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Structured-illumination photoacoustic Doppler flowmetry of axial flow

in homogeneous scattering media

Ruiying Zhang,? Junjie Yao,? Konstantin |. Maslov, and Lihong V. Wang®
Optical Imaging Laboratory, Department of Biomedical Engineering, Washington University in St. Louis,

One Brookings Dr., St. Louis, Missouri 63130, USA

(Received 3 July 2013; accepted 15 August 2013; published online 28 August 2013)

We propose a method for photoacoustic flow measurement based on the Doppler effect from a
flowing homogeneous medium. Excited by spatially modulated laser pulses, the flowing medium
induces a Doppler frequency shift in the received photoacoustic signals. The frequency shift is
proportional to the component of the flow speed projected onto the acoustic beam axis, and the
sign of the shift reflects the flow direction. Unlike conventional flowmetry, this method does not
rely on particle heterogeneity in the medium; thus, it can tolerate extremely high particle density.
A red-ink phantom flowing in a tube immersed in water was used to validate the method in both
the frequency and time domains. The phantom flow immersed in an intralipid solution was also
measured. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4819735]

Flow speed measurement plays an important role in bio-
medical research, such as the study of tumor and cardiovas-
cular diseases.'™ In biomedical imaging, Doppler ultrasound
flowmetry,*” laser Doppler flowmetry® and Doppler optical
coherence tomography’ are all valuable tools for flow speed
measurement. However, based on backscattered signals,
these Doppler techniques require particle heterogeneity in
the flowing medium;* thus, they cannot be used for flow
measurement of a homogeneous medium. In comparison,
photoacoustic imaging, based on optical absorption con-
trast,® is not intrinsically limited by the heterogeneity of the
flowing medium. A few recent studies have investigated pho-
toacoustic Doppler (PAD) flowmetry of particle-based
phantoms.”™'® It has been reported that the traditional PAD
signal strength decreases and eventually diminishes as the
particle concentration increases.'”'® In this paper, we pro-
pose a flow measurement method based on the PAD effect in
homogeneous media, where the distance between absorptive
molecules is on the scale of nanometers. Different from
traditional PAD implementations, which use a temporally
modulated CW or tone-burst laser excitation, our method
uses a spatially modulated pulsed laser excitation to tempo-
rally modulate the received PA signals. The modulation fre-
quency of the received PA signals is determined by the
acoustic transit time between the neighbouring pitches of the
spatial modulation. Therefore, the flow of the medium
changes the acoustic transit time and thus induces a fre-
quency shift in the received PA signals. As in traditional
PAD flow measurement,g_]f’ the flow direction determines
the sign of the frequency shift.

In PA flow measurement of a homogeneous medium, a
stationary ultrasonic detector receives signals from the
excited region of the medium, which is the acoustic source.
As shown in Figure 1(a), if both the acoustic source and the
medium are stationary, the PA wave from the stationary
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acoustic source travels to the transducer surface at the speed
of sound in the medium (~1480m/s in water at 20°C). If
both the acoustic source and the medium are moving, the
received PA signal will be compressed or stretched, depend-
ing on the flow direction. In the time domain, this compress-
ing or stretching effect can be further decomposed into two
parts: the arrival time shift induced by the moving medium
and the signal duration scaling induced by the moving
source. In the frequency domain, while the arrival time shift
corresponds to the phase shift at each frequency, the signal
duration scaling corresponds to the scaling of the frequency
spectrum. Both the arrival time shift and the signal duration
scaling can be used to measure flow speed. However, using
the arrival time shift requires exact knowledge of the sound
path between the acoustic source and the transducer, which
is challenging to achieve in biological tissues. By contrast,
the signal duration scaling relies only on the acoustic prop-
erty of the moving source, even if the sound path between
the source and ultrasonic transducer is uncertain. In this
study, we explored four methods of PAD flowmetry of
homogeneous media: (1) central frequency shift; (2) arrival
time shift; (3) phase change at each frequency; and (4) tem-
poral scaling.

Central Frequency Shift: Similar to traditional PAD
flow measurement, if the PA signal generated by the moving
source has a central frequency with a narrow bandwidth,
then the scaling of the spectrum can be represented by its
central frequency shift, from which the medium’s flow speed
and direction can be derived. In our method, the modulation
frequency fj can be estimated as

fo = va/do, )]
where v, is the speed of sound in the stationary medium and

dy is the fringe pitch of the spatially modulated illumination.
Then, the central frequency shift can be expressed as

frap Zfov—m7 ()
Va

© 2013 AIP Publishing LLC
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FIG. 1. Flow measurement based on the PAD effect in a homogeneous medium. (a) Schematic of PA signals under different flow conditions. v, and v,, are the
flow speeds of the source and the medium, respectively; ¢, and , are the arrival times of signals under the two flow conditions; 7, and 7, are the signal dura-
tions under the two flow conditions. Both the arrival time and the signal duration decrease when vy = v,, > 0 (flow is towards the transducer), compared with
when vy = v,, = 0. (b) Schematic of experimental setup. The homogenous flow with speed v,, is excited by structured illumination, and the generated PA sig-
nal is detected by a flat ultrasonic transducer placed in the axial direction of the tube. L is the distance between the illumination spot and the transducer surface,

and d is the illumination spot size.

where v, is the flow speed of the medium projected along
the acoustic beam axis. A positive frequency shift means the
medium is flowing towards the transducer, and vice versa.
Note that the PAD frequency shift in Eq. (2) is only half of
the traditional ultrasound Doppler shift, due to the one-way
emission of the PA signals. In practice, the central frequency
of the PA signal can be estimated as the power-weighted
mean frequency.'?>°

Arrival Time Shift: This method is predicated on the
assumption that both the flow speed and acoustic property
along the path are uniform. The time shift Az, can be esti-
mated by cross-correlation between the received PA signal
pi1(7) at flow speed v, and the PA signal py(r) at a baseline
flow speed vy. If the flight time of the signal is much longer
than its duration (i.e., the distance from the center of the illu-
mination spot to the transducer is much larger than the size
of the illumination spot), the contribution of the signal dura-
tion to the cross-correlation can be neglected. Thus, by find-
ing the time delay At,, that maximizes the cross-correlation
between p; () and py(t), the relative flow speed Av,, can be
calculated as follows:

fmax
At = argmaxJ po(t)p1(t+ Ar)dr, 3)
At 0
At
2 ARIpm
Av,, = v, 7 4)

where f,,x represents the ending point of the signal and L
is the distance between the transducer and the center of the
illumination spot. A positive arrival time shift means the
medium is flowing away from the transducer, and vice
versa.

Phase Change: Alternatively, in the frequency domain,
the phase information of the cross-spectral density function
of the signal can also be used to calculate the time delay
At,,.2! We have

1 .
At,, = %argSpl,,U(]‘), (@)

where S, ,,(f) is the cross-spectral density of the received
signals p;(f) and po(r). After extracting the phase from
Spipo(f), we can then fit for the arrival time shift Az, using
Eq. (5) and calculate the flow speed using Eq. (4).

Temporal Scaling: In the time domain, in addition to the
approximate calculation method based on cross-correlation,
the flow speed can also be estimated by a more accurate tem-
poral scaling method. The scaling factor ¢, that maximizes
the product of p,(¢,r) and po(r) can be calculated using
Eq. (6), and the flow speed is given by Eq. (7)

fmax
&n = argmaxj po(t)p1(et)dt, (6)
¢ 0
Avy = (1 — &p)va. (7

A temporal scaling factor less than one means the medium is
flowing towards the transducer, and vice versa.

Here, photoacoustic flow sensing based on the PAD effect
from a homogeneous medium was demonstrated in a labora-
tory setup, shown in Fig. 1(b). A pump (Model 3386, Fisher
Scientific and EW-72008-00, Cole Parmer) drove the flow in a
clear polyvinyl chloride tube (ClearFlex ™ 60 premium, 8 mm
inner diameter) immersed in water. Nanosecond laser pulses of
570nm wavelength were focused by a cylindrical lens
(300 mm focal length), which generated a 3-mm-long illumi-
nation line along the tube axis. A Ronchi ruling (50 um pitch
size) was placed above the tube, which provided a spatial mod-
ulation of the illumination intensity. A diluted red ink solution
(optical absorption coefficient: u, ~ 1.2cm ') was used as
the flowing medium. The generated photoacoustic waves propa-
gated in the flowing medium and were detected by a flat ultra-
sonic transducer (V2022 BC, Olympus-NDT). The distance
between the illumination spot and the transducer surface was
approximately 5.6 cm. The PA signals from the transducer were
amplified by 40dB and then sampled by an oscilloscope
(TDS5034, Tektronix, Inc.). The recorded PA signals were aver-
aged for 256 times. In a second experiment with a scattering me-
dium, the tube was immersed in a 0.1% intralipid solution
(optical scattering coefficient: p, ~ 6.18 cm ™' at 570 nm).*
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Fig. 2(a) shows the temporal profile of a typical photoa-
coustic signal from a stationary homogeneous medium, where
the signal modulation is clear. The arrival time was about
37.5 us, which corresponded to a distance of ~5.6 cm between
the illumination spot and the transducer surface. The total du-
ration of the signal was about 2 us, which corresponded to an
illumination spot size of ~3 mm. As shown in Fig. 2(b), a
faster flow (0.63 m/s) of the medium towards the transducer
induces a shorter arrival time of the signal than a slower flow
(0.16 m/s), producing a time shift in the temporal profile of the
received PA signal. Correspondingly, Fig. 2(c) shows the fre-
quency spectrum of the PA signal acquired at a flow speed of
0.63 m/s. The signal has a central frequency of 29.8 MHz with
a full-width at half maximum of 9.7 MHz. According to Eq.
(2), the central frequency is related to the spatial modulation
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frequency of the illumination pattern, the propagation speed of
sound in the homogeneous medium. The bandwidth is deter-
mined by the duration of the PA signal, which is also related to
the propagation speed of sound in the medium. A faster flow of
the medium towards the transducer shortens the signal duration
and increases the central frequency of the received PA signal,
as shown in Fig. 2(d).

In the first experiment, with the tube immersed in water,
the flow speed of the ink solution was varied from 0.020 m/s
to 1.4 m/s. The four methods introduced above were used to
calculate the flow speeds. As shown in Fig. 3, the measure-
ments from all four methods agree well with the preset
speeds. The root-mean-square-errors (RMSE) of the four
methods were 0.089 m/s, 0.095 m/s, 0.10 m/s, and 0.057 m/s,
respectively.
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FIG. 4. Photoacoustic flow measure-
AD ment in a 0.1% intralipid solution.
(a) PA signal in the time domain.
(b) Flow speed measurements based on
the central frequency shift method and
temporal scaling method, with RMSE
=0.12m/s and 0.066m/s, respec-
tively. Solid line: y = x.
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In addition to the clear medium, PA flow measurements
were also demonstrated in an intralipid scattering medium.
The intralipid solution above the tube surface was ~3 mm
thick. The flow speed was varied from 0.13 m/s to 0.63 m/s.
The temporal scaling method and the central frequency shift
method were used for flow speed quantification, as shown in
Fig. 4. Compared with the measurements in the clear me-
dium, the measured flow speeds in the scattering medium
had greater errors for both methods. For the time domain
method, optical scattering reduced the signal-to-noise ratio
(SNR), which resulted in a greater error in the temporal scal-
ing measurement (RMSE: 0.066 m/s). For the frequency do-
main method, in addition to the reduced SNR, the scattering
also degraded the PA signal modulation depth, thereby
increasing the difficulty in measuring the central frequency
(RMSE: 0.12 m/s).

Based on the translation and scaling properties of the
Fourier transformation, the time shift in the time domain is
equivalent to the phase shift in the frequency domain, and
scaling in the time domain is equivalent to scaling in the
frequency domain. Nevertheless, superior to the other three
methods, the central frequency shift method can sense the
absolute flow speed instead of a relative flow speed.
Furthermore, the central frequency shift method does not
assume uniform flow and homogeneous acoustic property
along the sound path between the laser spot and the trans-
ducer surface. Instead, it requires only uniformity within
the illumination spot, which is much easier to satisfy in
practice.

It should be noted that the proposed method assumes a
uniform flow speed over the depth direction of the tube that
the laser can penetrate. However, this is not true for laminar
flow, where the center of the tube has the fastest flow. For
the absorption coefficient of the ink solution, the 1/e penetra-
tion depth of the light was approximately 8.3 mm, larger
than the tube diameter. Therefore, the measured flow speed
was an average of the actual flow distribution.

The modulated light illumination provides a central fre-
quency for the received PA signal, which can help quantify
the absolute flow speed. It transforms the otherwise wide-
band PA signal into a narrowband signal. Without the light
modulation, the wideband spectrum would be compressed or
stretched as well, depending on the flow direction. The scal-
ing factor can also be used to estimate flow; however, it can
detect only relative flow speeds.

In the central frequency shift method, the maximum meas-
urable flow speed is limited by the frequency response of the
transducer and SNR. Assuming the maximum frequency

04 0.6 0.8

Preset flow speed (m/s)

response of the transducer is ~105 MHz, the maximum meas-
urable flow speed is ~3700m/s (flow is towards the trans-
ducer), using Eq. (2). Increasing the bandwidth of the
transducer can increase the maximum measurable flow speed.
However, since the acoustic signal is attenuated more at higher
frequencies, higher frequency components have lower SNR,
which will limit the maximum measurable flow speed.

The minimum measurable flow speed, which is the ve-
locity sensitivity of the system, is limited by the signal length
and SNR. Increasing the cycle number of the Ronchi ruling
can improve the frequency resolution, and thus decrease the
minimum measureable flow speed. In addition, zero-padding
can be used in the Fourier transformation to improve flow
sensitivity. While zero-padding cannot actually improve the
frequency resolution, it can smooth the frequency spectrum
and thus improve the accuracy of locating the central fre-
quency.” If the noise is spectrally white, the minimum
measurable flow speed can be derived from the Cramér—Rao
lower bound, which gives an estimation accuracy of the cen-
tral frequency as***

2
O S — ®)
F 7 mN(N? — 1)SNR’
Vmin = 20¢Va/fo, 9)

where oy is the standard deviation of the central frequency
computed from the measured PA spectrum, f; is the sampling
frequency, N is the number of sampling points, fj is the mod-
ulation frequency, v, is the speed of sound within the
medium, and SNR = A%/262 (A is amplitude of the signal
and ¢2 is the variance of the noise). In our experiment,
given SNR = 10000, N = 10*, and fs =2.5GHz, we get
Vmin = 0.014 m/s.

In conclusion, we have proposed a flow speed measure-
ment method based on the photoacoustic Doppler effect in a
homogeneous medium. Unlike the back-scattering based
Doppler method, our method does not require heterogeneity of
the flowing medium on the scale of the spatial resolution. As
long as the medium is optically absorptive at a certain wave-
length, such as pure water in the infrared region, its flow speed
can be measured based on the photoacoustic Doppler effect.
Although we emphasized the central frequency shift method,
the other three methods can also be utilized for relative flow
speed calculation. While the current experimental setup is
more suitable for fast flow (>2.0 cm/s) measurement, the slow
flow measurement capability can be improved, for example,
by increasing the modulation frequency.
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