








Interface R
phantom-air 1
phantom-dye 0.2
phantom-polyester 0
phantom-acrylic | 0.4

TABLE III: Reflection coefficient R (Eq. 1) for the interface between
the tissue phantom and each embedded medium.

FIG. 1: Photograph of experimental setup. The vessel proxy is
placed under the midway point of the receiver scan line.

exposure for repetitive pulses at 1064 nm (ANSI, 2007). The
source beam incident on the phantom surface provides both
penetration of the laser light into the phantom for PA genera-
tion by the dye, and absorption of the source at the surface for
LU generation (Figure 2). A scanning heterodyne vibrome-
ter detects the PA and LU wave fields (PSV-400-M4, Polytec,
Irvine, CA, USA). A reflective tape was placed across the de-
tection surface to enhance sensitivity of signal detection by
the vibrometer. Line scans were recorded in reflection mode,
where the detection beam was scanned by 336.9 pm incre-
ments away from the location of the source beam, with an
average of 64 A-scans recorded per beam location (Figure 1).
A total of 95 wave fields were recorded, covering a total scan
distance of 3.2 cm.
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FIG. 2: Diagrams of the laser-ultrasound (top) and photoacoustic
(bottom) generation and scattering in the transverse plane of the
phantom. In the bottom panel, the optical energy of the source beam
is shown illuminating an absorber embedded in the phantom, which
generates a photoacoustic wave. A laser-ultrasound wave generated
at the surface of the phantom is shown in the top panel. The laser-
ultrasound and photoacoustic waves are detected at the phantom sur-
face.

Results

With the exception of Trial 1, each of the trials detected a
phantom vessel. The B-scan for Trial 5, an acrylic tube filled
with dye inside the phantom, is shown in Figure 3. The ar-
rival time ¢ of the PA and LU waves scattered from the phan-
tom vessel are a function of the receiver location x and the
wavespeed in the phantom tissue v:

12 =t + (x/v)?, )

where £ is the time associated with the waves traveling from
source to scatterer. In the PA experiment ¢ty =~ 0, as the ul-
trasound is generated at the phantom vessel. In addition to
the LU and PA waves from the scatterer, we detect a low-
frequency wave that propagates through the air and a wave
that goes directly from source to receiver through the phan-
tom.

A highpass Butterworth filter (100-kHz cut-off frequency)
was used to remove the low-frequency air wave. The direct
wave was removed using a frequency-wave number (f-k) filter
[for further detail on the f-k filter design, see 27]. F-k filters,
often called velocity filters, are used in multi-channel (seis-
mic) recordings to separate or remove waves arriving from
different directions [7, 24]. Figure 3 is the B-scan after the
band-pass filter and the suppression of waves arriving with an
apparent velocity between 1380 m/s and 1400 m/s [for further
detail on the f-k filter design, see 27].
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FIG. 3: B-scan of Trial 5 (acrylic tube filled with dye) before (top)
and after (bottom) band-pass and frequency-wavenumber filtering.

Semblance

A correction for the path-length difference for different val-
ues of the scattered PA and LU waves as a function of receiver
location = (Equation 2) was made so that all scattered waves
appear to arrive at the same time ¢(. In multi-channel seismic
processing this is called a normal move-out (NMO) correction
[15, 46].

With the proper correction (i.e., the correct value of v), the
scattered waves for all receiver positions x arrive at ty5. In
practice, v is not (exactly) known, and we iterate the process
for different values of v, until the corrected wave forms align,
and the sum of the aligned wave forms has the largest am-
plitude. The ratio of summed amplitude of the signal to the
average of the noise level is termed semblance:

max (signal?) 3)

mean(noise?)

The wave speed at maximum semblance is an accurate mea-
sure of the speed of sound in the medium, and the maximum
semblance value can be used as an objective measure of re-
solving contrast. NMO-corrected images and corresponding

stacked traces are shown for Trial 5 in Figure 4 and Trial 2 in
Figure 5, respectively.
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FIG. 4: (Top) Semblance of the photoacoustic (PA) wave for the
acrylic tube filled with dye (Trial 5), as a function of velocity
(optimum value v = 1390 m/s). (Middle) Normal move-out
(NMO)-corrected wave forms. (Bottom) Stacked (sum) of the NMO-
corrected wave forms. An arrow points to the location of the scat-
terer. Evidence of the generated PA wave resonating follows the first
arrival [see 27].

The maximum semblance value S for each trial is displayed
in Table 4. For comparison, we also report the signal-to-noise
ratio of the single channel recording where the receiver is po-
sitioned directly over the target. The details of the NMO cor-
rection and semblance analysis are described in [27].
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FIG. 5: Wave forms for Trial 2 (top) and Trial 3 (bottom) before and
after the semblance analysis and stacking of the photoacoustic and
laser-ultrasound waves. The unstacked traces were recorded directly
above the scatterer.

Trial 11213415
PA [NMO Stack [n/a|n/a|18|n/a| 13
Unstacked |[n/a|n/a| — |n/a| —
LU|NMO Stack n/a|6.9| — [3.6]5.1
Unstacked |[n/a| — | —| — | —

TABLE IV: Maximum semblance, .S, for each trial. Large values cor-
respond to a higher ratio of signal wave amplitude to the background
noise level.

Discussion

All the LU and the PA trials detected the phantom vessel.
Here, we briefly discuss some of the observations for each
trial.

Because the outer diameters of the two tubes is comparable,

the thinner-walled tube has a larger internal volume. With air
in the tubes, LU scattering in Trial 2 (thin) is stronger than
in Trial 4 (thicker tube). We attribute this to the larger elastic
impedance contrast between air and the tissue phantom mate-
rial. With dye in the tubes, the impedance constrast with the
tissue phantom is apparently dominated by the tube walls: the
thicker-walled tube has stronger LU scattering.

Dye inside the tubes in Trial 3 and 5, representing
hemoglobin, resulted in stronger PA generation than with air.
Based on the maximum semblance for each trial stated in Ta-
ble 4, the amplitude of the PA wave generated in the thinner
polyester tube was significantly higher than the wave gener-
ated in the thicker acrylic tube. While a slight hyperechoic
effect was expected by PA generation in a stiff tube, it appears
that the relatively larger volume of dye in the thinner tube of
Trial 3 results in more absorption and a higher PA wave am-
plitude than in Trial 5.

Trial 5 with its thicker wall size and dye generated stronger
LU scattering and weaker PA generation than Trial 3. In gen-
eral, stronger LU scattering and weaker PA generation may be
an indication of an effective increase of vessel wall thickness,
potentially related to calcification.

We found that the LU signals were of a higher frequency
than the PA waves: ~ 1 MHz versus ~ 500 kHz, respectively.
The PA generating tube has a diameter of about 1.5 mm, cor-
responding to an expected frequency vpy = %
460 kHz, which is in good agreement with our experimen-
tal data. It appears that the PA wavelength is dominated by
resonant modes defined by the size of the vessel. This notion
is further confirmed by reverberations observed in Figure 4.

Recording multiple receiver positions for each source posi-
tion proved advantageous. First, it allows us to apply spatial
frequency filtering (Figure 3). Secondly, the frequency of LU
excitation is angle dependent. In fact, pressure wave genera-
tion is at a minimum in the direction orthogonal to the gener-
ation surface [49]. Because the depth of the target is unknown
a priori, it is preferable to record multiple source-receiver off-
sets. Stacking multi-channel recordings after a normal move-
out correction greatly enhanced the signal-to-noise ratio (see
Table 4 and Figures 4 and 5). However, recording multiple
receiver locations for a source position significantly increases
acquisition times.

In this study, phantom arteries were chosen to simulate
healthy and calcified vessels. The tube representing a cal-
cified artery was chosen such that there was a large acous-
tic impedance mismatch between the tissue phantom and the
tube, analogous to calcification and soft tissue. Acrylic was
chosen, because it has a relatively high acoustic impedance,
and is optically transparent at the source wavelength to ensure
minimal interference with PA absorption. However, true calci-
fication has higher impedance. Using the acoustic velocity of
calcification [~ 2000 m/s 14] and the density of the primary
component of calcification, hydroxyapatite [~ 3.0 g/lcm? 10],
a rough estimate for the acoustic impedance is ~ 6 N-s/cm?®.
Acrylic has an acoustic velocity ~ 2700 m/s and density
~ 1.2 g/cm3 [1], resulting in an impedance of 3.2 N-s/cm?.
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Therefore, we expect further improvements in detection sen-
sitivity for calcifications of the same dimension as our tube ex
vivo. Future work will validate this method in arteries ex vivo.

Conclusions

Multi-channel recordings and seismic data processing tech-
niques enhance photoacoustic and laser-ultrasonic signals
from proxies of vascular structures in phantom tissue mate-
rial. Experiments were conducted with inclusions analogous
to healthy and calcified arteries embedded. Using these geo-
physical image processing techniques, we were able to com-
paratively analyze relatively weak signals from photoacoustic
and laser-ultrasonic contrasts from ~ 1-mm objects at a depth
of ~ 2 cm. The non-invasive system has potential to improve
detection of both scatterers with low levels of blocking (such
as calcification) and weakly absorbing chromophores. This
may be particularly beneficial for determining the morphol-
ogy of atherosclerotic plaque in the carotid artery.
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