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Photoacoustic vector tomography for deep 
haemodynamic imaging

Yang Zhang1,3, Joshua Olick-Gibson1,3, Anjul Khadria    1 & Lihong V. Wang    1,2 

Imaging deep haemodynamics non-invasively remains a quest. Although 
optical imaging techniques can be used to measure blood flow, they are 
generally limited to imaging within ∼1 mm below the skin’s surface. Here we 
show that such optical diffusion limit can be broken through by leveraging 
the spatial heterogeneity of blood and its photoacoustic contrast. 
Specifically, successive single-shot wide-field photoacoustic images of 
blood vessels can be used to visualize the frame-to-frame propagation 
of blood and to estimate blood flow speed and direction pixel-wise. The 
method, which we named photoacoustic vector tomography (PAVT), allows 
for the quantification of haemodynamics in veins more than 5 mm deep, as 
we show for regions in the hands and arms of healthy volunteers. PAVT may 
offer advantages for the diagnosis and monitoring of vascular diseases and 
for the mapping of the function of the circulatory system.

In vivo haemodynamic imaging provides invaluable functional informa-
tion in tissues and organs. Biomedical optical imaging techniques, such 
as Doppler-based methods1 (laser Doppler flowmetry2, Doppler opti-
cal coherence tomography3), speckle-based methods4 (laser speckle 
contrast imaging5) and red-blood-cell-tracking methods (confocal 
microscopy6) can map the dynamics of blood flow owing to the intrinsic 
optical contrast of blood. However, these techniques suffer from shal-
low depth penetration because of strong ballistic light attenuation in 
biological tissue. Thus, imaging blood flow with fine spatial resolution 
at depths beyond the optical diffusion limit (>1 mm)7 by pure optical 
imaging remains challenging. Unlike pure optical imaging modalities, 
photoacoustic tomography (PAT) combines optical absorption contrast 
with low scattering ultrasonic detection to enable high spatiotemporal 
resolution and deep tissue imaging of endogenous chromophores, 
such as haemoglobin8. As such, PAT is uniquely positioned as a func-
tional, anatomical and molecular modality that can image blood vessels 
beyond the optical diffusion limit with fine spatial resolution7.

PAT primarily has three main forms of implementation: optical 
resolution photoacoustic microscopy (OR-PAM), acoustic resolution 
photoacoustic microscopy (AR-PAM) and photoacoustic computed 
tomography (PACT) (ref. 7). All three techniques have excellent optical 
contrast for imaging blood vessels, yet only OR-PAM has been shown 
to measure blood flow in vivo9. OR-PAM uses point-by-point scanning 

of an optical focus to enable transverse spatial resolution on the order 
of micrometres7. As such, OR-PAM can measure blood flow by tracking 
individual red blood cells (RBCs) whose diameters range from 7–8 μm10. 
However, this measurement is limited to the optical diffusion limit in 
biological tissue because of the inability to focus light beyond one 
transport mean free path11. AR-PAM employs raster scanning of an 
acoustic focus for three-dimensional (3D) imaging at acoustic resolu-
tion11. Because the resolution in AR-PAM is sacrificed to image deeper 
than OR-PAM, deep blood flow measurement is challenging because 
individual RBCs cannot be resolved. Similar in principle to AR-PAM, 
acoustic resolution photoacoustic doppler flowmetry (AR-PAF) uses 
wide-field illumination and a single-element focused transducer to 
calculate A-line cross-correlations between photoacoustic (PA) wave-
forms. Previous work has demonstrated that ex vivo whole-blood veloc-
ity measurement is possible for high centre frequency (fc) transducers 
(fc ≥ 30 MHz) using AR-PAF (ref. 12), but in vivo blood flow measurement 
beyond the optical diffusion limit remains an outstanding hurdle. 
Conversely, PACT uses wide-field illumination coupled with an array 
of ultrasonic detectors to image vasculature at depths beyond the 
optical diffusion limit with acoustic resolution13. Generally speaking, 
measuring blood flow in deep tissue with PACT is challenging because 
(1) compared with OR-PAM, PACT has a lower resolution, preventing 
it from being able to resolve individual RBCs; (2) the photoacoustic 
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region in the white box in Fig. 1c (further data processing details can be 
found in Methods). We then apply a pixel-wise flow estimation algorithm 
to the images, extracting both the direction and magnitude of the blood 
flow inside the vessel. As shown in Fig. 1d, this map shows a laminar flow 
pattern in the lumen region, with a higher speed through the centre of 
the vessel and a lower speed at the edges.

To characterize the system resolution, we imaged a lead point 
source (actual diameter 50 μm). Figure 2a shows an axial resolution 
of 125 μm and a lateral resolution of 150 μm. To determine the mecha-
nism for flow detectability and validate the speed estimation accuracy 
of PAVT, we designed a blood flow phantom to closely mimic in vivo 
circulation. Figure 2b shows the set-up for the flow phantom, in which 
a converging bifurcation is fabricated by two inlet channels (C1 and 
C2) feeding into an outlet channel (C3). While imaging the outlet chan-
nel, five measured speeds were validated against preset syringe flow 
speeds. The results in Fig. 2c show strong agreement between the 
measured and preset values for all five speeds. These results were 
validated against Doppler ultrasound measurements (Supplementary 
Fig. 4) as well. In addition, we tested the limits of speed detection. The 
slowest measured flow was ∼0.04 mm s−1, while the fastest measured 
flow was ∼100 mm s−1 (Supplementary Fig. 5). Finally, we found that 
the speed measurement is unaffected by the angle of the vessel relative 
to the probe (Supplementary Fig. 6). The mechanism for flow detect-
ability is demonstrated in Fig. 2d–i. Figure 2d,f,h show the structural 
images of channels C1, C2 and C3, respectively, before (top) and after 
(bottom) the induction of pressure fluctuations in the inlet channels, 
whereas Fig. 2e,g,i show the corresponding vector flow maps for each 
channel and scenario. Figure 2d–g show suppressed lumen signals and 
no flow detectability (97% relative error for measured mean speeds of 
0.1 mm s−1 versus ground truth of 3.3 mm s−1) in the inlet channels C1 
and C2 with and without pressure fluctuations. The measured relative 
visibility index is 0.003 ± 0.007 (n = 40) for the bottom panel of Fig. 2d.  
In Fig. 2h (top), the structural image for outlet channel C3 shows a 
detectable signal in the centre of the channel, which probably arises 
from the mixing of blood from each inlet channel, thus producing a 
detectable non-uniformity at the centre of the outlet channel. The vec-
tor flow image in Fig. 2i (top) shows weak flow detectability (80% rela-
tive error for measured mean speed of 0.6 mm s−1 versus ground truth 
of 3.3 mm s−1). The measured relative visibility index is 0.098 ± 0.005 
(n = 40) for Fig. 2h (top). After the induction of pressure fluctuations in 
the inlet channels, the structural image in Fig. 2h (bottom) shows the 
non-uniformity dispersed throughout the lumen region (Supplemen-
tary Video 2), allowing us to clearly track the flow (2.5% relative error for 
measured mean speed of 3.4 mm s−1 versus ground truth of 3.3 mm s−1) 
in the vector flow map shown in Fig. 2i (bottom). The measured rela-
tive visibility index is 0.128 ± 0.006 (n = 40) for Fig. 2h (bottom). Thus, 
we conclude that the visibility of the photoacoustic lumen signals is 
enhanced by spatial heterogeneity in the blood.

Representative PAVT images of four blood vessels at depths 
beyond the optical diffusion limit are shown in Fig. 3. Figure 3a shows 
a vessel in the wrist (Supplementary Video 3), imaged at an optical 
wavelength (λ) of 1,064 nm and a pulse repetition frequency (PRF) of 
100 Hz. The vessel has a varying diameter along its longitudinal axis 
with a high flow speed in the upstream narrower region (probably due 
to smooth-muscle contraction) and a lower flow speed in the down-
stream dilated region. Figure 3b shows a vessel in the palmar region 
imaged at a PRF of 100 Hz with an isosbestic wavelength (805 nm) of 
oxy- and deoxyhaemoglobin (Supplementary Video 4). Demonstration 
of flow measurements at other wavelengths can be found in Supple-
mentary Fig. 7 and Video 5. In Fig. 3c,d, the structural images of two 
different forearm vessels acquired at λ = 1,064 nm and PRF = 20 Hz 
show that the distances from the skin surfaces to the axes of the vessels 
are 3.5 mm and 5.5 mm, respectively, with the vector maps confirming 
that the blood flow is still detectable (Supplementary Videos 6 and 7). 
For Fig. 3c,d, the measured signal-to-noise ratio values at the centre 

signals within the lumen of a vessel are suppressed relative to the signals 
at the boundaries due to the random summation of absorption signals 
from millions of RBCs in each lumen imaging voxel, thus rendering 
PACT as ‘speckle-free’14. While recent work has utilized PACT speckle 
field decorrelation to extract velocity measurements in ink phantoms 
and chicken embryos, direct imaging of blood flow beyond the optical 
diffusion limit has remained elusive15.

In this Article, we report photoacoustic vector tomography (PAVT) 
as a framework for obtaining vector maps of human blood flow by 
photoacoustics beyond the optical diffusion limit. The key features of 
this framework can be summarized as follows: (1) The synergy between 
the spatial heterogeneity of blood and the photoacoustic contrast pro-
duces strong photoacoustic signals in the lumen of the blood vessels. 
(2) Successive compilation of single-shot, wide-field photoacoustic 
images allows for the direct visualization of blood flow throughout the 
lumen. (3) Applying pixel-wise motion estimation algorithms to the 
reconstructed images generates blood-flow vector maps with speed 
and direction quantification.

By means of simulation and validation in phantoms, we show that 
PAVT blood flow measurements are facilitated by the heterogeneity 
of blood. We assessed the accuracy of this measurement through 
trials on ex vivo blood in which measured flow speeds were validated 
against known values. We acquired images in the vessels of the hand 
and arm regions of healthy participants using a linear ultrasound array 
probe coupled to an optical fibre bundle. We show in vivo that vec-
tor flow maps can be obtained in blood vessels greater than 5 mm in 
depth. We also show that vector flow imaging can be used to measure 
unique flow patterns at irregular interfaces in the blood vessel, such 
as valve regions. Lastly, we measured the in vivo functional PA blood 
flow responses to the inflation and release of a blood-pressure cuff. This 
work establishes PAVT as a viable imaging technique for the monitoring 
and diagnosis of vascular diseases and for the mapping of the function 
of the circulatory system.

Results
The principle of PAVT for deep haemodynamic imaging is illustrated in 
Fig. 1. Figure 1a shows the schematic of the system. An ultrasonic probe 
is placed on top of the skin and a laser delivers light through a fibre 
bundle to the blood vessels. The haemoglobin content within RBCs 
absorbs the light and converts it into heat. On the basis of the known 
photoacoustic effect, acoustic waves are generated through thermoe-
lastic expansion and detected by the ultrasonic probe. The data are then 
streamed to the computer through the data acquisition (DAQ) module, 
and we employ the universal back projection algorithm16 to reconstruct 
the images. Figure 1b illustrates the effect of blood heterogeneity (RBC 
spatial distribution) on the visibility of the signals arising from the lumen 
region of the blood vessel. For uniform blood, the simulated photoa-
coustic signals from the lumen region are suppressed relative to the 
signals at the boundaries (known as the boundary build-up effect14), 
resulting in little visibility in the lumen region of the image, whereas in 
non-uniform blood, the simulated photoacoustic signals from the lumen 
region show an increased amplitude, resulting in heightened visibility 
in the lumen region relative to the uniform case. Modelling of the spatial 
heterogeneity of blood and details about the simulation can be found 
in Methods and Supplementary Figs. 1–3. Figure 1c is a representative 
in vivo photoacoustic image of a blood vessel located beyond 1 mm 
depth. Similar to the simulated image in the non-uniform case, the in vivo 
image shows detectable signals from the lumen region of the blood 
vessel. To quantify the heterogeneity of the blood, we define a relative 
visibility index (γ) as Sl−Sn

Sb−Sn
, where Sl denotes the mean lumen signal, Sb 

the mean boundary signal and Sn the mean background signal (Meth-
ods). The measured relative visibility index for the vessel in Fig. 1c is 
0.15 ± 0.01 (n = 10). After acquiring multiple frames of data, we can 
clearly visualize the propagation of the lumen signals from frame to 
frame (Supplementary Video 1), as shown in the magnified view of the 
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of vessel lumen regions were 14.1 and 5.8, respectively, whereas the 
contrast-to-noise ratio values were 7.1 and 2.5, respectively. In vivo 
validation of PAVT with ultrafast Doppler ultrasound can be found in 
Supplementary Fig. 8.

A carpal tunnel vein with a valve is shown in Fig. 4 (Supplementary 
Video 8), as indicated by the white circles in Fig. 4a. The vector maps 
and speed profiles in Fig. 4b,c and d, respectively, indicate a higher 
speed in the narrow-diameter intra-valve region and lower speeds in 
the wider-diameter regions surrounding the valve. In Fig. 4e,f, magni-
fied views of the regions indicated by the white boxes show a converg-
ing flow pattern within the valve. Furthermore, the magnified vector 
maps highlight the sinus pocket regions17 above and below the valve 
boundaries, as shown by the dashed lines in Fig. 4e,f.

To evaluate functional changes, we measured a participant’s 
blood flow before, during and after inflating a blood-pressure cuff. 
The cuff was placed against the brachial vein in the upper left arm, and 
the imaged vessel was located in the metacarpal region, distal to the 

application site of the cuff. Fractional speed changes were measured 
relative to the baseline flow. Figure 5 shows a flow speed decrease of 
∼70% while the cuff was inflated, followed by a transient flow speed 
increase of ∼350% upon release of the cuff and eventually a steady-state 
return to the baseline (Supplementary Video 9). The 70% drop can be 
explained by incomplete cuffing, whereas the transient increase could 
be due to an immediate pressure release in the metacarpal vessel. This 
experiment was repeated for multiple participants, with flow speed 
responses reported in Supplementary Fig. 9.

Discussion
We have shown that photoacoustics can be used to image human blood 
flow beyond the optical diffusion limit. Through phantom experiments, 
we validated the mechanism and accuracy of this measurement. By 
employing in vivo vector flow analysis, we have demonstrated the 
versatility of PAVT across laser PRF, laser wavelength and depths. 
Furthermore, we have shown that in the vicinity of valves PAVT can 
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resulting in heightened visibility in the lumen region relative to the uniform case. 
c, Top: structural images of a blood vessel are reconstructed in real time. Bottom: 
magnified view of the region in the white box in the top image shows that the 
image features in the lumen region (beyond 1 mm depth) can be tracked in 
successive images at timepoints t1 to t4. d, Top: reconstruction of a blood flow 
speed map after tracking all of the features in the field of view. Bottom right: 
quantitative representation of the flow vector fields overlaid on the speed map. 
Bottom left: magnified view of the region in the white box in the top image shows 
that the flow has a laminar pattern.
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measure flow patterns that deviate from typical laminar flow. In tracking 
the flow speed changes in response to a blood-pressure cuff, we have 
established PAVT as a powerful imaging technique that can perform 
functional measurements of blood flow in deep vessels. As such, PAVT 
outperforms existing purely optical methods for deep haemodynamic 
imaging and complements ultrasound imaging18–20 by simultaneously 
providing haemoglobin-based molecular contrast21.

There is an inherent trade-off between imaging depth and laser 
PRF. For instance, the American National Standards Institute’s (ANSI) 
safety limit for skin exposure at a laser wavelength of 1,064 nm is 
50 mJ cm−2 and 10 mJ cm−2 at a laser PRF of 20 Hz and 100 Hz, respec-
tively22. Therefore, if one wishes to maximize laser fluence to image 
deep blood vessels with a high signal-to-noise ratio, one must neces-
sarily decrease the laser PRF to satisfy the ANSI limit. This trade-off is 
exemplified in Fig. 3, in which we used a 20-Hz laser PRF to image blood 
flow at a depth of ∼5.5 mm (Fig. 3d), whereas we used a 100-Hz laser PRF 
to image blood flow at a depth of ∼1.5 mm (Fig. 3a). The effect of the 
frame rate on speed estimation is further expounded in Supplemen-
tary Fig. 10. Starting with a dataset acquired at a 100-Hz PRF over 1 s, 
we downsampled the images at effective frame rates of 50, 20, 10 and 
5 Hz. The mean speeds showed reasonable agreement (within 1 s.d. 
of the 100-Hz upsampled mean speed), at frame rates of 50, 20 and 
10 Hz, with an underestimation at 5 Hz (relative error of 89%). These 
results are consistent with equation (8), in which the calculated flow 

pattern correlation length and flow speed of ∼0.6 mm and 2 mm s−1, 
respectively, correspond to a minimum required laser PRF of 6.7 Hz 
according to the Nyquist sampling theorem23.

To clearly visualize the flow, we employed two post-processing 
techniques before velocity quantification. First, we implemented a 
singular value decomposition (SVD)-based spatiotemporal filter to the 
reconstructed photoacoustic images to extract the dynamic features 
(that is, blood flow). Next, we applied amplitude-based logarithmic 
compression24 to the filtered images to highlight the lumen signals. 
As shown by the dashed lines in Supplementary Fig. 11, each of these 
steps may be implemented individually or together. The accuracy of 
these methods is demonstrated in Supplementary Fig. 12, in which we 
consider a representative phantom dataset. The relative errors for Sup-
plementary Fig. 12a–d were 29, 6.9, 1.4 and 0.3%, respectively, indicating 
that implementing SVD and logarithmic compression yields the most 
accurate results, albeit with modest improvement over implementing 
logarithmic compression without SVD.

In addition, we applied a pixel-wise noise floor filtering method 
(details in Methods) before generating the final vector flow maps. The 
effect of this procedure is demonstrated in Supplementary Fig. 13, 
in which we consider a phantom dataset with a mean flow speed of 
4.11 mm s−1 as the ground truth. Supplementary Fig. 13a shows the esti-
mated speed map when averaging across all frames for each pixel, yield-
ing a calculated mean speed of 3.93 mm s−1 (relative error of 4.5%). This 
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Fig. 2 | System characterization and phantom validation. a, Image of a lead 
point source (actual diameter 50 μm), showing axial and lateral resolutions of 125 
and 150 μm, respectively. b, Blood phantom set-up with inlet channels C1, C2 and 
outlet channel C3. c, Measured flow speeds plotted against preset syringe flow 
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3.6, 3.4, 4.2 and 2.0 %, respectively (n = 6,859). Orange line represents the preset 
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(top) and after (bottom) the induction of pressure fluctuations. e,g,i, Vector flow 
maps in channels C1, C2 and C3, respectively, before (top) and after (bottom) the 
induction of pressure fluctuations.
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underestimation is because when calculating pixel-wise frame-to-frame 
motion, low-speed noise measurements may erroneously be incorpo-
rated into the velocity quantification due to spatial gaps in the propa-
gating flow pattern (as shown in the bottom panel of Fig. 2h). To avoid 
this underestimation, we calculated the temporal standard deviation of 
each pixel’s speed measurements to form a pixel-wise noise floor, below 
which frames with low speeds (that is, measurements due to noise) were 
excluded. Supplementary Fig. 13b shows the estimated speed map when 
averaging across the remaining frames, yielding a calculated mean 
speed of 4.07 mm s−1 (relative error of 0.9%).

An important aspect of PAVT is that it can detect variations in flow 
patterns throughout the lumen of the blood vessel. Figure 4 highlights 
key features regarding the detectability of PAVT in blood vessel regions 
containing valves. From a structural standpoint, it is important to note 
that the valves in the venous extremities, such as the one imaged in this 
work, are composed of endothelial cells and connective tissue25, for 
which photoacoustic imaging does not have high contrast relative to 
haemoglobin. However, similar to the walls of the blood vessels, the valve 
can be considered as a sub-boundary of the blood, and we can detect the 
sub-boundaries of these structures due to the boundary build-up effect. 

Our PAVT images reveal that we can detect complex vector flow patterns 
in the regions surrounding the valves, and our speed profiles in Fig. 4d are 
consistent with that predicted by the continuity equation26, showing a 
higher speed in the narrow-diameter intra-valve region and lower speeds 
in the wider-diameter regions before and after the valve (relative error 
of 3.2%). We also demonstrated the ability to measure temporal changes 
in the flow speed due to the application of a blood-pressure cuff, thus 
establishing a basis for detecting functional responses. Furthermore, we 
observed naturally occurring temporal blood flow changes in a vertically 
oriented hand, possibly due to the counteracting force of gravity against 
the venous one-way valves (Supplementary Video 12).

Here we consider the most likely hypothesis for the mechanism 
of blood flow detectability by PAVT. We designed a flow phantom  
(Fig. 2) to closely mimic in vivo circulation, this phantom consisting of 
a converging bifurcation that has two inlet channels and an outlet 
channel with diameters roughly corresponding to Murray’s law27 (that 
is, the cubic of the vessel radius r  is conserved: r3out = r3in1 + r3in2, where 
‘out’ denotes the outgoing branch and ‘in1’ and ‘in2’ denote the two 
incoming branches, respectively). Because whole blood is uniform, we 
were unable to image baseline blood flow in either of the inlet channels. 
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However, as shown in the top panel of Fig. 2h, the converging bifurca-
tion produced a detectable non-uniformity of RBC distribution in the 
centre of the outlet channel. Furthermore, inducing pressure fluctua-
tions in the inlet channels resulted in the dispersion of this 
non-uniformity throughout the lumen of the outlet channel, allowing 
us to clearly visualize the blood flow. From a physiological perspective, 
converging bifurcation structures merging dissimilar blood naturally 
occur throughout the venous system28 and pressure fluctuations can 
be induced by the opening and closing of one-way valves in the veins, 
as well as by smooth-muscle contractions. In validating the flow speed 
measurements with the preset syringe flow speeds, we hypothesize 
that the two aforementioned factors facilitate in vivo flow measure-
ment by inducing blood spatial heterogeneity that is detectable at our 
probe’s centre frequency.

For completeness, we also consider the hypothesis that PAVT flow 
measurement is facilitated by the propagation of oxygen saturation 
(sO2) heterogeneities. This hypothesis is reasonable due to PA’s selec-
tive contrast to oxy- and deoxyhaemoglobin at most wavelengths. 
However, as shown in Fig. 3, we were able to measure flow even at an 
isosbestic wavelength of 805 nm, effectively ruling out this hypothesis.

Moreover, we demonstrated that PAVT blood flow measurement 
is versatile, with consistent speed measurements across three different 
laser wavelengths (750 nm, 805 nm and 900 nm) in the near-infrared 
spectral region (Supplementary Fig. 7) while imaging a palmar vein, 
indicating that spectral PAVT measurement of blood flow and sO2 is 
achievable. The sO2 and blood flow maps of vessels in three different 
regions are shown in Supplementary Fig. 14. Using linear unmixing with 
surface fluence compensation29 for each vessel, we calculated sO2 values 
of 66, 73 and 65%, respectively, which agree with accepted literature 
values in healthy participants30. While methods such as Doppler ultra-
sound and pulse oximetry can each individually image blood flow and 
sense systemic arterial oxygen saturation without imaging, respectively, 
PAVT can simultaneously image these physiological parameters, which 
can provide crucial information regarding brain function31 and hallmarks 
of cancer, such as angiogenesis and hypermetabolism32. In addition 
to providing simultaneous sO2 and blood flow measurements, PAVT 
may have clinical advantages over Doppler ultrasound due to its angle 

independence, as shown in Supplementary Fig. 6. Furthermore, PAVT 
has the ability to measure extremely slow flow (relative error of 4.3% for 
measured speed of 0.039 mm s−1 versus a ground truth of 0.041 mm s−1), 
as shown in Supplementary Fig. 5. Doppler ultrasound, on the other hand, 
is unable to measure flow that is this slow (relative error of >100% for 
measured speed of 0.41 mm s−1 versus a ground truth of 0.041 mm s−1).

Although we have shown that PAVT can be efficacious in veins, 
there remains an outstanding hurdle to image blood flow in arteries. 
Our hypothesis for the inability to measure arterial flow relates to the 
visibility of the lumen–blood signals. For PAVT flow measurement, two 
factors are required: a sufficient visibility of the lumen–blood signals 
and a sufficient imaging frame rate to track the movement. It is known 
that arterial flow is, on average, faster than venous flow. Although the 
speed of blood certainly affects whether we can accurately measure 
blood flow at a given imaging frame rate, it is not directly related to 
flow visualization. As shown in our arterial images (Supplementary 
Fig. 15, and Videos 10 and 11), we cannot visualize the lumen signals, 
which means that there would not be a sufficient signal to track even 
if the blood flow was slowed down. The measured relative visibility 
indices for the arteries in Supplementary Fig. 15a,c were 0.008 ± 0.010 
(n = 10) and 0.002 ± 0.004 (n = 10), respectively, which are much lower 
than those in the vein, that is, 0.15 ± 0.010 (n = 10) in Fig. 1. These results 
confirm the insufficient heterogeneity of the arterial lumen signals 
relative to that of the veins. Furthermore, as shown in our phantom 
experiment (Supplementary Fig. 5), we measured blood flow as fast as 
100 mm s−1, which should be sufficient for many arteries in the regions 
that we imaged. Together, these results support our hypothesis that 
the limiting factor for PAVT arterial flow measurement is the visibility 
of the lumen signals, rather than the speed of the blood. From a physi-
ological perspective, this hypothesis is reasonable because by the time 
blood from the venous circulation returns to the heart and transitions 
to the arterial circulation, the blood has become well-mixed and more 
uniform. As such, the spatial heterogeneity that highlights the photoa-
coustic signals in the venous blood is no longer present.

In its current stage, PAVT may be capable of clinical implementa-
tion, as it extends the photoacoustic blood flow measurement to five 
times beyond the optical diffusion limit. In principle, PAVT is not limited 
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to the linear array probe that we employed in this work. As such, future 
work may extend this technique to other array geometries such as the 
ring array and hemispherical array that provide more complete acous-
tic views for enhanced image quality. Specifically relevant to this study, 
peripheral vascular diseases such as chronic venous insufficiency33 
and varicose veins33 can be diagnosed by imaging blood flow in the 
extremities. Future studies may also extend this approach to other 
regions of the human body for applications such as breast cancer34 
and functional brain imaging35,36.

Although veins carry ∼75% of the total blood volume in the circula-
tory system, measuring blood flow in both veins and arteries provides 
more complete clinical information for diagnosing and preventing 
disease. The clinical impact of this technique will be fully realized 
when we can perform metabolic imaging of physiological systems. 
The metabolic rate of oxygen consumption (MRO2)37 for a system 
can be estimated by measuring the blood flow, total haemoglobin 
concentration and oxygen saturation of the major input and output 
vessels (that is, arteries and veins, respectively). Although in its cur-
rent state, PAVT can only measure blood flow in veins, the principle of 
mass conservation can be applied to estimate the arterial inflow rate 

from the venous outflow rate. As such, metabolic imaging with PAVT 
may be a not-so-distant clinical possibility. For example, early breast 
cancer detection can be aided by monitoring tumour-induced changes 
in MRO2 (ref. 34).

PAVT extends the depth of photoacoustic blood flow measurement 
to five times further than what was previously considered possible. 
However, there will always be a clinical need to push this limit even 
further. In this work, we employed a 15-MHz probe to image blood flow 
within 5 mm depth. Extending this depth further is primarily limited 
by the acoustic attenuation arising from the high centre frequency of 
our probe, as well as by the fact that the vessel lumen signal is weaker 
than the boundary signal. Future work should therefore explore the 
implementation of lower-frequency probes to image blood flow at 
centimetre-level depth at the expense of lower resolution. If the spa-
tial heterogeneity of blood becomes unresolvable, its detectability 
may decrease. As such, PAVT may eventually provide simultaneous 
measurements of cerebral blood flow, haemoglobin concentration and 
oxygen saturation for functional human brain imaging. Furthermore, 
centimetre-level depth would enable imaging of both the carotid artery 
and the jugular vein, thus making cerebral metabolic imaging possible.
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b, Vector maps for relative flow measurements at four different timepoints 
throughout the experiment: the baseline flow (top left), the flow during cuff 
inflation (top right), the flow during release (bottom left) and the flow after 
release (bottom right). c, Discrete-time sequence for relative flow speed changes. 
The flow speed decreased by ∼70% during the application of the cuff and 
increased to ∼350% upon release before returning to baseline.
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Methods
System construction
We employed a 256-element linear ultrasonic transducer array (LZ250, 
VisualSonics) for photoacoustic signal detection at a centre frequency 
of 15 MHz. The transducer array has a size of 23 mm × 3 mm and each 
element of the array has a cylindrical focus with a 15-mm focal length. 
The ultrasound probe was directly connected to the 256 DAQ channels 
of the Verasonics Vantage 256 system (Verasonics; 14-bit A/D convert-
ers; 62.5 MHz sampling rate; programmable gain up to 51 dB) through 
a UTA 360 connector. The photoacoustic signals were acquired and 
digitized into local memory and then transferred to a host computer 
via PCI express.

For light delivery, we incorporated an optical fibre bundle with the 
ultrasound probe. The fibre bundle and the array were coaxially aligned 
to maximize the system’s performance. At the front end of the fibre 
bundle, a 1,064-nm-wavelength laser beam (Quantel Brilliant B pulsed 
YAG laser, 10 Hz, 5–6 ns pulse width; Quantel Q-Smart 450 laser, 20 Hz, 
5–6 ns pulse width) or a 670 nm–1,070 nm laser beam (SpitLight EVO III, 
InnoLas Laser; 100 Hz, 5–8 ns pulse width) was utilized to pass through 
the fibre bundle and was delivered to the imaging target. The angle of 
incidence of the beam was 30 degrees relative to the imaging plane. 
The optical fluences were ∼50 mJ cm−2 for the 1,064 nm wavelength at 
10 Hz PRF, 30 mJ cm−2 at 20 Hz PRF and 6 mJ cm−2 at 100 Hz PRF, which 
were less than the safety limit set by the ANSI (100 mJ cm−2, 50 mJ cm−2, 
10 mJ cm−2, respectively, and 1,000 mW cm−2)22.

To synchronize the system, the laser’s flashlamp trigger was used 
to trigger the DAQ for photoacoustic signal acquisition. For each laser 
pulse, we acquired both the signal from the ultrasound probe surface 
and the signal from the imaging target. We then corrected the delay 
and jitter between the DAQ and the laser system using the acquired 
surface signal. The preprocessed raw signals were then back-projected 
to reconstruct the two-dimensional (2D) photoacoustic image.

Data acquisition
For the human imaging set-up, we prepared a portable water tank and 
placed it on top of the table. The ultrasound probe was mounted on a 
3D linear stage with its surface immersed in the water tank. The human 
hand/arm region was placed below the probe surface and coupled in 
water with the ultrasound probe. We implemented the photoacoustic 
imaging sequence to monitor the blood vessel in real time. We achieved 
a frame rate of 10 Hz, 20 Hz or 100 Hz corresponding to the laser PRF. 
In the blood-pressure-cuff experiment, a blood-pressure cuff device 
(GF Health Products) was placed on the upper arm region. The total 
acquisition took 30 s, with a baseline of ∼5 s at the beginning, a subse-
quent cuff period of ∼10 s and a release of ∼15 s.

In the phantom validation experiments, the flow phantom was 
constructed using micro-renathane tubing (BrainTree Scientific). Each 
inlet channel had an inner diameter of 0.6 mm, and the outlet channel 
had an inner diameter of 1.0 mm. The phantom was perfused with 45% 
haematocrit whole bovine blood (QuadFive). Pressure fluctuations 
were induced by gently squeezing the inlet channels.

Ultrafast ultrasound Doppler imaging was implemented by coher-
ent plane wave compounding38,39 with seven tilted plane waves from −14 
degrees to +14 degrees at a PRF of 10,000 Hz. The Doppler flow maps 
were generated using a vector projectile imaging framework40,41. Briefly, 
for each plane wave angle, we obtained the conventional colour Doppler 
image, after which we used least-squares multi-angle Doppler estimators 
to form the final flow images. In the ultrasound validation experiment, 
the ultrafast ultrasound data were immediately acquired after the PAVT 
imaging sequence to ensure the same state in the region of interest.

Data processing
To visualize the blood flow and obtain the vector flow map from the 
acquired raw photoacoustic signals, we used the following procedure 
for data processing (Supplementary Fig. 11). We first applied a universal 

back-projection image reconstruction algorithm16 to the raw photoa-
coustic signals to reconstruct the images. We then logarithmically 
compressed the reconstructed structure images of the blood vessel 
(that is, structure images in Figs. 1–5) to directly visualize the blood 
flow (that is, the top panel of Supplementary Videos 1, 3, 4, 6–8, 10  
and 11). For clearer blood flow visualization, we applied an SVD-based 
spatiotemporal filter to the reconstructed images and then performed 
logarithmic compression on the filtered images (that is, the bottom 
panel of Supplementary Videos 1, 3, 4, 6–8, 10 and 11). Lastly, we used 
a pixel-wise flow estimation method (see below) and noise floor filtering 
to obtain the velocity of the blood flow. For each pixel, the 
frame-to-frame velocity was estimated to form a 3D velocity structure 
with two spatial axes (ultrasound probe azimuthal direction x and axial 
direction z) and one time axis (time t). The temporal standard deviation 
of each pixel’s speed measurements was calculated to form a pixel-wise 
noise floor, below which frames with low speeds (that is, measurements 
due to noise) were excluded. The final velocity map was constructed 
from averaging the remaining frames across the temporal domain. For 
all calculations of speed standard deviations performed in this work, 
an m × n region of interest in the vessel was segmented into m profiles, 
with each profile being parallel to the vessel’s longitudinal axis. We 
then calculated the spatial standard deviation along each profile (σi) 
and found the final standard deviation (σfinal) by taking the mean of the 
profiles’ standard deviations: σfinal =

1
m

m
∑
i=1

σi.

In PAVT, a spatiotemporal filter is used to extract the blood compo-
nent from the structural images. In our case, the spatiotemporal structure 
dataset had three dimensions with two spatial axes (ultrasound probe 
azimuthal direction x and axial direction z) and one time axis (time t). We 
first reshaped the 3D dataset into a 2D space–time matrix Sstructure(x, z, t). 
Then we used SVD42 to decompose the data matrix as follows:

Sstructure (x, z, t) =
r
∑
i=1

σiui(x, z)vTi (t), (1)

where r  is the rank of the data matrix, σi is the ith singular value, T is the 
conjugate transpose, ui(x, z) corresponds to the spatial domain, and 
vi(t) corresponds to the temporal domain. The static or slow-moving 
components (that is, tissue) correspond to the first few larger singular 
values. Therefore, the relatively fast-moving blood components can 
be extracted as

Sblood (x, z, t) = Sstructure (x, z, t) −
λ
∑
i=1

σiui (x, z) vTi (t) (2)

where λ is the cut-off of the singular values for extracting the blood 
component. Finally, the filtered 2D space–time matrix Sblood (x, z, t) was 
reshaped back to 3D with the same size as the original 3D dataset.

For flow estimation, the Farneback method43 for optical flow was 
employed. Briefly, the Farneback method approximates pixel neigh-
bourhoods as polynomial expansions. By assuming a constant intensity 
of the displaced neighbourhoods between adjacent frames, the dis-
placement field is estimated as follows. Let the pixel neighbourhood 
in Frame 1 at position vector x be approximated as:

f1(x) = xTA1x + bT
1 x + c1, (3)

in which the coefficients A1 (a symmetric matrix), b1 (a vector) and c1 (a 
scalar) are estimated by a weighted least-squares fit of the signal. Now, 
let the displaced pixel neighbourhood in Frame 2 be approximated as:

f2 (x) = f1 (x − d) = (x − d)TA1 (x − d) + bT
1 (x − d) + c1

= xTA1x + (b1 − 2A1d)
T
x + dTA1d − bT

1 d + c1

= xTA2x + bT
2x + c2

(4)
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in which d is the displacement vector to be estim ated. By equating  
the coefficients

A1 = A2 (5)

b2 = b1 − 2A1d (6)

we solve for d:

d = − 1
2A

−1
1 (b2 − b1) (7)

Implementations of the Farneback method can be found in 
OpenCV and the Computer Vision Toolbox in MATLAB. Final flow maps 
were masked according to the pertinent vessel structure.

To track the movement of the blood using PAVT, the imaging frame 
rate fPRF should satisfy the Nyquist sampling theorem23,44, as deter-
mined by the equation below:

fPRF > 2v/l, (8)

where l  is the correlation length of the blood signals and v is the blood 
flow speed. In other words, we must sample at least twice within the 
propagation time associated with the correlation length.

Spatial heterogeneity
Here, heterogeneity refers to the non-uniformity of the spatial distribu-
tion of RBCs in the vessel lumen. The concept of spatial heterogeneity 
is illustrated in Fig. 1b, in which we consider two scenarios. In the first 
scenario (Fig. 1b (left)), we modelled the spacing between the RBCs to 
be uniform and randomly distributed, yielding a weak lumen signal 
relative to the boundary signal in the PA image. In the second scenario 
(Fig. 1b (right)), the RBC spatial distribution was altered to be 
non-uniform and random. Without altering the global RBC concentra-
tion in the vessel, we induced local pockets of dense and sparse regions 
of the RBC distribution, yielding a more detectable lumen signal in the 
PA image. The variability in the heterogeneity was achieved by adjusting 
the local concentration differentials between the dense and sparse 
regions within the vessel. In detail, to model, simulate and measure the 
spatial heterogeneity of the blood, we defined our region of interest 
as a 3D volume with a size of rx, ry, rz  in the azimuthal, elevational and 
axial directions, respectively, of the ultrasonic probe (Supplementary 
Fig. 1). The spatial resolution cell is sx, sy, sz in the corresponding direc-
tions, respectively. We can consider ry = sy  in the linear array probe 
case. Therefore, the number of divided subvolumes is

Ns =
rxrz
sxsz

(9)

In the uniform case, the concentration of the RBCs in the Ns sub-
volumes are the same. Therefore, for a physiological concentration, 
Cp, of RBCs in a typical adult and a number concentration, Ci, of RBCs 
for each subvolume, we have

Ci = Cp, i = 1, 2,… ,Ns (10)

Conversely, in the non-uniform case, the concentration of the 
RBCs in Ns subvolumes are different. On the basis of the haematocrit, 
Ht, of a typical adult, we can obtain the number concentration of RBCs 
for each subvolume as

⎧⎪
⎨⎪
⎩

0≤ Ci ≤
1
Ht
Cp, i = 1, 2,… ,Ns

1
Ns

Ns
∑
i=1

Ci = Cp

. (11)

Thus, Ci = λiCp, with

⎧⎪
⎨⎪
⎩

0≤ λi ≤
1
Ht
, i = 1, 2,… ,Ns

1
Ns

Ns
∑
i=1

λi = 1
. (12)

We can model λi as a uniform random distribution with mean μ = 1 
and scale parameter hσ. Then we obtain

⎧
⎨
⎩

λi = hσηi +
1

2Ht

ηi ∼ 𝒰𝒰[− 1
2Ht

, 1
2Ht

]

, i = 1, 2,… ,Ns (13)

where hσ  is considered as the index for heterogeneity ranging from 0 
to 1 and ηi is a uniform random distribution ranging from − 1

2Ht
 to 1

2Ht
. 

According to the typical haematocrit of a healthy adult, we chose 
Ht = 50%, thus

{
λi = hσηi + 1

ηi ∼ 𝒰𝒰[−1,1]
, i = 1, 2,… ,Ns (14)

where ηi is a uniform random distribution from −1 to 1.
In the simulation study, we chose our total red blood cell concen-

tration to match a typical physiological value of ∼4.2 × 106 RBCs per ml 
of blood in the total lumen region of the vessel (1 mm in diameter) for 
both the uniform blood and non-uniform blood cases. The RBCs were 
distributed in a 2 mm × 1 mm × 1 mm 3D volume, which corresponds 
to the probe’s azimuthal, elevational and axial directions, respectively. 
For the uniform blood case, the photoacoustic sources were randomly 
and uniformly distributed, with hσ = 0. Conversely, in the case of 
non-uniform blood, the photoacoustic sources were randomly and 
non-uniformly distributed in the lumen region with dense and sparse 
local regions, which are determined by the heterogeneity index 
0 < hσ ≤ 1. The simulation assumed a linear array ultrasound probe with 
the same centre frequency (15 MHz) and element arrangement (256 
elements, 23 mm aperture size), as in the experimental case. We divided 
the 3D volume into 200 subvolumes with 100 μm × 100 μm × 1,000 μm, 
on the basis of the spatial resolution of the ultrasound probe.

We defined the relative visibility of the lumen signal as

γ = Sl − Sn
Sb − Sn

(15)

where Sl is the mean of the lumen signal, Sb is the mean of the boundary 
signal and Sn is the mean of the background signal outside the vessel 
region. The results in Supplementary Fig. 1 show that the relative visibil-
ity index γ obtained from the photoacoustic images has a linear 
one-to-one mapping relationship with the heterogeneity index hσ, 
which determines the distribution of the RBCs. Thus, the measured 
visibility index γ was used to characterize the spatial heterogeneity 
from the phantom and in vivo experimental data.

To study the effect of varying the heterogeneity index and vessel 
diameter on the relative visibility, we simulated the following two cases. 
In the first case, we held the diameter of the vessel constant at 1.0 mm 
while varying the heterogeneity index across 12 levels from 0 to 1 (Sup-
plementary Fig. 2). In the second case, we varied the diameter in 0.5 mm 
increments from 0.5 to 2.0 mm at heterogeneity indices of 0 and 0.5 for 
each diameter (Supplementary Fig. 3). The results show that the detected 
visibility of the lumen signal changes with the spatial heterogeneity 
condition of the blood but does not change with the vessel diameter.

Imaging protocols
The experiments on human extremities were performed in a dedi-
cated imaging room. All experiments were performed according to 
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the relevant guidelines and regulations approved by the Institutional 
Review Board of the California Institute of Technology (Caltech). Eight 
healthy participants were recruited from Caltech. Written informed 
consent was obtained from all the participants according to the study 
protocols.

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 paper and its Supplementary Information. The raw and analysed 
datasets generated during the study are available for research purposes 
from the corresponding author on reasonable request.

Code availability
The reconstruction codes based on the universal back-projection 
algorithm are proprietary and used in licensed technologies, yet they 
are available from the corresponding author on reasonable request.
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