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Optical imaging reveals structures and molecular informa-
tion in biological tissues. Tomographic optical microscopy 
technologies, such as confocal microscopy, multiphoton 

microscopy and optical coherence tomography, form an image 
via mechanical or optical scanning by detecting backscattered 
or fluorescent photons. These systems are limited in capturing 
fast dynamics over a large field of view (FOV) by their imaging 
throughput—defined as the number of pixels in the FOV multi-
plied by the frame rate1–4. At the expense of sectioning resolution, 
wide-field optical imaging technology achieves high-throughput 
snapshot imaging by employing two-dimensional (2D) optical sen-
sor arrays5,6. However, these optical imaging technologies are not 
well suited for mapping optical absorption7,8. As a complementary 
tool, photoacoustic (PA) imaging senses optical absorption, which 
holds promise for a wide range of biomedical applications9–12. To 
date, most PA imaging systems require either serial detection using 
a single-element ultrasonic transducer or parallel detection employ-
ing an ultrasonic transducer array. While the former has a limited 
imaging throughput, the latter is complex and expensive13–18.

We propose low-cost high-throughput PA imaging based on an 
ergodic relay (ER) coupled with a single-element ultrasonic trans-
ducer to capture a wide-field image with only a single laser shot. 
We refer to this technique as photoacoustic topography through an 
ergodic relay (PATER). Here, topography refers to projection imag-
ing of surface and subsurface features at depths within the ~1 mm 
optical diffusion limit9,19 in scattering biological tissue. The ER is 
ideally a waveguide that allows the sound wave from any input point 
to reach any output point, with distinct delay characteristics20,21. In 
PATER, the ER—as an encoder—effectively transforms each 1D 

depth image (A-line) into a unique temporal signal. Through the ER, 
PA signals from the entire imaging volume can be detected in paral-
lel and then decoded mathematically to reconstruct a 2D projection 
image. Previously, Cox and Beard numerically simulated the feasi-
bility of PA imaging based on ergodicity22. However, their method 
differs from PATER: the simulation was limited to two dimensions 
instead of three dimensions, the ergodicity was achieved with a 
closed cavity in lieu of an open waveguide, the object was located 
inside the cavity rather than outside the waveguide, and the image 
reconstruction was based on acoustic modelling instead of experi-
mental calibration.

We showed that PATER can image up to 9,200 pixels at a frame 
rate of 2 kHz over a large FOV in parallel. We demonstrated in mice 
in vivo the ability to capture haemodynamic responses, image the 
propagation of blood pulse waves, and track flowing tumour cells 
and localize them at super-resolution.

PATER system
PATER differs from conventional PA imaging in the operating 
mechanism. On the one hand, optical-resolution PA microscopy 
(OR-PAM) focuses a short pulse of light to a diffraction-limited 
spot on the object to be imaged. The optical absorbers within the 
illuminated zone absorb light energy and convert it into heat, which 
subsequently results in PA wave emission due to thermoelastic 
expansion23,24. Then, a single-element focused ultrasonic transducer 
detects the emitted PA waves. The optical and ultrasonic foci are 
scanned confocally to acquire PA signals over the entire FOV. On 
the other hand, PA computed tomography (PACT) uses a broad 
light beam to illuminate the entire FOV and uses an ultrasonic 
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transducer array to receive the PA waves from different angles in 
parallel. The detected signals are then used to form a wide-field 
image through digital reconstruction. In contrast, PATER uses 
broad light illumination but only a single-element unfocused ultra-
sonic transducer to acquire a snapshot wide-field image without 
scanning. The PA waves from the entire FOV are encoded by the ER 
and then are decoded through the calibrated impulse responses to 
yield a wide-field image (Supplementary Video 1). PATER produces 
2D projection images of 3D objects, where each pixel represents the 
root-mean-squared (r.m.s.) projection of an A-line.

The acoustic ER is a key enabling element for PATER. To gener-
ate a distinct time-of-arrival signature for each pixel, a perfect ER 
entails high acoustic reflectivity at its boundaries, low acoustic atten-
uation inside the relay, and stringent geometric asymmetry about 
the contact position of the ultrasonic transducer; in addition, opti-
cal transparency is required for PATER. A right-angle prism, made 
of UV fused silica, has the desired optical and acoustic properties 
(see Methods). An unfocused pin ultrasonic transducer is placed at 
a corner of the prism to break the symmetry. The distinction among 
the time-of-arrival signatures is quantified by cross-correlating the 
encoded signals (Supplementary Fig. 1). Cross-correlation is found 
to be strong only among pixels within the acoustic diffraction limit, 
~1/2 of the 250 μm acoustic wavelength. The minimal cross-corre-
lation outside this limit indicates high distinction or low crosstalk 
among the pixels, which is desired for optimal spatial resolution in 
wide-field imaging.

PATER operates in two modes. The first, referred to as the cali-
bration mode, focuses the laser illumination for point-by-point 
scanning. The second, referred to as the wide-field mode, broadens 

the laser illumination for snapshot imaging. A simulation based on 
the k-wave toolbox25 illustrates the imaging mechanism of PATER 
(Fig. 1a–d and Supplementary Video 1). An acoustic point detector 
is placed at a top corner opposite the square illumination face of 
the ER prism (Fig. 1a,b), and the detected PA signals from the two 
modes are shown in Fig. 1c,d.

In calibration mode, the laser beam is focused through the 
prism. Because the pulse width of the laser beam (~5 ns) is much 
shorter than the central period of the ultrasonic transducer (50 μs), 
and the focused beam spot (~5 µm) is much smaller than the central 
acoustic wavelength, the PA wave input to the PATER system can 
be approximated as a spatiotemporal delta function. Consequently, 
each calibration measurement quantifies the impulse response 
of the system at one pixel. The impulse responses over the entire 
FOV are acquired by raster scanning the focus (Fig. 1e). Unlike 
OR-PAM, PATER’s acoustic propagation is scrambled by the ER 
(Supplementary Fig. 1d,e). As a result, maximum amplitude projec-
tion that is usually applied in OR-PAM does not form an accurate 
image of the object in PATER. Instead, we compute the r.m.s. ampli-
tude of each received PA signal to form a projection along the A-line 
(Fig. 1f). The projection image acquired in this mode is called a 
calibration image.

In the wide-field mode, the object is uniformly illuminated by a 
wide-field laser beam through an engineered diffuser. The PA sig-
nals from the entire FOV are recorded in parallel, permitting snap-
shot wide-field imaging at a high frame rate (Fig. 1g). PATER solves 
an inverse problem to form a wide-field image (see Methods).

The experimental PATER system is shown in Fig. 2. While  
Fig. 2a shows the wide-field mode, for calibration, the diffuser 
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Fig. 1 | imaging mechanism of PATER. a, Simulation of acoustic propagation in the ER in calibration mode. Norm., normalized. b, Simulation of acoustic 
propagation in the ER in wide-field mode. c, PA signals detected by a point detector from the simulation in a, with an acquisition time of 164 μs. d, PA signals 
detected by a point detector from the simulation in b, with an acquisition time of 164 μs. e, In calibration mode, light is focused on each pixel to acquire the 
impulse response encoded by the ER, ki, then raster scanned over the FOV. f, Calibration image formed by r.m.s. projection along each A-line. g, Snapshot wide-
field imaging. A broad laser beam illuminates the entire FOV to acquire encoded signals, s, which can be repeated for high-speed imaging. h, Reconstructed 
wide-field images. The reconstruction algorithm uses calibrated impulse responses to decode the wide-field signals and then display wide-field images.
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shown in the red dashed box is replaced with a focusing lens, as 
shown in Fig. 2b. For snapshot wide-field imaging, PATER has 
reached a high frame rate of 2 kHz, at present limited by the laser 
repetition rate. We quantified the lateral resolution in both calibra-
tion and wide-field modes.

In calibration mode, we imaged the edge of a sharp metal blade 
(Fig. 2c). Under the assumption that the beam profile was Gaussian, 
the r.m.s. PA amplitude averaged along the blade edge was fitted to 
an error function to estimate the edge-spread function (ESF). We 
then calculated the line-spread function (LSF) of the system by tak-
ing the derivative of the ESF. The lateral resolution, measured as the 
full-width at half-maximum (FWHM) of the LSF, was 5 μm, match-
ing the diameter of the focused laser spot.

In wide-field mode, a black acrylic sheet was placed on the illu-
mination face of the ER prism to provide uniform absorption. Two 
5-μm-diameter beams were shone on the sheet. While one beam 
was held stationary, the second beam was translated linearly away 
from the first. At the same time, wide-field images were taken 
(Supplementary Video 2). We then calculated the contrast-to-noise 
ratio (CNR) versus the distance between the two beam spots (Fig. 2d).  
The lateral resolution, measured as the distance at 6 dB CNR, was 
110 μm, approximately equal to 1/2 of the acoustic wavelength in 
fused silica at the ultrasonic transducer’s central frequency.

imaging mouse brain haemoglobin responses to front-paw 
stimulations
Snapshot imaging of fast dynamics without motion artefacts at low 
cost is a key advantage of PATER. First, we imaged blood flow ex vivo 
through biological tissue in a controlled setting as an experimental 
validation (Supplementary Fig. 2 and Supplementary Video 3) and 

evaluated the reconstruction artefacts due to incomplete calibration 
(Supplementary Fig. 3). Next, we imaged in vivo the haemoglobin 
responses in a mouse brain to front-paw stimulations (repeated in 
six mice). Light at 532 nm wavelength, an approximately isosbestic 
wavelength for oxy- and deoxyhaemoglobin, was used for illumina-
tion. In calibration mode, the mouse brain vasculature was imaged 
through the intact skull but with the scalp removed (Fig. 3a, 320 × 240 
pixels, 100-time averaging, 60-min acquisition time). In wide-field 
mode, the same FOV was imaged while the left and right paws were 
alternatingly stimulated approximately 1 s at a time by nipping with 
pointed forceps. The resulting wide-field images (Fig. 3b) were used 
to calculate the differential images after temporal running averaging 
(see Methods). The differential images were then overlaid onto the 
calibration image (Fig. 3c and Supplementary Video 4).

We observed an increase in r.m.s. PA amplitude between the two 
hemispheres, which was likely to be from the sagittal sinus region 
underneath the skull. We also observed both an increase in the con-
tralateral somatosensory region during stimulations and a weaker 
increase in the ipsilateral somatosensory region (Fig. 3d,e). These 
increases suggest a vascular interconnection between the left and 
right hemispheres of the brain26,27.

To demonstrate the maximum imaging depth, we used 1,064 nm 
illumination to non-invasively image blood vessels as deep as 1.1 mm 
in a mouse brain through an intact scalp and skull (Supplementary 
Fig. 4), which was validated using OR-PAM28,29.

High-speed in vivo quantification of blood pulse wave 
velocity
Blood pulse wave velocity (PWV) is an important physiological 
parameter that characterizes cardiovascular disease progression 
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associated with arterial stiffness30,31. Owing to the fast propagation 
of the pulse waves in major arteries, the quantification of PWV pre-
viously relied on either measuring the blood flow speed at two dis-
tant sites or quantifying the cross-covariance of flow patterns32,33, 

methods that were indirect and prone to errors. With PATER’s high 
imaging speed, we demonstrated in mice (n = 4) in vivo the mea-
surement of blood flow speed at multiple sites simultaneously and 
mapped the PWV in the arterial network.
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After calibration (200 × 200 pixels, 100-time averaging, 30-min 
acquisition time), wide-field measurements on a cerebral region of 
the mouse brain were taken to image the blood flow in the middle 
cerebral arteries (MCAs). A laser diode generated multiple con-
fined heating spots on the MCAs during the wide-field measure-
ments (see Methods). The wide-field images show that thermal 
waves propagate with the blood flow in the MCAs (Fig. 4a and 
Supplementary Video 5).

A branch of the MCAs shown by the dotted blue line in Fig. 4a  
was segmented to analyse the propagation of thermal waves over 
time (Fig. 4b). Here the thermal conduction is negligible, so the 
thermal wave propagation speed approximates the blood flow 
speed. The blood flow speed at each heating spot was calculated 
from the space-time images (Fig. 4b and Methods). Owing to 
the pulse wave propagation, the blood flow speed in the MCAs  

fluctuates over time. Figure 4c,d shows that the blood flow speed 
changes periodically and that the period aligns well with the cardiac 
cycle recorded by electrocardiography.

The heat propagation displacement from the two heating spots 
over time, averaged over 50 cardiac cycles, is plotted in Fig. 4e. 
The averaged flow speed was calculated by taking the first deriva-
tive of the displacement over time (Fig. 4f). The side lobes, after 
the main lobes, are possibly due to the cushioning effect of arter-
ies or reflected waves from any point of structural discontinuity in 
the arterial tree31. The delay time was quantified by calculating the 
lag between the main lobes’ peaks (Fig. 4g). The distance between 
the two heating spots (L1 and L2) was 1.46 mm (Fig. 4b). The PWV 
was computed by taking the ratio of the distance between the heat-
ing spots to the delay time. The quantified PWV was ~0.73 m s–1, 
which falls within the range of literature-reported values32,34. Taking 
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advantage of PATER’s high imaging speed, a PWV map of the MCA 
network was constructed by imaging the blood flow at multiple sites 
simultaneously (Supplementary Fig. 5).

Tracking and localizing flowing melanoma cells in vivo to 
image vasculature at super-resolution
The presence of circulating tumour cells is a key determinant of 
tumour metastasis, the spread of cancer cells from a primary site 
to distant organs that leads to the growth of new tumours35,36. 
Most melanoma tumour cells (MTCs) contain high concen-
trations of melanin. The much stronger optical absorption of 
melanin than haemoglobin around 660 nm (Supplementary  
Fig. 6a) provides a large optical contrast between the circulating 
tumour cells and the background blood. In this study, we injected  
MTCs both in  vitro and in  vivo in mice to simulate circulating 
tumour cells.

If the imaged MTCs are sufficiently separated in a wide-field 
image (that is, at most one single cell or cell cluster within a resolu-
tion voxel at a time), we can localize each individual cell or cell clus-
ter. The localization error (quantified by the r.m.s. error of the fitted 
centre position of a single melanoma cell) is inversely proportional 
to the signal-to-noise ratio (SNR; Supplementary Note 1), which 
enables super-resolution imaging (see Methods, Supplementary 
Fig. 6b–d and Supplementary Video 6). Although published after 
our manuscript submission, an independent in vitro demonstration 
of localization based on conventional PACT37 with non-biological 
particles is acknowledged here.

In our study, we demonstrated super-resolution imaging of the 
mouse brain vasculature in  vivo by localizing and recording the 
positions of MTCs without labelling. Although the MTCs moved 
slowly in absolute speed (~0.5 mm s–1, Supplementary Note 2), they 
actually moved fast on a super-resolution basis, that is, the cells 
displaced 1/2 of the super-resolution pixel width (300 nm/2) over a 
short time interval. To capture the minute displacement accurately, 
high frame rates on the order of kilohertz were required. The par-
ticle density of the localization-enhanced vessels depended on the 
number of trackable MTCs. Therefore, vessels traced with more 
MTC events could be more densely sampled.

After calibration (200 × 200 pixels, 100-time averaging, 30-min 
acquisition time), wide-field measurements on a cortical region of 
the mouse brain were taken upon the injection of MTCs through 
the mouse’s carotid artery (see Methods). The wide-field images 
(with a threshold of 20% from the global maximum, Fig. 5a and 
Supplementary Videos 7 and 8) were overlaid onto the calibration 
image (Fig. 5b) to highlight the current positions of MTCs. Owing 
to the scattering of the skull, the resolution of the calibration image 
is 25 μm (Supplementary Fig. 7a), worse than the resolution of 5 μm 
in a clear medium.

The localized positions of the MTCs from 200,000 wide-field 
images were computed to reconstruct a localization map of the 
high-resolution cortical vasculature (Fig. 5c and Supplementary 
Video 9). The localization map provided finer resolution than the 
calibration image, resolving the vessels at the bifurcations boxed in 
Fig. 5c (Fig. 5d). The line profiles across the vessels showed that two 
neighbouring vessels branching out from each other were separated 
at a distance as small as 12 μm, and the FWHM for one of the small-
est vessels shown was 7 μm (Supplementary Fig. 7b), which falls in 
the range of diameters of capillaries (5–10 μm). The finest resolu-
tion, quantified from two traces of MTCs migrating through two 
crossed blood vessels, was 300 nm (see Methods, Supplementary 
Figs. 7c,d and 8, and Supplementary Note 1).

The tumour cell flow directions in the vessels were analysed 
(Fig. 5e). The differences in flow direction (Fig. 5f) and speed 
(Supplementary Fig. 9 and Supplementary Note 2) among closely 
neighbouring vessels enabled differentiation while they could not 
be resolved in the calibration images.

Discussion
Photoacoustic imaging technology has unique advantages in sens-
ing optical absorption contrast of molecules in biological tissue, 
but has never before been developed into an imaging modality that 
combines snapshot, high frame rate, wide FOV and low cost into a 
single system. PATER has overcome these limitations by employ-
ing an acoustic ER to encode the PA waves from a 3D volume to 
1D temporal signals. Each wide-field image is acquired within the 
acoustic transit time—164 µs at the current centre ultrasonic fre-
quency, avoiding motion artefacts altogether. According to the tran-
sit time, PATER can theoretically reach a frame rate up to 6 kHz over 
the largest experimentally demonstrated FOV of 8 × 6 mm2, both of 
which are expected to scale with the centre ultrasonic frequency. 
Even the current 2 kHz imaging speed is much higher than that 
of either scanning-based single-transducer PA microscopy17,26,38, or 
array-based PA imaging13,39,40 systems over a similar FOV. PATER 
facilitates imaging of fast dynamic activities in vivo and promises 
many biomedical applications—such as quantifying the stiffness of 
blood vessels via measuring PWV, imaging of the responses of volt-
age or calcium indicators of neural activity and high-speed clinical 
analysis of histological tissues. Lastly, PATER’s single-channel ultra-
sonic detection greatly reduces the size, complexity and cost of the 
system compared with a multichannel counterpart.

The current calibration method limits PATER to detect dynam-
ics from regions that exhibited high absorption during calibration, 
and features that show up after calibration may not be accurately 
represented. In addition, the present embodiment of PATER oper-
ates at depths within the optical diffusion limit and requires calibra-
tion for each object. Overcoming these limitations would empower 
the technique further. PATER is expected to be suitable for portable 
applications, such as using a wearable device to monitor vital signs.
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Methods
System set-up. A 5 ns pulsed laser beam at 532 nm (INNOSAB IS8II-E, Edgewave 
GmbH; 2 kHz pulse repetition rate) was partially reflected by a beam sampler to a 
photodiode (DET36A, Thorlabs, Inc.) to correct PA signals for fluctuations in light 
energy. The laser beam that passed through the beam splitter was reflected by a 
mirror (PF10-03-P01, Thorlabs, Inc.) and passed through a lens (LA1509, Thorlabs, 
Inc.; 2.54 cm diameter and 100 mm focal length) or an engineered diffuser  
(EDC-5-A-1r, RPC Photonics, Inc.; 5.5° divergence angle) in the light path 
according to the acquisition mode (Fig. 2a,b).

A two-channel digitizer (ATS9350, AlazarTech, Inc.; 12 bits, 100 megasamples 
per second sampling rate, and 16,384 data points per acquisition sampling length) 
was used to record the PA signal and the photodiode output.

Acoustic ER. A right-angle prism made of UV fused silica (PS615, Thorlabs, Inc.; 
1.5 cm right-angle edge length, 2,203 kg m–3 density and 73.6 GPa Young’s modulus) 
was chosen to serve as the acoustic ER. It has a 99.99% normal-incidence acoustic 
reflectivity by amplitude at the boundary between the prism and air. The acoustic 
attenuation coefficient is approximately 2.4 nepers m–1 at 20 MHz, indicating 
negligible attenuation in the prism over the detectable path-length range41. An 
unfocused pin ultrasonic transducer (VP-0.5-20 MHz, CTS Electronics, Inc.; 
20 MHz central frequency, 56% one-way bandwidth and 0.5 mm element size) was 
placed at a corner of the prism to avoid symmetry. To facilitate the transmission of 
PA waves using ultrasound coupling media, ultrasound gel was applied between 
the object and the prism, while polyester resin was added between the prism and 
the ultrasonic transducer (Fig. 2a).

Tunable laser. A tunable dye laser (CBR-D, Sirah GmbH), using 
4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran dissolved 
in ethanol as the gain medium, was pumped by a 532 nm pulsed laser to generate 
a laser beam at 660 nm wavelength for monitoring MTC migrations in the mouse 
brain. The fluence of the laser beam in wide-field mode was ~2 mJ cm–2 (10 mJ 
maximum pulse energy from the Edgewave INNOSAB IS8II-E pump laser, 20% 
efficiency of the dye laser at 660 nm and ~1 cm2 area of illumination), which was 
well below the ANSI safety limit42.

Image reconstruction. Each wide-field measurement can be expressed as a linear 
combination of the impulse responses from all pixels:

s tð Þ ¼
XNp

i¼1

ki tð ÞPi ð1Þ

where s denotes the received wide-field PA signal, t time, i the pixel index, Np the 
total number of pixels, ki the normalized impulse response from the calibration and 
Pi the r.m.s. PA amplitude. The r.m.s. value of the raw calibration signal eki tð Þ

I
 for the 

ith pixel was calculated as

r:m:s:i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
Nt

XNt

j¼1

eki tj
� h i2

vuut ð2Þ

where Nt denotes the number of sampled time points and t time. A 2D density 
plot of r.m.s.i over all pixels is a calibration image. To construct the system matrix 
K, the normalized impulse response was computed for each time point through 
ki tj
� 

¼ eki tj
� 

=r:m:s:i
I

.
Once time t is discretized according to the Nyquist criterion, equation (1) can 

be recast to matrix form:

s ¼ KP ð3Þ

where K ¼ k1; k2; ¼ ; kNp

� �

I
 is the system matrix. The wide-field image P (Fig. 1h) 

is reconstructed from the signal s by solving the inverse problem of equation (2).
A two-step iterative shrinkage/thresholding (TwIST) algorithm43 was 

implemented to solve equation (2) for P as a minimizer of the objective function:

P̂ ¼ argmin
P

jjs� KPjj2 þ 2λΦTVðPÞ ð4Þ

Here ΦTV(P) is the total variation reg ularization term and λ is the 
regularization parameter. A single 2D PATER image takes ~15 s to reconstruct on a 
typical workstation (Intel Xeon E5-2620v2, 2.10 GHz, 8 cores and 16 GB RAM).

The maximum number of resolvable pixels, N, from the reconstructed image is 
approximately 14,000 pixels (Supplementary Note 3). Given the wide-field imaging 
resolution of 110 μm (as shown in Fig. 2d), PATER’s reconstruction pixel size was 
chosen at 50 μm, that is, ~1/2 of the resolution. With an image FOV of 8 × 6 mm2, 
we have 160 × 120 = 19,200 pixels, where ~48% pixels had r.m.s. values higher than 
twice (6 dB) the noise r.m.s. amplitude. Thus, the number of active resolvable  
pixels in the image is 19,200 × 48% = 9,200. Given the same illumination fluence 
(mJ cm–2) between point-by-point scanning imaging and wide-field imaging, 
the expected SNR values of the two measurements are approximately the same 
(Supplementary Note 4).

To avoid computational instability and to ensure image quality, we used the 
r.m.s. values to select pixels to form the system matrix. Pixels with r.m.s. values 
lower than twice (6 dB) the noise amplitude were considered as the background 
that was too dark to calibrate for; therefore, the impulse responses of these pixels 
were excluded from the system matrix K. This initial check ensured that only 
foreground pixels with sufficient SNRs were considered in the reconstruction. This 
approach holds valid if, during the experiment, no detectable absorber appears in 
the background pixels.

In vitro study of blood flow behind biological tissue. An ~1-mm-thick  
layer of chicken breast tissue was placed between the ER and two parallel 
rubber tubes with 0.6 mm inner diameters. The tubes were filled with blood 
for calibration. During wide-field imaging, the blood in one tube was flushed 
out with distilled water, while the blood in the other tube was held stationary 
(Supplementary Fig. 2).

Experimental animals. We used female ND4 Swiss Webster mice (Envigo; 18–20 g 
and 6–8 weeks old) for the in vivo studies. All the laboratory animal protocols were 
approved by the Animal Studies Committee of Washington University in St. Louis 
and the Institutional Animal Care and Use Committee of California Institute of 
Technology. For imaging, the mouse was anaesthetized in a small chamber with 5% 
vaporized isoflurane mixed with air for anaesthesia induction, and then transferred 
to a customized animal mount where the mouse was kept anaesthetized with a 
continuous supply of 1.5% vaporized isoflurane. The animal mount consisted of a 
stereotaxic frame that fixed the mouse’s head, and a heating pad that maintained 
the mouse’s body temperature at ~38 °C. The hair on the mouse’s head was razor 
trimmed, and the scalp was either kept intact or surgically removed, depending on 
the experiment, but the skull was always left intact. Bloodstains on the skull were 
carefully cleaned with phosphate-buffered saline solution, and ultrasound gel was 
applied on the skull as an acoustic coupling medium. Then, the animal mount 
was raised until the mouse’s skull was in contact with the illumination face of the 
ER prism. An adequate amount of pressure was maintained between the mounted 
animal and the ER to prevent the mouse’s head from moving, but not so much 
pressure as to interrupt the blood supply in the brain.

Differential measurement calculation. Differences in wide-field measurements 
were calculated as follows:

ΔPj ¼
Pjþ4

i¼j Pi

5
�
P5

i¼1 Pi

5
ð5Þ

where Pi is the ith wide-field image and j is the frame index to the averaged images. 
The above temporal running averaging was applied only to the experimental 
analyses that are indicated in the main text. The wide-field differential images were 
processed in MATLAB with a 2D median filter (medfilt2) using median values 
from the 5-by-5 neighbourhood pixels and a 2D Gaussian filter (imgaussfit) with 
a sigma value of 10. Two regions of interest from each side of the mouse brain, 
with the same sample size of N = 26 × 25 pixels, were selected for the mouse brain 
haemoglobin response analyses (Fig. 3d).

Laser heating. The light beam from a continuous-wave laser diode  
(MLL-III-532-200mW, CNI Laser; 200 mW) was passed through beam splitters 
(BS010, Thorlabs Inc.) and focused on to multiple spots on the vessels of 
interest. The positions of the heating spots were controlled by a set of mirrors. 
The duration and frequency of the heating cycle were controlled by a function 
generator (DG1022, Rigol; 5.71-Hz frequency, 40% duty cycle). Because the PA 
signal amplitude is dependent on temperature, the heat-induced thermal wave 
propagation can be measured.

Analysis of pulse wave propagation. The vessels of interest were first manually 
identified from the images. Time traces at points along these vessels were  
extracted, forming images in the space-time domain (that is, distance along the 
vessels versus elapsed time). The space-time domain images were processed with 
a threshold at 20% of maximum and interpolated to extract the flow displacement 
curves over time. To suppress noise, the thermal wave propagation at each heating 
spot was segmented and averaged based on the cardiac cycles from the ECG 
measurement. We assumed that thermal conduction was negligible and that the 
thermal wave propagation was primarily due to blood flow. The flow speed, ν, was 
calculated by taking the first derivative of the flow displacements with respect to 
time. Because the temporal resolution was 0.5 ms in our current set-up,  
a PWV of up to ~200 cm s–1 could be measured between two spots separated  
by ~1 mm distance.

Animal preparation for MTC injection. A carotid artery cannulation procedure44 
was performed on the mouse to access the left common carotid artery. An arterial 
catheter (MAC-02, SAI Infusion Technologies Inc.; 1-F tip outer diameter) was 
inserted into the left common carotid artery to facilitate melanoma cancer cell 
injection. The skins were sutured after the procedure while the arterial catheter was 
exposed as the tumour cell injection port.
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Real-time monitoring of MTCs in the mouse brain in vivo. A cortical region of 
the mouse’s brain was scanned for calibration after performing the carotid artery 
cannulation procedure. Approximately 200 μl of cell suspension containing 3 × 106 
B16 cells was slowly injected through the arterial catheter into the left common 
carotid artery. Then, wide-field images of the cortical region were acquired using 
660 nm light to monitor the migration of MTCs for 100 s.

Localization and tracking of MTCs in vivo. While the major noise source in 
optical super-resolution microscopy is photon shot noise from the signal itself, 
PATER’s noise is mainly from the medium and detector45. The localization error of 
PATER, computed using least-squares fitting to a Gaussian function46, is defined as 
the r.m.s. error of the fitted centre position x̂0

I
:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δx̂0ð Þ2

 q
¼ 23=4

σ

SNRL
ð6Þ

where σ is the standard deviation of the original Gaussian point-spread function 
and SNRL is the signal-to-noise ratio in a conceptual pixel of width L ¼

ffiffiffiffiffi
2π

p
σ

I
 

(Supplementary Note 1 and Supplementary Fig. 8).
To track and localize MTCs over the FOV, we imaged the mouse brain at  

2,000 frames per second for 100 s. In the entire 3D (x–y–t) volume, the centres  
of the MTCs were localized at a sub-pixel accuracy as follows: (1) suppressing  
noise by temporal running averaging; (2) applying a difference-of-Gaussian  
filter, with empirically determined scales of 1.4 and 1.8 pixels; (3) identifying 
all local maxima above 20% of the global maximum; and then (4) fitting a 2D 
Gaussian function to the neighbourhood of each local maximum. The MTCs  
were further filtered with the trackability criterion: over the course of the video,  
we kept only MTCs that were tracked in at least 3 frames within a 5-frame  
window and found to have a flow speed ≤10 m s–1. The tracked MTCs were 
then connected into paths to form the localization image. The finest resolution 
was estimated to be 300 nm (σ = 100 μm, SNR = 110 at a pixel width of 10 μm or 
SNRL = 550.7, super-resolution pixel size = 100 nm; Supplementary Note 1 and 
Supplementary Fig. 7c,d).

Mapping of flow velocity of MTCs in vivo. The major vessels were  
manually identified from the calibration image, and MTCs were tracked  
to map the flow velocity. MTC signals were extracted along the vessel centrelines 
from the video to form a space-time domain plot for each vessel. The moving 
window Fourier transformation-based flow speed extraction algorithm13 was  
used to calculate the flow speed and direction along the vessels (Supplementary 
Fig. 9c,d).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon reasonable request and with 
permission from corporate collaborations.

code availability
The reconstruction algorithm and data processing methods are described in detail 
in the Methods. We have opted not to make the computer codes publicly available 
owing to corporate collaborations and pending patent applications.
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Cell line source(s) B16 mouse skin melanoma cell line from American Type Culture Collection (ATCC).

Authentication The B16 cell line used was authenticated by  ATCC before it was delivered to us. 

Mycoplasma contamination The B16 cell line was tested for mycoplasma contamination by ATCC.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Female Swiss Webster mice (Hsd: ND4, Envigo)

Wild animals No wild animals were used.

Field-collected samples No sample was collected from the field for this study. 

Ethics oversight All the laboratory animal protocols were approved by the Animal Studies Committee of Washington University in St. Louis and 
the Institutional Animal Care and Use Committee of California Institute of Technology. 
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