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Ultrafast longitudinal imaging of 
haemodynamics via single-shot volumetric 
photoacoustic tomography with a 
single-element detector

Yide Zhang    1,4, Peng Hu    1,4, Lei Li1, Rui Cao    1, Anjul Khadria    1, 
Konstantin Maslov1, Xin Tong1, Yushun Zeng    2,3, Laiming Jiang    2,3, 
Qifa Zhou    2,3 & Lihong V. Wang    1 

Techniques for imaging haemodynamics use ionizing radiation or 
contrast agents or are limited by imaging depth (within approximately 
1 mm), complex and expensive data-acquisition systems, or low imaging 
speeds, system complexity or cost. Here we show that ultrafast volumetric 
photoacoustic imaging of haemodynamics in the human body at up to 1 kHz 
can be achieved 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 
volumetric imaging 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 
in response 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 diabetes1,2. The importance 
of early detection and intervention in 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 
amputations3,4. The efficacy of pharmacological therapies and surgi-
cal interventions can be evaluated by monitoring changes in haemo-
dynamics5. 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 research1.

There are several techniques available to image haemodynamics in 
the human body, each with its 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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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 
tomographic image of vasculature in 3D with just a single laser pulse. 
The system achieves longitudinal volumetric imaging at kilohertz 
rates, making it possible to capture fast haemodynamics in the human 
body in real-time. We demonstrate PACTER’s ability in monitoring 
vital signs in small animals and in visualizing human haemodynamics 
in response 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 a powerful tool for assessing vascular function in the lower 
extremities. Enabled by the integrated ultrasonic transducer and the 
object-independent universal calibration, the system needs to be 
calibrated only once and is suitable for long-term imaging in 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 monitoring42,43, biometrics, 
point-of-care testing44 and non-invasive haemodynamic monitoring 
in intensive care units45. 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 concept in PACTER can 
also be generalized to other imaging technologies, such as ultrasonog-
raphy46, sonar47 and radar48.

Results
PACTER system
The PACTER system requires calibration only once before its use for 
a complete series of imaging (Methods). In the calibration procedure 
(Fig. 1a), the laser beam was transmitted through the ER and focused 
onto a uniform optical absorber placed on top 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 as black tape or black rubber. Moreover, the pigment 
in black ink absorbs 532 nm light more intensely than the haemoglobin 
in the blood, making it more vulnerable to photobleaching49. 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 
plane and 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 the incident laser beam into a wide-field, 
homogenized illumination 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 on top 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 a single-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 

require the use of ionizing radiation and the injection of contrast 
agents, which can have adverse health effects6–8. Moreover, relying on 
strong ionizing sources and numerous detector elements, these tech-
niques are bulky and expensive, making them inaccessible to mobile 
clinics or small healthcare facilities. Optical imaging techniques, such 
as fluorescence imaging and optical coherence tomography, offer 
non-invasive visualization of haemodynamics, but their penetration 
depths are constrained by the optical diffusion limit (around 1–2 mm) 
and do not have sufficient specificity to haemoglobin9,10. Doppler 
ultrasound is another option, providing real-time measurement of 
blood flow velocity and direction. However, even with recent improve-
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 elements11,12.

Photoacoustic tomography (PAT), also known as optoacoustic 
tomography, offers a promising solution to the limitations faced by 
other imaging techniques for haemodynamic imaging13–15. 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, in biological tissue and re-emit them as ultrasonic waves (PA waves) 
to generate optical contrast tomographic images16–19. As a result, PAT 
does not rely on ionizing radiation or contrast agents. Moreover, owing 
to the 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 centimetres13. Two primary forms of 
PAT are photoacoustic microscopy19–21, which requires sequential scan-
ning of the probing beam, and photoacoustic computed tomography 
(PACT)17,22,23, which captures a three-dimensional (3D) image using one 
or a few pulses of the probing beam. Photoacoustic microscopy uses a 
single-element detector, which requires a simple data-acquisition sys-
tem but has a low imaging speed. By contrast, although PACT can offer 
higher imaging speeds of up to kilohertz24,25, it necessitates a number 
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 size in PACT 
systems, researchers have been working on ways to reduce the num-
ber of detector elements that are needed to reconstruct a 3D image. 
One promising approach uses the principles of compressive sensing 
and single-pixel imaging26–29, which use acoustic scatterers to achieve 
PA or ultrasound tomography with just a single detector element30–33. 
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 cavity34,35. These techniques can pro-
duce single-shot images while using fewer detector elements36–40. 
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 
thin black rubber, using a single-element detector without the need of 
object-specific calibration41. However, owing to contamination from 
signals outside of the calibration plane, this approach cannot provide 
volumetric imaging 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 
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and 6), which achieved exceptional piezoelectric performance, such 
as a high piezoelectric constant (d33) and electromechanical coupling 
coefficient (kt)

50–52. 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, as one 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 
imaging in unstable environments.

Conventionally, a single-element ultrasonic transducer can 
acquire only a one-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 a thousand 3D (xyz) volumes per second, leading to 
a high-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 data acquired over the course of a year could 
all be used for reconstruction (Supplementary Fig. 9). This suggests 
that a single calibration dataset could be effective for at least a year. In 
the calibration procedure, the focused laser beam was scanned across 
the FOV in 80 by 80 steps with a step size of 0.1 mm (Fig. 2a). To ensure 
that the PACTER signal acquired at each calibration pixel was distinct 
from others, 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 is, 
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 × 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 points in the 3D volume (r′m, m = 1, 2, …) 
were illuminated by a laser pulse, the PA signals that they generated 
would propagate to the calibrated virtual transducers (rn, n = 1, 2, …) 
after time tm,n = ‖r′m − rn‖/c , where c is the speed of the sound in the 
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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. c, Schematic 

of the single-element ultrasonic transducer fabricated on the ER. d, 1D (t) PACTER 
signals detected by the ultrasonic transducer at time instances t0, t1 and tN.  
e, Reconstruction of a 4D (xyzt) image of human palmar vessels from the signals 
in d. Norm., normalized. Scale bar, 1 mm.
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medium. Then, these signals would follow the same acoustic path inside 
the ER to the ultrasonic transducer as that of the calibration signals. 
From the transducer’s perspective, compared with the calibration 
signal kn(t) acquired at rn (Fig. 2c), the signal from the source point r′m 
relayed through rn is proportional to kn(t) delayed by tm,n, that is, 
kn(t − ‖r′m − rn‖/c) (Fig. 2d). The signal is modulated by both p0,m, the 
initial pressure at r′m, and a weighting factor dependent on the angle 
and distance. Accordingly, we developed an algorithm to 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 this approach increased 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 a lower spatial resolution compared with the 
ground truth, the comparison demonstrates that PACTER can correctly 
reconstruct the 3D objects in the lateral (x–y) directions. However, it is 
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, we imaged a thin object in water, of which the z positions were 
precisely controlled and measured using a linear translation stage. 
We imaged the object at multiple z positions, reconstructed the 3D 

a

c

0.1 mm

b

d

x
y

z

Calibration Imaging

Virtual detectors
(80 × 80 = 6,400)

r1

k1 (t)

k2 (t)

k3 (t)

r2

r3

Acoustic arrival time (µs) Acoustic arrival time (µs) Acoustic arrival time (µs)

r1

r2

r3

k1

c

c

c c

c

c
t – t –

t –

t –

t –

t –

|| ||

k2

k3

k1

k2

k3

r1′

r1
r1 r2 r3

r2 r3

r1′

r1′ r1

r2′

r2′

– r2′|| r1||–

r2′|| r2||–

r3′|| r3||–

|| ||r1′ r2–

|| ||r1′ r3–

Fig. 2 | Single-shot 3D reconstruction in PACTER. a, Illustration of the 
calibration procedure of PACTER. Focused laser beams for calibration are shown 
in green. Calibration pixels are highlighted as orange dots. The calibration step 
size is 0.1 mm. The calibration pixels (80 × 80) become 6,400 virtual transducers. 
r1, r2 and r3 are the positions of three calibrated virtual transducers. b, Illustration 
of PACTER of human palmar vessels. The homogenized beam for wide-field 
illumination is shown in green. r′1  and r′2 are the positions of two source points in 
the vessels. The blue and green spheres denote the PA waves generated by the 

source points. The calibrated virtual transducers capture the PA signals from r′1  
and r′2 with different delays, indicated by the thick blue and green lines. c, The 
PACTER signals k1(t), k2(t), k3(t) of the calibrated virtual transducers 
corresponding to r1, r2, r3, respectively. d, The PACTER signal from the wide-field 
imaging consists of PA signals from r′1  and r′2, which are essentially k1(t), k2(t), k3(t) 
delayed according to the distance between the calibrated virtual transducer and 
the source point.

http://www.nature.com/natbiomedeng


Nature Biomedical Engineering

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

volumes (Fig. 3c) and compared the z positions in the reconstructed 
volumes with the real ones. As shown in Fig. 3d, the reconstructed and 
real z positions were linearly related (R2 = 1.000) with a slope (0.993) 
close to 1, demonstrating that PACTER can accurately reconstruct the 
3D objects in the axial (z) direction.

To quantify the resolution of PACTER, we imaged two human hairs 
embedded in an agarose block (Fig. 3e). The hairs were intentionally 
positioned such that they were in 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 
4D images 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 (R2 = 0.999) between the reconstructed and real speeds 
with a slope (0.964) close to 1 can be observed, demonstrating that 
PACTER is capable of 4D imaging, faithfully reconstructing the dynam-
ics of 3D objects over time. Empowered by the imaging speed of up to 
a thousand volumes per second, PACTER could resolve the high-speed 
dynamics of the blood flushing through the tube at 272.5 mm s−1 in 3D, 
with a temporal 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 is expected to be suitable for monitoring haemodynamics 
in vivo. Here we evaluated PACTER’s ability in monitoring vital signs in 
small animals. We imaged the haemodynamics of the abdominal regions 
of mice (Fig. 4a). With a single laser pulse, PACTER could reconstruct 
the abdominal vasculature in 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 a respiratory frequency of 1.8 Hz (Fig. 4j), whereas the width 
of the vessel was relatively stable. By contrast, a respiratory frequency 
of 1.4 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 a res-
piratory frequency of 1.9 Hz from the width, not the centre position, of 
the blood vessel (Extended Data Fig. 1). The distinct 4D haemodynamics 
of the blood vessels from the three mice demonstrated that PACTER 
could be a practical tool in monitoring vital signs, such as breathing, in 
small animals. Note that we did not observe heartbeats, as our imaging 
was focused on the abdominal region of the mouse, which is distant 
from the thoracic region17, and our system’s sensitivity was insufficient 
to detect the PA signal changes within the pulsating arteries.

4D in vivo imaging of haemodynamics in human hands using 
PACTER
To demonstrate PACTER’s effectiveness in monitoring haemodynam-
ics in 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). In the following study, we focused on imaging the participants’ 
thenar vasculature and their responses to cuffing, which was induced 
by a sphygmomanometer wrapped around the participants’ upper arm 
(Fig. 5a). Using PACTER, we imaged the thenar vasculature in 3D with 
single laser pulses (Fig. 5b,c) and reconstructed the 4D dynamics of the 
blood vessels in response 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 
a decreased 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 roles in the circulatory system53: the blood vessels 
with non-decreased and decreased PA amplitudes could be venous and 
arterial, respectively, agreeing with the observations reported in other 
cuffing-based studies54–56. 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 resolution57.

As PA amplitudes have 100% sensitivity to optical absorption13, 
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 speed56. For participant 1, the occlusion rate of 
the vessel was found to be 1.3 ± 0.1 m s−1, significantly slower than the 
blood flow speed of 16.1 ± 3.1 m s−1 extracted from the recovery phase  
(Fig. 5h,i). For participant 2, the occlusion rate and the blood flow speed 
of the vessel were found to be 2.4 ± 0.2 m s−1 and 26.3 ± 6.4 m s−1, respec-
tively (Fig. 5j,k), exhibiting a greater blood flow speed compared with 
participant 1 (Fig. 5l). Immediately after an imaging session, we asked 
participant 1 to 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 to be 0.6 ± 0.1 m s−1 and 21.6 ± 7.9 m s−1, 
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 vivo imaging 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 diabetes3. To evaluate 
the clinical applicability of PACTER, we imaged the haemodynamic 
changes in human foot vessels in 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 
vessels in the instep area with single laser pulses both before and after 
vascular occlusion (Fig. 6b) and reconstructed the 4D dynamics of the 
blood vessels in response to the occlusion (Supplementary Video 12).

The maximum-amplitude projections of the 3D volumes before 
and after vascular occlusion (Fig. 6c) 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)58,59. 
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 
in the 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-
ies were observed (Extended Data Fig. 4 and Supplementary Video 13).  
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This process, known as post-occlusive reactive hyperaemia, is consist-
ent with previous studies58,60,61.

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, with its 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. 4 | PACTER analysis of mouse haemodynamics in vivo. a, Schematic of the 
mouse imaging experiment. b,c, 3D PACTER images of the abdominal vasculature 
of mouse 1 (b) and mouse 2 (c). d,e, Cross-sectional 2D images corresponding to 
the yellow rectangle in b (d) and the magenta rectangle in c (e) at four different 
time instances from the 4D PACTER datasets. t0 = 0.28 s, t1 = 0.26 s. The white 
solid curves represent the Gaussian fits of the vessels’ profile denoted by the 
yellow (d) and magenta (e) dashed lines. Differences from the first image are 
highlighted. f,g, PA amplitudes along the yellow dashed line (1D images) in d (f) 

and the magenta dashed line in e (g) versus time; the time instances in d and e 
are indicated by vertical grey lines. h,i, Centre positions (blue solid curves) and 
widths (orange dashed curves) of the vessels versus time, based on the fits in d 
(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 vessels in 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.
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Discussion
Compared with previous techniques using ERs, including PA topogra-
phy through an ER (PATER)38, PA microscopy through an ER (PAMER)39 
and PA imaging through a spatiotemporal encoder (PAISE)41, 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 enables both 3D and 4D in vivo imaging in animals and humans. 
Second, previous techniques are not suited for long-term imaging in 
unstable environments. This is 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 
transducers that are resin-coupled to the ERs, making them susceptible 
to mechanical vibrations and thermal fluctuations, therefore requiring 
periodic recalibration. By contrast, PACTER uses an integrated trans-
ducer that is directly fabricated onto the ER, enhancing sensitivity over 

a

d

y

x

f

Before cu�ing During After

h

b c

x
y

z

x
y

z

e Before cu�ing During After

g

y

x

Sphygmomanometer

i
P < 0.001

j k
P < 0.001 P = 0.001

l

t1 t1 + 5.96 st0 + 8.24 st0 – 17.10 s t0 t1 – 11.02 s

RecoveryOcclusionRecoveryOcclusion

6 8 10 12 23 10 12 23Occlusion Recovery Occlusion Recovery Slow Fast
Time (s) Time (s)

Time (s)Time (s)

1.0
3

2

1

0

0.5
0.5

1.0 2

20

1

1

0

0

N
orm

. PA am
plitude

N
orm

. PA
am

plitude

1

0

1

0

N
orm

. PA am
plitude

1

0

N
orm

. PA am
plitude

N
orm

. PA
am

plitude change

30

20

10

0

2520151050
0

0.5

1.0

2520151050

1

0
0

1.5

Po
si

tio
n 

(m
m

)

Po
si

tio
n 

(m
m

)

0

0.5

1.0

Po
si

tio
n 

(m
m

)

Po
si

tio
n 

(m
m

)

Ti
m

e 
(s

)

Fl
ow

 s
pe

ed
 (m

m
 s

–1
)

Ti
m

e 
(s

)

0

Fig. 5 | PACTER analysis of human hand haemodynamics in vivo. a, Schematic 
of the human hand imaging experiment. b,c, 3D PACTER images of the thenar 
vasculature of participant 1 (b) and participant 2 (c). d,e, Maximum-amplitude 
projections of the 3D volumes from the 4D PACTER datasets along the z axis in 
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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 

an occlusion rate of 1.3 ± 0.1 m s−1, and the orange curve is a linear fit showing a 
blood flow speed of 16.1 ± 3.1 m s−1. i, Comparison between the durations of the 
occlusion and recovery phases in 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 
in g. The blue curve is an exponential fit with an occlusion rate of 2.4 ± 0.2 m s−1, 
and the orange curve is a linear fit showing a blood flow speed of 26.3 ± 6.4 m s−1. 
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Statistical analysis was performed using a two-sample t-test; P < 0.001. Data are 
mean ± s.e.m. n = 9. For b–e, scale bar, 1 mm.
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a broadband while enabling long-term in vivo imaging in unstable envi-
ronments. Third, all previous works use the two-step iterative shrink-
age/thresholding algorithm for reconstruction62, which can be orders 
of magnitude slower than the fast iterative shrinkage-thresholding 
algorithm (FISTA) algorithm used in PACTER63. For the substantial num-
ber of voxels (80 × 80 × 120) in the 3D volumes imaged 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, owing to the issues associated with previous techniques, they 
are unable to provide human imaging. By contrast, PACTER’s ability to 
capture dynamic changes in vascular occlusion offers clinical potential 
for early detection, enhanced assessment and personalized treatment 
of peripheral vascular diseases.

Although the current implementation of PACTER requires motor-
ized stages for calibration, a pulsed laser for illumination and a data 
acquisition card for data acquisition, these requirements could be ful-
filled using cheaper and more compact alternatives. Given the system’s 
universal calibration ability and the fact that a single calibration dataset 
could remain effective for at least a year (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 
diodes64 and microcontrollers65, 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 
or researchers in 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 
for imaging different body parts in both animals and humans.

Owing to the large dimensions of the ER compared with the acous-
tic wavelength, the PA waves need to propagate a long distance inside 
the ER; therefore, a slight change in the speed of sound due to tem-
perature fluctuations66 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 tissue67. Changing the 
wavelength to 1,064 nm could increase the penetration depth to sev-
eral centimeters17,22. Another limitation of PACTER is the relatively 
small FOV (8 mm × 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 biometrics68. Currently, the dimensions of the prism and 
the rod are selected on the basis of the following design considera-
tions41: (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 
length should 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 a 3D volume of 80 × 80 × 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 is anticipated 
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to be eliminated if the reconstruction algorithm is implemented on a 
GPU. Finally, the spatial resolution of PACTER is currently limited by 
the limited-view effect caused by the acoustic impedance mismatch 
between the object and the ER. This could be addressed in the future by 
adding an impedance-matching layer on top of the ER. Supplementary 
Fig. 20 illustrates three potential implementations of such an acoustic 
impedance-matching layer.

In summary, PACTER—a non-invasive, label-free and ultrafast 
imaging technique—enables 4D imaging of haemodynamics in humans 
using the 1D signal captured by a single detector, achieving an imaging 
speed of up to a thousand 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 enables immediate intervention in the 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 
in remote locations. We envision that PACTER will have an impact on a 
wide range of applications in biomedical research and clinical settings, 
including home care of diabetic-foot ulcers42 or peripheral vascular 
diseases3, point-of-care screening for hypertension44, and simultane-
ous oximetry of both arterial and venous blood in intensive care units45. 
Furthermore, PACTER’s single-shot volumetric imaging concept using 
a single-element detector can extend beyond optical imaging, aiding 
fields such as medical ultrasonography46, underwater sonar47 and air-
borne radar48. For example, PACTER can potentially replace the trans-
duce array for detection in ultrasonography69, thereby substantially 
reducing the system’s cost and complexity (Supplementary Fig. 21).

Methods
Experimental set-up
In the PACTER system, the power of a 5 ns pulsed laser beam at 532 nm 
(INNOSLAB IS8II-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 
PBS was sent to a beam trap (BT610, Thorlabs). The beam transmitted 
through the PBS was expanded by a beam 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 
the beam was sent through a lens (AC254-300-A, Thorlabs) and focused 
on top of the ER. A container with a window at its bottom sealed with an 
optically and ultrasonically transparent disposable polyethylene mem-
brane was filled with bovine blood, which was used as a uniform 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 
eye homogenizer (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-
tic coupling. 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 
a data acquisition card (ATS9350, AlazarTech) installed on a desktop 
computer. A multifunctional input/output device (PCIe-6321, National 
Instruments) was used to control the laser, the motorized stages and 
the data acquisition 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 mm diameter, 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 ergodicity70, the edges 
of the prism were ground by a diamond saw (SYJ-150, MTI) following 
a sawtooth pattern to obtain chaotic boundaries40. 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 
change in the speed of sound due to temperature fluctuations during 
experiments, the whole ER was sealed in a temperature-stabilizing box 
(Supplementary Fig. 18) regulated by a thermocouple (SA1-E, Omega 
Engineering), a heating 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, 
which is suitable for high-frequency transducers with small aperture 
sizes because of the general electrical impedance matching (50 Ω). 
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, a 30 MHz PMN-PT transducer with a small 
active aperture size of 0.4 × 0.4 mm2 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 μm), 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 a backing 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. 5c, the structure of the piezo-element contains a 
silver matching layer, 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 on the prism (on the side of the piezo-element) to connect 
the ground side of the piezo-element.

Data acquisition
A custom-written LabVIEW (National Instruments) program was used to 
trigger the pulsed laser, drive the motorized stages during calibration 
and acquire the data. The PACTER signals were acquired at a 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 µs 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 at each 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
All human and animal imaging experiments were performed in accord-
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-
ing to the protocol. The PACTER system was precalibrated using bovine 
blood, and the participants were enrolled for the imaging procedure 
only. For imaging the vasculature in human hands, after applying ultra-
sound gel, the participants were instructed to place their hands on top 
of the ER. For imaging the human hand haemodynamics in response to 
cuffing, a sphygmomanometer was wrapped around the participants’ 
upper arm (Fig. 5a). To induce blood vessel occlusion, the sphygmoma-
nometer was inflated to a high pressure (200 mmHg), maintained for 
a short time (around 15 s) and then quickly released; the total imaging 
time was 30 s. For imaging haemodynamic changes in human foot 
vessels, a sphygmomanometer 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−2) 
was within the American National Standards Institutes (ANSI) safety 
limit for laser exposure (20 mJ cm−2 at 532 nm)71.

Animal preparation
Female athymic nude mice (Hsd: Athymic Nude-Foxn1nu, 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 anaesthesia induction. 
It was then transferred to a customized animal mount, which has a hole 
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 (5508T44, 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 × 10 mm sheets and placed on top 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 with water. Bar patterns were printed with black ink on a transpar-
ent film (ITF-30, Octago), cut into 10 mm × 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 embedded in a 4% agarose block (A-204-25, GoldBio), 
and the block was placed into the water-filled customized container 
during imaging. Polyurethane tubes (MRE025, Braintree Scientific; 

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

PACTER reconstruction
In PACTER, the signal s(t) detected by the ultrasonic transducer at time 
t in a homogeneous medium is expressed as (Supplementary Note 3)

s(t) =
N

∑
n=1

kn(t) ∗
M

∑
m=1

p0,m
1[0,θl](θm,n) cosθm,n

‖r′m − rn‖
δ(t −

‖r′m − rn‖
c

), t ≥ 0. (1)

Here, M and N are the numbers of the source points and the calibrated 
virtual transducers, respectively; kn(t) is the normalized impulse 
response from the calibration at the nth virtual transducer; r′m and rn 
are the locations of the mth source point and the nth virtual transducer, 
respectively; p0,m is a value proportional to the initial pressure at r′m; 

θm,n denotes the incidence angle satisfying cosθm,n =
(r′m−rn)⋅n
‖r′m−rn‖

 with n 

being the normal vector of the calibration plane; θl is the critical angle 
the ultrasonic refraction from water to fused silica; 1[0,θl] represents the 
indicator function defined in supplementary equation (6); c is the speed 
of sound in the homogeneous medium; δ(t) 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 account72.

Discretizing equation (1), we obtain the forward model

s = Hp0, (2)

where s represents a vector of length L, p0 denotes a vector of length 
M = (M1M2M3) which consists of all voxels in a 3D image of size 
M1 × M2 × M3, and H is the system matrix of size L × M. This forward 
model has a computational complexity of max{O(MN),O(NLlog2[L])}. 
To obtain an image from the signals s, we invert the forward model by 
solving the regularized optimization problem

p̂0 = argmin
p0∈ℝM ,p0≥0

‖HP0 − s‖2 + λ|p0|TV. (3)

Here, |p0|TV denotes the total variation (TV) of the 3D image corre-
sponding to p0, and λ is the regularization parameter. TV regularization 
aids in transforming an image into a new 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 algorithm63. We chose an iteration number 
of 8 for the FISTA algorithm, considering the trade-off between the 
reconstruction image quality and the image reconstruction time. This 
choice was determined through a series of experiments in which we 
analysed the impact of different iteration 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 × 80 × 120 voxels, the image reconstruction time was approximately 
600 s running on a CentOS Linux 7 system with Intel Xeon Gold 6130 
CPU @ 2.10 GHz.

Image processing
The reconstructed images were first denoised using a 3D median filter 
(in the 3-by-3-by-3 neighbourhood) and smoothed using a 3D Gaussian 
filter (with a 0.1-by-0.1-by-2 standard deviation kernel). We then applied 
a Hessian-matrix-based vesselness filter73 to the denoised images to 
improve the contrast of vascular structures in 3D. The effects of these 
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filters are illustrated in Supplementary Fig. 23, in which both the inter-
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. The images were rendered in 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 − x0)2/w2), where the centre positions and widths of the vessels 
were estimated from x0 and 2√ln 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 vessels in Fig. 5 
and Extended Data Fig. 3 were obtained through thresholding the PA 
amplitude profiles. Denoting the total length of the blood vessel profile 
as Lp, we fitted the positions of the blood front along the blood vessels 
during the occlusion and recovery phases with do(t) = a exp(−vot/Lp) 
and dr(t)=−vrt + b, respectively, where a and b were constants, vo was 
the occlusion rate and vr was the blood flow speed. The durations of 
the occlusion and recovery phases were estimated by to = 3Lp/vo and 
tr = 0.95Lp/vr, respectively, which were the time it took for the blood 
front to propagate 95%, that is, 1 − exp(−3), of Lp. To determine whether 
the differences between to and tr were significant, we applied a Welch’s 
(unequal variances) t-test to determine the P values under the null 
hypothesis that the mean values of to are not different from those of tr. 
The same t-test was also performed to determine whether the differ-
ence between the blood flow speeds in Fig. 5l was significant.

Reporting summary
Further information on research design is available in the 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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Extended Data Fig. 1 | PACTER of mouse haemodynamics in vivo. a, 3D PACTER 
image of the abdominal vasculature of mouse 3. Norm., normalized. b, Cross-
sectional 2D images corresponding to the yellow rectangle in a at four different 
time instances from the 4D PACTER datasets. t0 = 0.49 s. The white solid curve 
represents a two-term Gaussian fit of the vessels’ profile denoted by the yellow 
dashed line. Differences from the first image are highlighted in colour. c, PA 
amplitudes along the yellow dashed line (1D image) in b versus time, where the 

time instances in b are labelled with vertical grey lines. d, Blue solid and orange 
dash-dotted curves represent the centre positions and widths of the vessel on 
the left (based on the first term of the Gaussian fit in b) versus time. Shaded 
areas denote the standard deviations (n = 5). e, Fourier transforms of the centre 
positions and widths of the vessel in d, showing the respiratory frequency from 
the vessel widths only. Scale bars, 1 mm.
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Extended Data Fig. 2 | PACTER of human hand vasculature in vivo. a,c–e, 3D PACTER images of the vasculature in a middle finger (a), an index finger (c), a proximal 
phalanx region (d), and a thenar region (e). Norm., normalized. b, Photograph of a human hand showing the imaged regions. Scale bars, 1 mm.
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Extended Data Fig. 3 | PACTER of human hand haemodynamics in vivo. a, 3D 
PACTER image of the thenar vasculature of participant 1, in a region different 
from that in Fig. 5b. Norm., normalized. b, Maximum amplitude projections of 
the 3D volumes from the 4D PACTER datasets along the z axis in a at the time 
instances before, during, and after cuffing. t0 = 15.34 s. The solid lines flank 
the vessel under investigation. Differences from the t0 image are highlighted 
in colour. c, PA amplitudes along the vessel (1D image) in b versus time, where 
the time instances in b are labelled with vertical grey lines. The blue and 

orange arrows indicate peak responses in the occlusion and recovery phases, 
respectively. d, Positions of the blood front along the blood vessel during 
the occlusion (left) and recovery (right) phases in c. The left blue curve is an 
exponential fit with an occlusion rate of 0.6 ± 0.1 m/s, whereas the right orange 
curve is a linear fit showing the blood flow speed of 21.6 ± 7.9 m/s. e, Comparison 
between the durations of the occlusion and recovery phases in d. P < 0.001, 
calculated by the two-sample t-test. Error bars, means ± standard errors of the 
means (n = 9). Scale bars, 1 mm.
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Extended Data Fig. 4 | PACTER of haemodynamic changes in human foot 
vessels. a, 3D PACTER images of the foot vessels of participant 3, in a region 
different from that in Fig. 6b, before (left) and after (right) vascular occlusion. 
Norm., normalized. b, Maximum amplitude projections of the 3D volumes from 
the 4D PACTER datasets along the z axis in a. t0 = 0 s. The blue and orange circles 

indicate regions of a vein and an artery, respectively. c, Difference between the 
two images in b. d, Relative PA signals of the venous and arterial regions indicated 
by the blue and orange circles in b and c. The shaded areas denote the standard 
deviations (n = 5). The arrows and vertical lines indicate the start times of 
occlusion and recovery. Scale bars, 1 mm.
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Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection LabVIEW 2018 (National Instruments) and MATLAB 2020b (MathWorks). The system-control software and the data-collection software are 
proprietary and used in licensed technologies, yet they are available from the corresponding author on reasonable request.

Data analysis MATLAB 2020b (MathWorks) and Imaris 7.4.2 (Bitplane). The reconstruction algorithm and data-processing methods are described in detail in 
Methods. The reconstruction codes are proprietary and used in licensed technologies, yet they are available from the corresponding author 
on reasonable request.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

The data supporting the findings of this study are provided within the paper 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.

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Sex and gender were not considered in the study design.

Reporting on race, ethnicity, or 
other socially relevant 
groupings

This study did not require the consideration of socially constructed or socially relevant categories as variables. Our protocol 
allowed for the recruitment of patients from all races, ethnicities and other socially relevant groups.

Population characteristics Three healthy adult participants were recruited for this study.

Recruitment The participants were recruited through posters. Signed informed consent forms were obtained from the participants before 
the study.

Ethics oversight All the human imaging experiments followed a protocol approved by the Institutional Review Board (IRB) of the California 
Institute of Technology.

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

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size We imaged three mice and three healthy human participants. No sample-size calculation was performed. The numbers of mice and human 
participants were chosen to show the applicability of the imaging technology.

Data exclusions No imaging data were excluded.

Replication Similar imaging results have been obtained over multiple measurements with reported sample sizes. The sample was imaged multiple times 
during each experiment. All replication attempts were successful.

Randomization The experiments were not randomized. Randomization was not relevant to the study because we did not compare between samples.

Blinding Blinding was not applicable during the experiments and during outcome assessments because we did not compare between samples or 
populations.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Animals and other research organisms
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-Foxn1nu, 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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