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A B S T R A C T   

Photoacoustic (PA) imaging can be used to monitor flowing blood inside the microvascular and capillary bed. 
Ultrasound speckle decorrelation based velocimetry imaging was previously shown to accurately estimate blood 
flow velocity in mouse brain (micro-)vasculature. Translating this method to photoacoustic imaging will allow 
simultaneous imaging of flow velocity and extracting functional parameters like blood oxygenation. In this study, 
we use a pulsed laser diode and a quantitative method based on normalized first order field autocorrelation 
function of PA field fluctuations to estimate flow velocities in an ink tube phantom and in the microvasculature of 
the chorioallantoic membrane of a chicken embryo. We demonstrate how the decorrelation time of signals ac-
quired over frames are related to the flow speed and show that the PA flow analysis based on this approach is an 
angle independent flow velocity imaging method.   

1. Introduction 

Flow imaging is an important method for extracting functional in-
formation about physiological response to stimuli or pathological 
changes in tissue. Established technologies like ultrasound and optical 
coherence tomography (OCT) offer flow imaging capabilities, often 
based on Doppler or variance analysis [1,2]. Such flow imaging tech-
niques have yielded valuable information in selected applications, for 
instance in diagnoses of retinal disorders using OCT angiography 
(OCTA) [3–5] and of cardiac valve insufficiency using Color Doppler 
echocardiography [6,7]. Recent years have seen an intensive research 
effort directed at microvascular brain imaging using Power Doppler 
ultrasound, which allows non- or mildly invasive assessment of func-
tional neurological response from rodents to humans [8–11]. 

Scattering-based imaging modalities such as ultrasound and OCT are 
widely deployed and can be powerful in selected applications but also 
have limitations, such as low contrast to (mammal) red blood cells 
(RBCs) in ultrasound, and imaging depth in OCT. Doppler methods are 
intrinsically angle-dependent, while variance-based flow techniques 
cannot quantify velocity. Photoacoustic flow imaging has intrinsic 
contrast to hemoglobin, and can assess oxygen saturation by multi-
spectral imaging. It offers a useful trade-off between spatial resolution 
and imaging depth, making it a suitable platform for quantitative 

imaging of microvascular flow. 
Recent studies on PA flow imaging are based on Doppler shift [12, 

13], density tracking based on cross-correlation in the time [14,15] or 
spatial domain [16,17], transit time of single [18] or particle ensembles 
[19,20], and amplitude encoding [21]. As laser technology evolves, 
more high pulse repetition frequency (PRF) lasers are utilized in PA flow 
imaging. Liu et al. [22] imaged the blood flow of a mouse ear utilizing a 
functional optical resolution photoacoustic microscopy system and 
analyzing based on changes in the Grüneisen relaxation effect [23,24] 
caused by blood flow. All these methods share the requirement for many 
PA acquisitions to characterize flow. Among all these flow imaging ap-
proaches, quantitative imaging of vector flow (direction and magnitude) 
has remained elusive. 

Ultrasound speckle decorrelation based velocimetry and imaging 
was recently shown to accurately estimate blood flow velocity in 
controlled flow phantoms, and in the mouse brain [25]. Similar analyses 
have been used in OCTA [26]. In this study, we translate this method to 
photoacoustic velocity imaging. It allows simultaneous imaging of flow 
velocities and blood oxygenation. 

Randomly distributed absorbing particles within the irradiated re-
gion generate an initial positive pressure rise. The propagating acoustic 
wavelets interfere with each other, creating a random signal that fluc-
tuates subject to the flow in the channel. By retaining the phase of the 
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field and examining the decorrelation time due to motion in the two 
directions of the image plane, an ascending or descending velocity 
vector can be extracted. 

To determine the blood flow speed using PA signals, we characterize 
the fluctuation of the beam-formed PA RF signal of the moving particles. 
We quantitatively analyzed the normalized first-order complex field 
auto-correlation function of flow-induced fluctuations in the beam- 
formed images for velocity imaging [25,26]. In this study, we used a 
fast pulsed laser diode illuminator (PLDI) enabling kHz frame rates to 
sample the rapid decorrelation. We validated the analysis in a phantom 
with known flow speeds. We also imaged microvascular flow in vivo and 
showed that the obtained results are in agreement with ultrasound 
velocimetry. 

2. Materials and methods 

2.1. Theory of normalized first order temporal autocorrelation function 

The complex two-dimensional point spread function (PSF) of a 
photoacoustic imaging system may be approximated by a Gaussian en-
velope modulating the complex exponential that describes the spatially 
varying phase of the PSF, denoted as h [25]: 

h(x − x0, z − z0) = e
−

(x− x0 )
2

2σ2
x

−
(z− z0 )

2

2σ2
z eik0(z− z0) (1)  

where (x0, z0) is the (lateral, axial) position of a pixel in the image, σx, σz 
parametrize the width of the Gaussian profile in the two directions, k0 is 
the wave number at the center frequency of the transducer, assuming a 
broadband signal from the PA source. This function describes the 
response of the beam-formed radiofrequency (RF) data, by a one- 
dimensional array along the x direction at z = 0. The phase term 
eik0(z− z0) accounts for one-way acoustic propagation. The Gaussian 
approximation in (1) in x assumes that the ultrasound detection array is 
large in the x direction and its response is apodized according to a 
Gaussian function, for instance by the finite width angular response of 
the elements. The z response is usually governed by the frequency 
response of the transducer, which can often be approximated by a 
Gaussian function. We further assume that that z0 >> σx,σz. 

The induced photoacoustic source pressure by a moving particle can 
be formulated as [27,23] 

P0(x, z, t) = ΓFμa(x, z, t)
= ΓFμaδ(x − xs(t), z − zs(t))

(2)  

where Γ is the Grüneisen parameter describing the conversion from 
absorbed optical energy to thermoelastic expansion, F is the optical 
fluence, and μa is the optical absorption coefficient at the illumination 
wavelength, assumed to be identical for all particles. The particle is 
modeled as a point source, located at an instantaneous position 
(xs(t), zs(t)). t is the slow time, between different PA frames in an 
acquisition. Note that we disregard spatial variations in Γ and F. 

The time varying PA signal detected from a measurement pixel (x0,

z0) at time t is computed as the convolution of the source pressure, 
produced by n randomly positioned point sources in the field of view, 
with the PSF: 

S(x0, z0, t) =
∑n

j=1

∫
P0(x, z, t) × h(x − x0, z − z0)dxdz

= ΓFμa

∑n

j=1
h
(
xs,j(t) − x0, zs,j(t) − z0

) (3) 

Adopting the shorthand Ps = ΓFμa, and assuming the particles are 

moving with a velocity (vx, vz), the PA signal at time lag τ would become: 

S(x0, z0, t + τ) = Ps

∑n

j=1
e
−
(xs,j(t)+vx τ− x0)

2

2σ2
x

−
(zs,j(t)+vzτ− z0)

2

2σ2
z × eik0(zs,j(t)+vzτ− z0) (4) 

In images containing many unresolved PA sources, such as RBCs in a 
blood vessel, limited sampling of the extensive (k,ω) spectrum of the PA 
signal introduces the familiar edge, or boundary build-up, artefacts 
[28–30]. This dominant stationary component in the image drowns out 
the fluctuating signal due to flow or particle motion. Applying a 
spatiotemporal singular value decomposition (SVD) filter [31] to the 
acquired data will remove the boundary signals. The movement of 
particles will cause the SVD filtered PA signal S to fluctuate at a rate that 
is proportional to the flow speed. Thus, particle motion can be quantified 
based on by analyzing the decay of the normalized first-order field 
autocorrelation function g1(τ), computed from the beam-formed RF PA 
image. We consider only relatively large vessels, such that the spatial 
variation in (vx, vz) occurs on length scales smaller than (σx, σz), so the 
PSF of each measurement pixel samples a uniform velocity. We follow 
ref. [26] and the derivations therein: 

g1(x0, z0, τ) = E
[
〈S∗(x0, z0, t)S(x0, z0, t + τ)〉t

〈S∗(x0, z0, t)S(x0, z0, t)〉t

]

(5) 

E[…] indicates the average over random initial positions; 〈…〉t rep-
resents an ensemble temporal average; and * denotes the complex 
conjugate. 

Using Eqs. (3)–(5), the normalized first order field autocorrelation 
function of moving particles can be written as: 

g1(τ) = e
−

(
vx τ
2σx

)2

−

(
vzτ
2σz

)2

eik0vzτ (6) 

The decorrelation of the signal at each location in the image is thus 
governed by the particle velocities in x and z, with higher vx and vz 

leading to faster decorrelation. Fitting the complex autocorrelation 
function g1(τ) of the PA signal from an object with flow thus allows us to 
extract the ascending or descending vector velocity vz on a per pixel 
basis from a series of images. The retention of the phase factor exp 
(ik0vzτ) in (6) introduces directionality, as the sign of vz determines the 
rotation direction in the complex plane. Analogous to ultrasound 
velocimetry imaging, which has been called vUS, we propose to name 
this approach vPA, for photoacoustic velocimetry imaging. 

Consequently, for PA flow velocity imaging, we will calculate the 
g1(τ) based on Eq. (5) and will estimate the values of vx, vz from Eq. (6) 
and allocate to each pixel its velocity value. By moving the reference 
frame, we will be able to do time-resolved velocimetry imaging. 

2.2. Experimental setup 

In a water tank, a tube made of low-density polyethylene (LDPE) 
with a inner diameter of 750 μm was filled with an Indian ink solution, 
diluted 1:50 v/v in water. Flow ranging from 1.9 mm/s to 19 mm/s was 
induced using a controllable syringe pump (PERFUSOR secura FT). 

A PLDI of wavelength λ1 = 808 nm with a pulse duration of Tp =

34 ns (QD-Q1R10-ILO, Quantel Laser, France) and 1.18 mJ pulse en-
ergy, capable of a maximum PRF of 6 kHz, was coupled to a 2 mm core 
diameter step-index optical fiber. The fiber delivered the pulsed exci-
tation light to the imaging setup. 

PA signal acquisition, as well as US pulse echo imaging (1 plane wave 
per frame, 0◦), was performed with a commercial research ultrasound 
imaging system (Vantage 256, Verasonics Inc. Kirkland, WA, USA) and a 
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linear array ultrasonic probe (L22-14vX, Verasonics Inc. Kirkland, WA, 
USA). The transducer had 128 elements with a pitch of 0.1 mm and a 
center frequency of 19 MHz with a bandwidth of 11.5 MHz (60%, −
6 dB). It has an elevation focus at z = 6 mm, and an US imaging reso-
lution of σx = 180μm (lateral) and σz = 135μm (axial). See Fig. 1a for a 
schematic. 

The probe was positioned in front of the tube such that the black 
Indian ink flowed along the lateral direction of the ultrasound imaging 
plane. The distance between the probe and the tube was between 10 and 
17 mm. We examined two geometries, one in which the tube is oriented 
along the x direction, and one with a 15◦ angle with the x-axis. The 
optical fiber was positioned over the tube, perpendicular with respect to 
the imaging plane. 

2.3. Photoacoustic flow velocimetry imaging in vivo 

We used the chicken embryo model to test our quantitative method 
in vivo. All animal experiments were conducted in accordance with the 
Netherlands Experiments on Animals Act and in accordance with the 
European Council (2010/63/EU) on the protection of animal use for 
scientific purposes. Fertilized chicken eggs were incubated in a 37◦C 
incubator at 60–65% humidity for 6 days. Immediately prior to imaging, 
the egg content was removed form the shell by creating an opening over 
the air sack using tweezers as described in detail by Meijlink et al. [32]. 
The content was placed in a plastic holder (85× 85× 24 mm VWR, the 
Netherlands) customized with an acoustical window on one side 
(Fig. 1b). A heater was used to maintain the temperature at 37◦C 
throughout the experiment. The optical fiber was positioned to irradiate 
the vasculature of the chorioallantoic membrane (CAM). The ultrasound 
transducer was positioned such that the vascular plexus in the CAM was 
in the image plane. Ultrasound and photoacoustic signals were recorded 
for 1 s at a PRF of 2.5 kHz. 

2.4. Spatiotemporal resolution 

In Eq. (2), we have assumed that the PA sources can be modeled as 
point particles. In the experiments presented in this study, we have used 
India ink, in which small suspended carbon particles of a size 0.1–1 μm 
[33] are the absorbers. Avian RBCs, which generated the signal in our 
chicken embryo experiments, are ellipses with a long diameter of 
approximately 12 μm [34], which, although large compared to mammal 
erythrocytes, is still about an order of magnitude smaller than the ul-
trasound wavelengths we detect. 

The usual assumption of stress confinement in PA generation, which 
justifies Eq. (2) through the separation of the deposited heat Q(x,T) =
q(x)δ(T) and P0(x) = Γq(x), merits closer inspection. With Tp = 34 ns, 

the stress confinement criterion is satisfied for sources larger than 50μm, 
such as the phantom channel and some of the allantois vessels investi-
gated in this study. The fluctuating PA signal is generated from collec-
tions of randomly positioned small particles inside the vessel. In this 
case, with thermal but not stress confinement, we need to convolve the 
instantaneous P0 with the temporal characteristic of the laser pulse The 
laser pulse is nearly Gaussian, so the generated PA spectrum also has a 
Gaussian envelope with an upper band limit at approximately 1/(2Tp). 
Thus; the frequency components that are present in the PA signal are 
limited to approximately 17 MHz, reducing the effective signal band-
width [35]. 

Ordinarily the resolution of raw PA images should be better than that 
of US images acquired with the same bandwidth, as the band limitation 
applies only in receive and the frequency spectrum of the source is 
assumed to be broad. That latter assumption is not true in our experi-
ments, which impacts the spatial resolution in the image, and, equiva-
lently, increases the correlation length in z. Instead of the σUS

z = 135 μm 
for the transducer, we measured the PSF width in the PA images and 
found σPA

z = 145 μm and σPA
x = 300 μm which we used in the analysis of 

the signal decorrelation. 

2.5. Image acquisition and processing scheme 

To accurately sample the fluctuation of the PA speckle dynamics of 
fast flows, a high-PRF light sources are a critical component. To optimize 
the data acquisition for the purpose of photoacoustic velocimetry im-
aging (vPA), we chose to limit US imaging to a single plane wave 
transmission. After the transmit and receive events of the US image, the 
ultrasound system was switched to a second receive profile defined for 
PA acquisition and generated an output trigger signal for the PLDI. There 
is a fixed 170 ns delay between the laser input trigger and laser firing. 
With this approach, we were able to acquire the US/PA signals at 
2.5 kHz PRF for imaging depth of 20 mm. In addition, the total data 
acquisition time for each US/PA frames was selected to be 1 s (corre-
sponding to 2500 frames). 

We applied SVD filtering to the acquired PA and US data, and 
removed components with the five highest singular values from the 
signal in the phantom data to remove stationary components (including 
the boundary buildup). When imaging the chick embryo, cardiac motion 
can affect the temporal characteristics of the US/PA signals in an 
acquisition, and thus the decay of g1(τ). Therefore, a proper background 
and bulk motion rejection of the acquired signals is required. To remove 
stationary signals and bulk motion from the in vivo data, we used a 
combination of SVD and high pass filtering [31]. The components with 
the 30 highest singular values were removed form the signal, followed 
by a tenth order Butterworth high pass filtering with a cutoff frequency 

Fig. 1. (a) Top view of the acquisition setup, (b) Chicken Embryo setup.  
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of 5 Hz. 
vPA images were computed using the algorithm described in Section 

2.1. In the in vivo experiments, we also computed flow velocities based 
on the acquired US images. The analysis of ref. [26] was applied, which 
describes the two-way acoustic delay in g1(τ): 

gUS
1 (τ) = e

−

(
vx τ
2σx

)2

−

(
vzτ

2σUS
z

)2

e2ik0vzτ. (7)  

3. Results 

3.1. Photoacoustic flow velocimetry imaging of the phantom study 

Fig. 2 shows the beam-formed ultrasound (gray scale) and photo-
acoustic (red) image of the diluted India blank ink flowing through the 
tube. Individual ink particles could not be resolved due to the high 
particle density; the expected “boundary buildup” is clearly visible, 
which is removed by SVD filtering before processing for velocimetry. 

We acquired US/PA data sets for the pre-set velocities induced by the 
syringe pump and calculated the normalized first order autocorrelation 
function of g1(τ) based on Eq. (6). Fig. 3a depicts the calculated speckle 
dynamics up to 250 ms time lag for different preset velocities. It also 
shows that the correlation drops quicker for the faster flows. By using 
Eqs. (5) and (6) we can estimate the flow velocity of each pixel. Fig. 3c 
and 3 d show the photoacoustic velocimetry image of the preset flow 
speed with 12.7 mm/s and 19.0 mm/s where the tube has no angle with 
respect to the probe and is compared with the same preset flow speed for 
the tube (Fig. 3f and 3 e). Fig. 3b is the colormap used to visualize the 
results where zero velocities are fully transparent represented at the 
middle and of the color wheel and it becomes more opaque as the flow 
speed increases. Based on Eq. (6), the Vz component for the ascending 

Fig. 2. The beam-formed ultrasound (gray scale) and photoacoustic (red) 
image of the blank ink flowing through the tube, the scale bar is 1 mm. 

Fig. 3. (a) calculated g1(τ) of the phantom study with pre-set velocities of V = 1.9, 3.1, 6.3, 9.5, 12.7, and 19.0 mm/s, (b) is the colormap used for presenting the data 
vPA and vUS, (c, d) the photoacoustic velocimetry (vPA) image of the pre-set flow speed with 12.7 and 19.0 mm/s, (e, f) depict the vPA of the same pre-set flow speed 
while the tube has an angle of 15 degree with respect to the probe. The scale bar is 1 mm. (g) The calculated g1(τ) from the experiment and the corresponding fitting 
curve. The accuracy of the fitting algorithm for θ = 0◦ (h), and θ = 15◦ (i). 
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flow is negative making the angle between the Vx and Vz to be negative. 
Fig. 3g shows the calculated g1(τ) based on the flow phantom 

experiment with preset velocity of 12.7 mm/s and the fitted curve in the 
complex plane based on Eq. (6). Fig. 3h and 3 i show the high correlation 
between the preset velocities and the vPA calculated velocities for 
transverse flows (θ = 0◦) and angled flows (θ = 15◦). The red lines are 
linear fits to the mean velocities, showing good agreement with errors 
< 10%. The error bars in the figures are the standard deviations of the 
calculated vPA over different pixels. 

3.2. Photoacoustic flow velocimetry imaging in vivo 

We used a six day-old chicken embryo for the in vivo experiment to 
image the vasculature of the CAM. Fig. 4a shows the beam-formed ul-
trasound image of the CAM without filtering. The microvasculature 
network of the CAM is not clear in this image. After applying SVD 
filtering, the microvasculature network can be easily distinguished and 
the stationary clutter was rejected without losing the small vessels. 
Similarly, bulk motion associated with the cardiac cycle was successfully 

removed in this manner. We applied this method to all acquired frames 
and then used the proposed method to estimate the velocity. 

Fig. 4c and 4 d show the ultrasound velocimetry and photoacoustic 
velocimetry images of the CAM with the same colormap of the Fig. 3b 
overlaid on the ultrasound image of the corresponding frame, respec-
tively. The vUS shows that blood flow in the allantois vessels has a 
maximum flow speed of 16 mm/s. At side branches, the velocity de-
creases as the vessels get narrower. Furthermore, vPA was compared 
with vUS in the region where the PA signals were recorded, and resulted 
in the same maximum flow velocity. Fig. 4e shows the averaged esti-
mated velocity over the pixels in that region. We identified a periodic 
variation in the flow speed, visible in both the vPA and vUS data. These 
short bursts of increased blood flow velocity at 150 ms and 700 ms are 
consistent with arterial flow peaks following cardiac systole. 

4. Discussion and conclusion 

This study demonstrates that the velocity of a random distribution of 
micron-scale absorbers can be accurately estimated from the PA speckle 

Fig. 4. (a) shows the acquired ultrasound image from the chorioallantoic membrane of the chicken embryo, (b) depicts the spatiotemporally SVD filtered ultrasound 
image, showing the microvasculature; (c) velocimetry imaging of the CAM using ultrasound, and (d) photoacoustic imaging (The vPA and vUS colormap is based on 
Fig. 2b). (e) Comparison of the vPA and vUS in the region where PA signals were recorded, showing pulsatile flow. 
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dynamics in a series of high frame rate images, quantified using the 
normalized first order field autocorrelation function. In the phantom 
study, it has been shown that directional velocimetry imaging up to 
20 mm/s can be measured with the proposed system and method. The 
upper limit of velocimetry imaging flow estimation is a function of the 
PRF of the PLDI and acquisition system. 

The particles in the flow phantom were small and had no ultrasound 
contrast, yet vPA accurately measured the flow speed. Pixel variation in 
the measured velocities in the phantom may reflect the (parabolic) flow 
profile with high central velocity and lower values at the borders. 
Verification of this hypothesis requires the analysis to be robust in the 
presence of velocity gradients within the pixel, a situation our algorithm 
does not handle. 

In our experiment, the optical fiber was positioned perpendicular 
with respect to the imaging plane (see Fig. 1b). The yolk highly atten-
uates the light at 808 nm and the light cannot penetrate into deep tis-
sues, which necessitates this arrangement. Since the wavelength is 
longer (808 nm) and not focused onto a sample, thus the theoretic im-
aging depth is rather higher than the conventional OR-PAM. Addition of 
an extra (acoustically homogeneous) tissue layer would assist in 
diffusing the excitation light to a larger area. 

We successfully applied vPA to imaging of flow speed in the CAM of a 
6-day old chicken embryo. As avian RBCs have good ultrasound contrast 
due to their size and nucleation [36,37], vUS measurements validated 
the measurements. We could visualize the flow in the network. Time 
resolved vPA and vUS revealed pulsatile flow in the arterial layer of the 
CAM. Future experiments will be designed to extract blood oxygenation 
simultaneously using multi-wavelength illumination. 

The analysis in its current form still has some details that may be 
optimized: the approximation of the PSF in the x direction may not be 
valid in the present geometry, and a sinc function may in fact produce 
more accurate fits of the complex g1(τ). Furthermore, as in many PA 
experiments, sensitivity is a limitation. The short-time decorrelation 
(τ = 1/2500 = 0.4 ms) shows an abrupt drop to |g1| ≈ 0.9, which can be 
attributed to uncorrelated noise in the data. Inclusion of such a noise 
term may improve the quantitative performance of the algorithm. 
Improved sensitivity would also enable a larger field of view in the PA 
images, as the fiber-coupled PLDI pulse energy was too low to generate a 
signal from a large area, precluding the investigation of more complex 
anatomic flow models. Similarly, small vessels were not visible in PA 
imaging. Moreover, it is possible to extract vector information and bring 
the vector flow imaging to the vPA. This method can distinguish the flow 
directionality in z but not in x due to the square term of vx in the Eq. (5). 

In conclusion, we introduced vPA: quantitative imaging of direc-
tional flow using high frame rate PA imaging combined with an analysis 
of the complex field autocorrelation function. Speed estimation was 
shown to be numerically accurate on flow speeds up to 20 mm/s. In vivo 
imaging of flow in the CAM of a chicken embryo revealed pulsatile flow 
in an artery, in agreement with vUS. 
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