; k,(¢) is the normalized impulse
response from the calibration at the nth virtual transducer; r,andr,
arethelocations of the mth source pointand the nthvirtual transducer,
respectively; p,  is a value proportional to the initial pressure at r;,;
0., denotes the incidence angle satisfying cos 8, , = H withn
being the normal vector of the calibration plane; 6, is the critical angle
theultrasonic refraction from water to fused silica; 10 6, jrepresents the
indicator functiondefinedin supplementary equation (6); cisthe speed
of soundinthe homogeneous medium; 6(¢) denotes the delta function.
To simplify the reconstruction task, we assume that the object has a
homogeneous speed of sound. However, to yield high-resolution,
artifact-free PAT images, the inhomogeneities of the speed of sound
in biological tissues should be taken into account’.
Discretizing equation (1), we obtain the forward model

s = Hpoy, 2)

where s represents a vector of length L, p, denotes a vector of length
M = (M;M,M,) which consists of all voxels in a 3D image of size
M, x M, X M;, and H is the system matrix of size L x M. This forward
model has acomputational complexity of max{O(MN),O(NLlog,[L])}.
To obtainanimage from the signals s, we invert the forward model by
solving the regularized optimization problem

Po=_argmin |HPo | + Alpolry. 3)

PoERM,pg>!

Here, |polry denotes the total variation (TV) of the 3D image corre-
spondingtop,, andAistheregularization parameter. TV regularization
aidsintransforming animage into anew one with piecewise smoother
structures, essentially constituting a form of sparseness. Using TV
regularization enables the incorporation of the piecewise smooth-
ness of blood vessels into the iterative reconstruction, considerably
stabilizing the iterations. Numerically, we solve this optimization
problem through a FISTA algorithm®. We chose an iteration number
of 8 for the FISTA algorithm, considering the trade-off between the
reconstructionimage quality and theimage reconstruction time. This
choice was determined through a series of experiments in which we
analysed theimpact of differentiteration numbers on both the quality
of the reconstructed image and the computational time required for
reconstruction (Supplementary Fig. 22). For a 3D volume comprising
80 x 80 x 120 voxels, theimage reconstruction time was approximately
600 s running on a CentOS Linux 7 system with Intel Xeon Gold 6130
CPU@2.10 GHz.

Image processing

Thereconstructed images were first denoised using a 3D median filter
(inthe 3-by-3-by-3 neighbourhood) and smoothed using a3D Gaussian
filter (witha 0.1-by-0.1-by-2 standard deviation kernel). We then applied
a Hessian-matrix-based vesselness filter’® to the denoised images to
improve the contrast of vascular structures in 3D. The effects of these
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filtersareillustrated in Supplementary Fig.23,in whichboth theinter-
mediate and filtered results are shown. Finally, we added the
vesselness-enhanced images (self-normalized) with a weighting factor
of 0.8 back to the filtered images with a weighting factor of 0.2 and
obtained the presented images. Theimages were renderedin 3D or 4D
(time-lapse 3D) using the Imaris (Bitplane) software. The speeds of
bovine blood flushing through the tube in Fig. 3 were calculated by
differentiating the PA amplitudes along the tube and fitting the rela-
tionship between the travelling distance of the blood front versus time.
The vessels’ profiles in Fig. 4 were fitted as a Gaussian function,
exp(—(x—x,)*/w?), where the centre positions and widths of the vessels
were estimated fromx, and 2v/In 2w, respectively. The vessels’ profiles
in Extended Data Fig. 1 were fitted as a two-term Gaussian function,
where the centre positions and widths were estimated from the first
term. The positions of the blood front along the blood vesselsin Fig. 5
and Extended Data Fig. 3 were obtained through thresholding the PA
amplitude profiles. Denoting the total length of the blood vessel profile
asL,, wefitted the positions of the blood front along the blood vessels
during the occlusion and recovery phases with d,(t) = a exp(-v,t/L,)
and d,(¢)=-v,t + b, respectively, where a and b were constants, v, was
the occlusion rate and v, was the blood flow speed. The durations of
the occlusion and recovery phases were estimated by ¢,=3L,/v, and
t,=0.95L /v, respectively, which were the time it took for the blood
frontto propagate 95%, thatis, 1 - exp(-3), of L. To determine whether
the differences between ¢,and ¢, were significant, we applied a Welch’s
(unequal variances) t-test to determine the P values under the null
hypothesis that the meanvalues of ¢, are not different from those of ¢,.
The same ¢-test was also performed to determine whether the differ-
ence between the blood flow speeds in Fig. 5| was significant.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

The data supporting the findings of this study are provided within
the Article and its Supplementary Information. The raw and analysed
datasets generated during the study are available for research purposes
from the corresponding authors on reasonable request.

Code availability

The reconstruction code, the system-control software and the
data-collection software are proprietary and used in licensed tech-
nologies, yet they are available from the corresponding author on
reasonable request.
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Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
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Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Female athymic nude mice (Hsd: Athymic Nude-Foxnlnu, Envigo; 15-20 g and 4-5 weeks old).
Wild animals The study did not involve wild animals.
Reporting on sex Sex was not considered in the study design.

Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight All the animal experiments followed a protocol approved by the Institutional Animal Care and Use Committee (IACUC) of the
California Institute of Technology.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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