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Abstract: We present the photoacoustic imaging velocimetry (PAIV)
method for flow-field measurement based on a linear transducer array. The
PAIV method is realized by using a Q-switched pulsed laser, a linear
transducer array, a parallel data-acquisition equipment and dynamic
focusing reconstruction. Tracers used to track liquid flow field were real-
timely detected, two-dimensional (2-D) flow visualization was successfully
reached, and flow parameters were acquired by measuring the movement of
the tracer. Experimental results revealed that the PAIV method would be
developed into 3-D imaging velocimetry for flow-field measurement, and
potentially applied to research the security and targeting efficiency of
optical nano-material probes.
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1. Introduction

Photoacoustic imaging (PAI) combines high optical contrast with fine ultrasound resolution,
and it provides a promising hybrid imaging modality for scientific research and clinic
diagnosis [1-6]. PAI has been employed to image vasculature structure [7,8], detect breast
tumors [9-12], track molecular probes [13], measure oxygen saturation [14-16], perform
molecular and function imaging [7,17], research ophthalmic angiography [18] and count cell
[19].

Ephrat et al. developed a 3-D photoacoustic imaging system to image moving target based
on a sparse array and iterative imaging reconstruction [20,21]. Liao et al. measured nano-
based flow speed with photoacoustic wash-in technology [3]. In this paper, real-time
photoacoustic imaging technology was used to measure flow field. Moving tracers used to
track flow field were real-timely detected and the speed of flow field was acquired by
measuring the movement of the tracer with continuous PA images. This speed measuring
method is referred as photoacoustic imaging velocimetry.

The method is realized by using a Q-switched pulsed laser, a linear transducer array, a
parallel data-acquisition equipment and dynamic focusing reconstruction. In this imaging
system, the linear transducer array is used as a staring array. For each laser pulse, PA signals
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are collected by the 64-channel staring array, and then temporarily stored in a buffer memory
module of the data-acquisition equipment. After a completed data is acquired, the data is
transferred to a PC, and PA images are reconstructed off-line with dynamic focusing
algorithm. The frame rate of the PAIV system is 15 Hz, which is limited by the laser pulse
repetition frequency. With the PAIV system, PA signals of the tracer moving in flow field can
be captured real-timely, 2-D flow visualization can be successfully recorded with continuous
PA images, and flow parameters can be acquired by measuring the movement of the tracer. To
verify the capability of flow visualization and flow-field measurement of the imaging system,
phantoms made of wood block and Indian ink were constructed to track flow field.
Experimental results validated that the PAIV system has the ability of two-dimensional flow
visualization for flow field measurement. To our knowledge, this is the first report of flow
field measurement with photoacoustic imaging velocimetry method.

2. Methods

The schematic of the PAIV system is shown in Fig. 1(a). A Q-Switched Nd: YAG laser
(LOTIS TIH Ltd, Minsk, Belarus) is used as excitation source, which operates at 1064 nm with
pulse duration of 10 ns and pulse repetition rate of 15 Hz. The laser is expended by a concave
lens and then homogenized by a piece of ground glass, and the incident energy density is
controlled below 20 mJ/cm”. The incident laser beam has a diameter of 2.5 cm. PA signals are
detected by the 64-element linear transducer array. Each element of the array has a width of
0.3 mm, a height of 4 mm, and a center frequency of 7.5 MHz with a 70% bandwidth. The
array has an effective length of 46 mm and the pitch between adjacent elements is 0.72mm.
The parallel data-acquisition (PDA) equipment is employed to acquire, pretreat and transmit
the 64-channel PA signals simultaneously. It contains electronic boards of the receiving
module, A/D conversion module, and buffer memory module. In the receiving module, the
detected signals are amplified firstly by two-stage amplifiers and then filtered by anti-aliasing
filters. In A/D conversion module, analog-to-digital converters with 12-bit precision are
equipped. The data sampling rate is 40 M Samples/sec. After A/D conversion, the data from
per channel are stored in the buffer memory and finally transferred to the PC through USB
interface. With the PDA equipment, the 64-channel array data can be acquired and transmitted
every 1/100 second. Thus the frame rate of the PDA equipment is up to 100 Hz, which enable
the system to image flowing target. After data acquisition, dynamic focusing reconstruction is
applied to reconstruct PA images off-line. Additionally, the PDA equipment is triggered by Q-
Switch signal of the Nd: YAG laser.

The linear transducer array has the advantage of plane information collection and we only
consider the directivity in the image plane (X-Y plane) [22]. The directivity pattern function of
individual rectangle transducer can be expressed as follow

sin(k—a sin &)

k—asiné?
2

D(9) = (D

where k = 27” (A is the ultrasound wavelength), a is the dimension of the width side of the

transducer element, @ is the incidence angle of acoustic waves approaching to the transducer.
The effective acceptance angle of each transducer element (when D >1/2) is equal to 50°.
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Fig. 1. (a). Schematic of the photoacoustic imaging velocimetry system. PDA: parallel data-
acquisition. The light-absorbing target moving along velocity vector is illuminated by laser
pulses. The velocity vector is located in the image plane of the linear transducer array. The
black circle represents an optical absorber. (b) The schematic of transport apparatus (plastic
tube) used in experiment 1 and 2. The black rectangle on the left represents the solid tracer
(wood block). The black rectangle on the right represents the mark (a piece of black tape). The
arrow shows the direction of flow field. (c) The schematic of the taper glass tube used in
experiment 3. (d) The configuration schematic of the tee pipe used in experiment 4 and 5. Port
1 was connected with the infusion pump through the standard syringe to get a constant flow.
Port 2 was connected with another syringe and used to inject a small amount of Indian ink. Port
3 was connected with the plastic tube and located in the imaging region.

The limited acceptance angle will induce received heterogeneity for the field of view (FOV)
in the processes of data acquisition. Particularly, the effective received accumulation number
of points at the edge of the FOV is much less than that of points in the centre of the FOV

(When D >1/2, we deem it’s an effective receive, and add 1 to Ql:,., which is defined as the
effective received accumulation number of point (7, j) in the imaging region). The effective

received accumulation number is an idealized parameter, and in the paper, it is calculated in
the processes of image reconstruction. In reconstruction, if the point (i, j) was located in the

effective received angle of m-th transducer, RF, (f1—7,)xD(f) was added to S,.
Simultaneously if RF, (1—7,)xD(6) was greater than the minimum response value of the
transducer, Ql.j was added by 1. For the same absorber at different location of the FOV, the

intensity of reconstructed images should be uniform. Thus after focusing reconstruction, in
order to modify the received heterogeneity, the pixel value of each point was normalized by
the received weighting factor. For the point (i, j) in the imaging region, the image intensity

S can be expressed as
M
S, = wZ[RFm (t-t,) ><D(6’)], )
m=1

where RF, is the received photoacoustic signal by the m-th transducer element, ¢ is the time
after the trigger, 7, corresponds to the acoustic propagation time from the point (i, j) to the

m-th transducer element, M is the number of elements in the linear transducer array. w is

the received weighting factor and w=—"%_ where Q_  is the maximum of Q in each

X

7
individual image.
After modifying the received heterogeneity, the image uniformity in contrast will be
changed. For the points in the center area, it can be simply regarded that its PA signal was
received absolutely by the linear transducer array. Correspondingly, for the points at the edge
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of the FOV, the PA signal was received incompletely. Thus the image intensity in the center
of the FOV was used as a standard to assess the improvement of image uniformity in contrast.

After PA reconstruction, an image sequence according time can be acquired, and each
image shows the absorbed optical deposit distribution at different time. Thus the dynamic
information of moving light-absorbing target can be displayed with the continuous PA
images. With the real-time PA imaging method, dynamic information of flow field can be
acquired by imaging the moving tracers tracking in the investigated field. To realize imaging
velocimetry, the position of the tracer in each reconstructed image should be scaled. In the
paper, the centre of the tracer has been used to describe the position simply. And the centre
and the size were assessed by the midpoint and the length of the tracer in the moving direction
approximately. For accurate measurement, the assessing method of the movement should be
developed. The flow velocities were acquired by measuring the movement of the midpoint of
tracers. For the liquid tracer in flow field, the variation in length of reconstructed image is
used to evaluate the diffusion velocity of the liquid tracer.

In the study, a small rectangular wood block was selected to perform solid absorber. A
plastic tube filled with water was used to perform transport apparatus, which has inner
diameter of 3 mm and outside diameter of 4 mm with a sound velocity of 2340 m/s. An
infusion pump (CZ-74901-15, Cole Parmer VernonHills, IL, USA) and a 1 ml standard
syringe connected with the plastic tube were used to produce a constant current. The wood
block floated on water, and could be driven by the flow. A piece of black tape glued on the
plastic tube was used to mark position. Experiment 1 (Fig. 2) was performed to demonstrate
the improved dynamic focusing algorithm (The received heterogeneity is modified) has the
ability to modify the received heterogeneity of the FOV. In experiment 1, the wood block was
performed as absorber target, and located at the edge and the center of the FOV, respectively.
And the transducer array was placed parallel to the plastic tube with a distance of 2 cm.
Experiment 2 (Fig. 3) was designed to demonstrate that the PAIV system has the ability to
image solid tracer moving in flow field. In experiment 2, the wood block was performed as
solid tracer, and a velocity of ~1.20 cm/s inside the plastic tube was created by the infusion
pump. The schematic of transport apparatus used in the experiment 1 and 2 has been shown in
Fig. 1(b). Experiment 3 (Fig. 4) was performed to further demonstrate that the system has the
ability to image solid tracer with varying flow velocity. In experiment 3, a taper glass tube
was used to produce a varying velocity, and the corner of the taper glass tube was located in
the middle of the imaging area. The configuration schematic of the taper glass tube has been
shown in Fig. 1(c).

In order to verify that the PAIV system has the ability of whole field flow visualization,
Indian ink was performed liquid tracer to track flow field. In experiment 4 (Fig. 5) and 5 (Fig.
6), a tee pipe was used to produce a mixed flow, and the configuration schematic has been
shown in Fig. 1(d). Port 1 of the tee pipe was connected with the infusion pump through the
standard syringe to get a constant flow. Port 2 was connected with another syringe and used to
inject a small amount of Indian ink. The injected ink will diffuse and flow toward port 3
together with the flow from port 1. Port 3 was connected with the plastic tube and located in
the FOV. In experiment 4, the transducer array was placed parallel and toward to the flow
direction, respectively. In experiment 5, the transducer array was placed obliquely, forming an
acute angle with the flow direction. Additionally, the transducer array and the investigated
flow direction were also in the same plane. Flow velocity in experiment 5 was 0.20 cm/s.

3. Results

The result of experiment 1 has been shown in Fig. 2. Figure 2(a) and 2(b) are reconstructed
PA images with the conventional dynamic focusing algorithm [23,24]. Clearly, the image
intensity of the wood block in Fig. 2(a) is weaker than that in Fig. 2(b). Figure 2(c) and 2(d)
are reconstructed PA images from the improved dynamic focusing algorithm (The received
heterogeneity is modified by the received weighting factor). Obviously, the image intensity of
the wood block in Fig. 2(c) is higher than that in Fig. 2(a), while that is almost the same in
Fig. 2(b) and 2(d). The reconstruction profiles of the wood block from Fig. 2(a)-2(d) with y =
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11.5mm have been shown in Fig. 2(e) with different color. The mean relative intensity of the
wood block is 853, 1164, 1062 and 1164 (a.u.), respectively. Approximatively, 18%
improvement of image uniformity in contrast is reached by modifying the received
heterogeneity.

profie of Fig. 2a
profile of Fig. 2c
profile of Fig. 2b
profile of Fig. 2d

- o 7 ¥
i J\.ﬁj‘v wy’k..)"*"’" l"‘q ‘l"-Jll.ilk"‘ WS L’ \ “'.
T T L

00 05 1.0 145 2.0 2:5
Xicm

Reconstruction profiles

Fig. 2. Reconstructed photoacoustic images with the wood block located at different position of
the FOV. (a) and (b) Reconstructed PA images from the conventional dynamic focusing
algorithm with the absorber target located at the edge and in the centre of the imaging area,
respectively. (c) and (d) Reconstructed PA images from the improved dynamic focusing
algorithm modified with the received weighting factor. (e) Reconstructed profiles at y = 11.5
mm of images (a)-(d). The reconstruction profiles of the wood block from (a)-(d) are shown
with the color of black, blue, red and green, respectively. The red line in each panel represents
the position of the linear transducer array.

After modifying the received heterogeneity, image intensity of the wood block at the edge
of the FOV is closer to that in the center of the FOV. Thus we believe that Fig. 2(c) is more
uniform in contrast of whole image than 2(a). Image intensities of the wood block in Fig. 2(b)
and 2(d) are almost identical, and the reason is that in the center of the FOV the received
weighting factor w is almost equal to 1. Additionally, it is hard to eliminate the heterogeneity

#124865 - $15.00 USD  Received 1 Mar 2010; revised 12 Apr 2010; accepted 13 Apr 2010; published 28 Apr 2010
(C)2010 OSA 10 May 2010/ Vol. 18, No. 10/ OPTICS EXPRESS 9996



of the FOV completely, and another reason should be the inhomogenous light due to the
heterogeneity of light energy distribution. In conclusion, after modifying the received
heterogeneity, the intensity of absorber at the edge of the FOV has been more close to that in
the center of the FOV. In conclusion, with the improved dynamic focusing algorithm, a
relative homogeneous imaging area can be obtained.

In experiment 2, the movement of the tracer with constant velocity was captured in 2.06
second. Reconstructed result has been shown in Fig. 3 with an interval of 0.33 second. There
are two absorbers in the reconstructed images. The shorter one is the tracer moving with the
flow field, and the longer one at the right of the reconstructed images is the marker. The
distances traveled between successive images in Fig. 3 are 3.7mm, 3.8mm, 3.8mm, 4.1mm,
3.9mm and 4.3mm, respectively. And the average velocity of the tracer is 1.18 cm/s. The
experiment result demonstrates that the PAIV system has the ability of flow visualization for
moving target. In the experiment, the velocity of flow field is evaluated by measuring the
movement of the solid tracer. Solid tracer is driven by the investigated flow in this measuring
mode, thus small and low-density tracer should be selected.

l mm
)

Fig. 3. PA images of the solid tracer with constant velocity at different times. The movement of
the tracer was captured in 2.06 second. The arrow shows the direction of flow field. The red
line represents the position of the linear transducer array.

Fig. 4. PA images of the solid tracer with varying velocity at different times. The movement of
the tracer was captured in 1.06 second. The arrow shows the direction of flow field. The red
line represents the position of the linear transducer array.

Result of experiment 3 has been shown in Fig. 4 according to time with an interval of 0.2
second. Seen from Figs. 4(a) to 4(c), it is clearly that the velocity of the tracer is homologous.
While seen from Figs. 4(d) to 4(f), distance traveled between successive images is enlarged
gradually, which means that the velocity of the tracer is varied. Furthermore, it also can be
observed that moving direction of the tracer has been changed from Figs. 4(d) to 4(f), which is
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caused by the corner of the tube. It is further demonstrated that the PAIV system has the
ability of flow visualization for flow field.

B

Fig. 5. PA images of liquid tracer at different times. The dash lines represent positions of the
wall of the plastic tube. Arrows show the flow direction. A: The transducer array was placed
parallel to the flow direction. The movement of the liquid tracer was captured in 1.06 second.
B: The transducer array was placed toward to the flow direction. The movement of the liquid
tracer was captured in 1.66 second. The red line represents the position of the linear transducer
array.

Reconstructed PA images of experiment 4 are shown in Fig. 5. In Fig. 5A, images (a)-(e)
are given according to time with an interval of 0.2 second. It is shown that the liquid tracer is
flowing from left to right. In Fig. 5B, images (a)-(e) are given in time sequence and the time
interval is 0.4 second. It is shown that, the liquid tracer is flowing toward to the transducer
array. In Fig. 5, the moving direction of the liquid tracer is accurately acquired, and the
diffuseness phenomenon is also clearly displayed. In the diffusion process, the ink will be
affected by the adhesion force of flow and can’t maintain a fixed shape. Thus reconstructed
PA images of the liquid tracer are different with time. In the experiment, the ever-changing
liquid tracer is imaged real-timely, which demonstrates that the PAIV system has the ability of
whole field flow visualization.

Figure 6 shows the reconstructed PA images of the liquid tracer with an oblique direction
toward the transducer array in experiment 5. Images (a)-(f) are given according to time with
an interval of 0.2 second. Furthermore, flow velocity and diffusion velocity of the liquid tracer
are measured from successive PA images. The mean flow velocity is 0.17 cm/s and the mean
diffusion velocity is 0.07 cm/s in the experiment. It is demonstrated that the PAIV system has
the ability to acquire the flow direction information. In the experiment, the random flow
direction was limited in a plane, which was caused by the plane information selection of the
linear transducer array.

#124865 - $15.00 USD  Received 1 Mar 2010; revised 12 Apr 2010; accepted 13 Apr 2010; published 28 Apr 2010
(C)2010 OSA 10 May 2010/ Vol. 18, No. 10/ OPTICS EXPRESS 9998



Fig. 6. PA images of liquid tracer in a flow with an oblique direction toward the transducer
array. The movement of the tracer was captured in 2 second. The red line represents the
position of the linear transducer array.

4. Discussion and conclusion

We have presented the photoacoustic imaging velocimetry method for flow field
measurement. Present work has demonstrated that the system has the ability of 2-D flow
visualization. Furthermore, both velocity and direction of the investigated flow can be
obtained from reconstructed PA images. The current system can only be used in 2-D
measurement, which is limited by the plane-selected transducer array. For 3-D measurement,
a planar array with large 3-D acceptance angle and appropriate structure is needed, and this is
our further work. The frame rate of the PAIV system is limited by the low pulse repetition
frequency (PRF) of the laser, and the time resolution of the system is restricted.

Actually, in the PAIV measurement sound velocity V,, of PA wave will be affected by the

flow field [25]. Assuming that the flow is moving away from the transducer with a velocity v
(In this case, the speed of sound deviation is maximum), the sound velocity will be v, —v,

. If 1% is selected to

and the relative error of the target location can be described as

Vo=V
perform the limit of the relative error, the maximum measuring velocity of the PAIV method
is about 14.85 m/s (Assuming that the sound speed is equal to 1500 m/s). In practical medical
application, the sound velocity will change throughout the medium. In this case, the measured
relative velocity can be used to evaluate flow field qualitatively, and the dynamic information
is also useful for clinic diagnosis. For further development, investigated velocity can be
acquired by correcting the acoustic speed variations with ultrasonic transmission tomography
[26]. For the current imaging system, the actual limiting velocity is well below the maximum
measuring velocity due to the low pulse repetition frequency (PRF) of the laser. Previously, a
1 kHz repetition laser has been used in PA imaging by Wang et al [27]. With high pulse
repetition frequency laser in future, the PAIV system can overcome the current limiting
velocity.

The light scattering will result in: (1) the light energy distribution will be more
homogeneous, which will induce a more homogeneous imaging area; (2) the light energy will
be decreased. For the reconstructed image, the image intensity will be decreased. However, in
the paper the imaging area was located in a plane and was almost vertical with the light. Thus
the affection of the image intensity due to the light scattering can be neglected.

In the processes of image reconstruction, Qij was accumulated when D >1/2 and
RFE (t—7 )% D(0) was greater than the minimum response value of the transducer. For

the white noise at the edge of the FOV, the accumulation number Ql.j is possible less than

that of sharp absorber at the same position, and correspondingly the parameter W should be
great. Thus in the same region the improvement value of Figs. 2(b) and 2(d) is not the same as
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that in Figs. 2(a) and 2(c). For the same point in different image, the parameter {2 would be
different, thus the range in each image with the parameter W is almost equal to 1 is different
with each other. Only when the parameter W is almost equal to 1, the lines before and after
modifying the received heterogeneity can coincide with each other. This should be the reason
why the coinciding range of the green line and the blue line is different with that of the black
line and the red line.

The PAIV method has some advantages for flow field measurement. 1) Compared to
Doppler flow imaging (laser Doppler imaging and ultrasound Doppler imaging) [28,29], the
PAIV method can provide the direction information of the investigated velocity vector, while
the measured velocity by Doppler flow imaging is just a projection of the investigated
velocity vector in the probe direction. 2) Compared to speckle contrast flow imaging (SCFI)
and particle imaging velocimetry (PIV) [30,31], the PAIV method possesses a better
sensitivity. With a single probe (light or sound), SCFI and PIV are based on the scattering
property of endogenous red blood cells or exogenous particles. However, the light is strongly
scattered by the tissue and the ultrasound wave is strongly reflected by tissue boundaries [32].
On the contrary, PAI employs both light and sound as probe and relies on light absorption
contrast. 3) The PAIV method can provide more information of the investigated flow field
except mean flow velocity. The measuring region of the imaging system is a large area, not a
point. Thus the method can be used to display the varying flow.

The method would be regarded as a new scientific research method, and potentially
applied in the research of security and targeting efficiency of optical nano-material probes.
Recent year, more and more attention has been attracted in nanotechnology research. And the
optical nano-material probes, such as carbon tubes probe [33], golden carbon tubes probe
[34], have been tried to target and identify tumor. However, the penetration and the targeting
efficiency of the nanoparticles should be assessed experimentally. With the photoacoustic
imaging velocimetry method, the movement of optical nano-material probe could be
monitored realtimely. By mapping of the dynamic distribution of optical nano-material probe,
the penetration and flow tendency could be observed clearly, and the targeting efficiency
could be obtained by monitoring the PA intensity of the particles around the tumor.

In conclusion, we have developed the photoacoustic imaging velocimetry method for flow
field measurement. The method can be developed into 3-D imaging velocimetry. The
photoacoustic imaging velocimetry system was presented and its ability of visualizing and
measuring flow has been demonstrated experimentally.
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