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Abstract—In this paper, we describe using a 2-D array of
capacitive micromachined ultrasonic transducers (CMUTSs)
to perform 3-D photoacoustic and acoustic imaging. A tun-
able optical parametric oscillator laser system that generates
nanosecond laser pulses was used to induce the photoacoustic
signals. To demonstrate the feasibility of the system, 2 differ-
ent phantoms were imaged. The first phantom consisted of
alternating black and transparent fishing lines of 180 pm and
150 pm diameter, respectively. The second phantom comprised
polyethylene tubes, embedded in chicken breast tissue, filled
with liquids such as the dye indocyanine green, pig blood, and
a mixture of the 2. The tubes were embedded at a depth of 0.8
cm inside the tissue and were at an overall distance of 1.8 cm
from the CMUT array. Two-dimensional cross-sectional slices
and 3-D volume rendered images of pulse-echo data as well
as photoacoustic data are presented. The profile and beam-
widths of the fishing line are analyzed and compared with a
numerical simulation carried out using the Field II ultrasound
simulation software. We investigated using a large aperture
(64 x 64 element array) to perform photoacoustic and acoustic
imaging by mechanically scanning a smaller CMUT array (16
X 16 elements). Two-dimensional transducer arrays overcome
many of the limitations of a mechanically scanned system and
enable volumetric imaging. Advantages of CMUT technology
for photoacoustic imaging include the ease of integration with
electronics, ability to fabricate large, fully populated 2-D ar-
rays with arbitrary geometries, wide-bandwidth arrays and
high-frequency arrays. A CMUT based photoacoustic system
is proposed as a viable alternative to a piezoelectric transducer
based photoacoustic systems.

I. INTRODUCTION

PHOTOACOUSTIC imaging (PAI), also called optoacous-
tic imaging, is a promising medical imaging technol-
ogy because it combines the contrast information of opti-
cal imaging with the spatial resolution of acoustic imaging
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[1]. It is a non-ionizing and non-invasive imaging modal-
ity. Potential clinical applications for PAI include func-
tional and molecular imaging as well as therapy monitor-
ing [2]-[4]. In PAI, the target tissue is illuminated with
short laser pulses that cause brief heating of absorbing
structures such as blood vessels. The induced tempera-
ture increase generates acoustic pressure waves because of
the thermoelastic effect. These pressure waves propagate
to the surface of the tissue where they can be detected
with ultrasound transducers. Those regions that are more
optically absorbent than others will generate a stronger
ultrasound signal. Using the ultrasound data, an image
of the optical absorption properties of the tissue can be
reconstructed.

Ultrasound transducer technology that has been op-
timized for PAI remains under development. The ideal
acoustic transducer array should provide high axial and
lateral resolution, strong sensitivity, wide bandwidth and
not be affected by the exciting laser pulse [5]. If a whole
3-D photoacoustic image can be acquired in one laser pulse
then a fast imaging frame rate can be achieved.

In this work, we propose using a 2-D capacitive micro-
machined ultrasonic transducer (CMUT) array to fulfill
these requirements. Currently, experimental PAT systems
typically use a single mechanically scanned focused piezo-
electric transducer for detection of the laser-generated ul-
trasound. Using a CMUT array in place of a mechanically
scanned element has several advantages. Because CMUTs
are fabricated using a silicon micromachining process,
2-D arrays can be easily fabricated for a broad range of
frequencies and sizes [6]. For a given aperture size, ar-
rays make the data acquisition faster than using a single
transducer. Arbitrary CMUT array geometries such as
the ring array [7] as well as flexible arrays [8] have been
demonstrated. A ring array allows for the laser light to
come through the hole at the center of the array. In addi-
tion, CMUTSs are easily integrated with electronics, either
monolithically [9]-[11] or through flip-chip bonding [12].
Integrating electronics at the transducer level maximizes
signal integrity and thus image quality. It also allows mul-
tiplexing of signals resulting in a reduced number of cables
for interfacing with the signal processing system. CMUTs
have wide bandwidth in immersion and a high efficiency
[13], [14]. This is especially significant given the broad-
band nature of the laser-generated ultrasound.

Our goal is to develop a complete, real-time 3-D PAI
system employing 2-D CMUT arrays that have been op-
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Fig. 1. Photograph of a 16 x 16 CMUT array flipchip bonded to a cus-
tom designed integrated circuit. “

timized for PAIL. Depending on the particular application,
for example breast imaging or intravascular imaging, the
configuration, size and shape of the array will be accord-
ingly designed. While a complete system is our ultimate
goal, in this paper we provide verification of our experi-
mental setup and image reconstruction method, showing
that CMUT arrays with integrated electronics are capable
of 3-D PAI. We show images of a fishing-line phantom
to demonstrate the resolution capabilities of the particu-
lar array used in these experiments and also corroborate
these results with numerical simulation. Images from a
second phantom comprising multiple tubes embedded in
chicken breast tissue are also shown as such a phantom
more closely mimics the conditions in living biological tis-
sue. The tubes were filled with pig blood, indocyanine
green (ICG) dye, and a mixture of both. ICG dye serves as
a contrast agent to enhance photoacoustic detection [15].
This paper extends the results presented in earlier confer-
ence papers [16]-[19].

II. METHODS

A. CMUT and Integrated Electronics

A 16 x 16 element CMUT array with integrated elec-
tronics was used to perform the experiments. Key param-
eters of this particular CMUT array are shown in Table
I. The array was fabricated using a sacrificial layer etch
process [6], [20]. The transducer array was flip-chip bond-
ed to a custom-designed IC that comprises the front-end
circuitry (Fig. 1). Integrating the electronics in this man-
ner mitigates the effect of parasitic cable capacitance and
simplifies connecting the transducer array to an external
signal processing system by reducing the number of re-
quired cables. The IC provides a transmit and receive cir-
cuit to every element of the array. This circuit consists of
a pulser, a low-noise transimpedance amplifier, a buffer to
drive the output cable, and a switch that protects the low-
voltage amplifier electronics from the pulser’s output [12].
In this initial implementation, the IC allows only a single
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TABLE I. CMUT ARRAY PARAMETERS.

Array size (elements) 16 x 16
Element pitch (pm) 250
CMUT membrane diameter (pm) 30
Number of membranes per element 36
Membrane thickness (pum) 0.5
Membrane material Silicon nitride
Cavity thickness (pm) 0.1
Insulating layer thickness (pm) 0.15
Silicon substrate thickness (pm) 400
Flip-chip bond pad diameter (pm) 50
Through-wafer interconnect diameter (pm) 20
Silicon wafer resistivity (Q2-cm) >10,000

element to transmit and receive at a time. Thus, with no
averaging, 256 pulses (one pulse per element) are required
to acquire a single image.

We measured the output-referred noise of the complete
flip-chip bonded device including preamplifier and buffer
by connecting the buffer’s output to a spectrum analyzer
(Model 2712, Tektronix, Beaverton, OR) and recording
the noise power as a function of frequency. An input-re-
ferred pressure noise or noise equivalent pressure (NEP)
was determined by dividing the amplifier’s output noise
by the receive sensitivity of the CMUT element with inte-
grated front-end electronics. For the receive sensitivity, an
unfocused piezotransducer’s (Panametrics A306S, Olym-
pus NDT, Waltham, MA) output pressure was measured
by a calibrated hydrophone (Onda HNP series, Onda Cor-
poration, Sunnyvale, CA) at a fixed distance. Subsequent-
ly, the same piezotransducer was used as the pressure
source for the CMUT array at the same distance. The
measured output voltage of a CMUT element was divided
by the pressure measured earlier from the hydrophone to
determine the receive sensitivity. For the device used in
these experiments, the NEP was calculated to be 2.6 mPa/
VHz which is a little greater than the value reported in
[12]. The CMUT array and IC were further characterized
by immersing the array in oil and studying the pulse-echo
signals from a plane-reflector. A typical A-scan taken from
an oil-air interface, 1.3 cm away from the array, is shown
in Fig 2(a). In this A-scan there are small perturbations
following the main pulse. These signals might be caused
by mechanical crosstalk between neighboring elements
[21]. A polymer coating on the CMUT surface can be used
to reduce mechanical cross-talk. The Fourier transform of
the A-scan is shown in Fig 2(b). The center frequency is
3.48 MHz with a fractional bandwidth of 93.4%.

B. Experimental Setup

For these experiments, the phantom to be imaged was
suspended in an acrylic tank of size 12 x 12 x 7 cm (Figs.
3 and 4). A rectangular hole was cut at the bottom of the
tank. A ceramic package that contained the 16 x 16 ele-
ment CMUT array (flip-chip bonded to an IC) was then
glued to this hole. Vegetable oil was used to couple ultra-
sound between the CMUT array and phantom. Vegetable
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Fig. 2. Typical pulse-echo A-scan signal from a plane reflector at 1.3 cm
and its Fourier transform. (a) The un-windowed pulse-echo A-scan taken
from element at row 10, column 1. The Hann window applied to this
A-scan before taking its Fourier transform is also shown. (b) Fourier
transform of the windowed pulse-echo signal.

oil was used instead of water because it is nonconducting
and thus allowed testing the device in immersion without
the need to insulate the electronics. We have previously
demonstrated CMUTs insulated with parylene and PDMS
for operation in water as well as in direct contact with
tissue [22], [23].

The CMUT array and tank were mounted on a preci-
sion z-y translational stage to enable planar scanning and
emulation of a 64 x 64 element CMUT array. The method
employed was as follows: After one data set was acquired,
the array was translated 4 mm (length of the array) along
the a-direction and another data set was acquired. Fur-
ther data sets were obtained by translating 4 mm along
the y-direction as well. In this manner, 16 total data sets
were acquired. An image reconstructed from this data will
be equivalent to that of an image reconstructed using a
64 x 64 element CMUT array. The phantom was illumi-
nated from either one side or both sides of the tank (de-
pending on the experiment) by a laser beam emitted from
an optical parametric oscillator pumped by a Q-switched
Nd:YAG laser (Model SLITI-10, Continuum, Santa Clara,
CA). The laser pulses had a pulse-width of 5 ns and a rep-
etition rate of 10 Hz. Free-space optics was used to guide
the laser to the tank.

Two different phantoms were imaged. The first phan-
tom was a resolution phantom consisting of 3 transpar-
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Fig. 3. Schematic of the experimental setup.

Fig. 4. Photograph of the experimental setup. a‘

ent 150 pm diameter fishing lines and 2 black 180 pm
diameter fishing lines placed in an alternating pattern in
planes parallel to the CMUT array. The basic geometry
of the phantom is shown in Fig 5(a). We used single sided
illumination for this phantom while gathering the photoa-
coustic data. The laser beam had a diameter of 2.5 cm,
wavelength of 710 nm, and a fluence of 5.23 mJ/cm?. The
second phantom consisted of 4 polyethylene tubes embed-
ded in chicken breast tissue. This phantom was designed
to better mimic the conditions in living biological tissue.
Chicken breast tissue was chosen because its optical ab-
sorption and scattering properties are similar to that of
human breast tissue [24], [25]. The tissue was further em-
bedded in a gel phantom made of agarose (Invitrogen,
Carlsbad, CA). The gel phantom was used to easily sus-
pend the phantom parallel to the CMUT array (Fig. 4).
The inner diameter of the tubes was 1.19 mm and the
outer diameter was 1.70 mm. The first tube was filled with
deionized water; the second tube was filled with ICG solu-
tion in de-ionized water (5 pM); the third tube contained
pig blood; the last tube was ICG mixed with pig blood
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Fig. 5. Images of the fishing line phantom, reconstructed using the data from a 64 x 64 aperture. (a) Graphic of the fishing line phantom in the
experimental setup. (b) 3-D rendered pulse-echo image displayed at 70 dB dynamic range. (¢) 3-D rendered photoacoustic image displayed at 70 dB
dynamic range. (d) 3-D rendered photoacoustic (hot-metal color scale) image overlaid on pulse-echo image (gray-scale) displayed at 70 dB dynamic

range. References to color refer to the online version of this figure. S

(5 uM). For the chicken phantom, we used double-sided
laser illumination to achieve deeper light penetration in
the tissue. Each laser beam had a diameter of 1.5 cm and
a fluence of 8.99 mJ/cm? and 13.69 mJ/cm? respectively.
We used a laser wavelength of 775 nm to gather the pho-
toacoustic data because the peak ICG absorption is at this
wavelength for the concentrations used [26].

C. Image Reconstruction

The images were reconstructed using the classical syn-
thetic aperture (SA) focusing technique along with a co-
herence factor (CF) weighting [27]. Prior to image recon-
struction, the A-scan from each element in the transducer
array was filtered to eliminate out-of-band noise. These
A-scans were then appropriately delayed and summed to
form the image. The delays were calculated based upon the
distance from the transducer element to the reconstructed
point on the beam. Envelope detection was performed, in
the end, after image reconstruction. This procedure can
be expressed as

NI—l.Ny—l

Z Szy(t - Atzy)a (1)

z,y=0

Ssalt) =

Fig. 6. 3-D rendered photoacoustic (hot-metal color scale) image overlaid

on a pulse-echo image (gray-scale) displayed at 70 dB dynamic range;
both reconstructed using the data from a 16 x 16 aperture. References
to color refer to the online version of this figure. S

where Sgp is the beamformed line before envelope detec-
tion, S, is the filtered a-scan that has been received at
transducer element position (z,y), At,, is the time delay
applied to that signal, and N, and N, denote the total
number of elements in the x and y directions. The beam-
formed image is then multiplied by a coherence factor
weighting defined as follows:
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Fig. 7. (a) 2-D pulse-echo slice of fishing line phantom displayed at 70 dB dynamic range (from 64 x 64 aperture experimental data using coher-
ence factor weighting). (b) Lateral pulse-echo line plot (normalized) of black fishing line at z = 3.25 cm. (¢) Axial pulse-echo line plot (normalized)
of black fishing line at z = 0.19 cm. (d) 2-D photoacoustic slice of fishing line phantom displayed at 70 dB dynamic range (from 64 x 64 aperture
experimental data using coherence factor weighting). (e) Lateral photoacoustic line plot (normalized) of black fishing line at z = 3.25 cm. (f) Axial
photoacoustic line plot (normalized) of black fishing line at z = 0.19 cm.

N,~1,N,-1 2 software [30] was used to render the acquired volumetric
ST 8,0t — Aty,) images.
z,y=0
CF(t) = Y . 2
®) Ny—1N, -1 9 ) A. Fishing Line Phantom
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The pulse-echo data was averaged 32 times to improve
the SNR. The photoacoustic data was averaged 8 times.
Volumetric images of the phantom, reconstructed using
the 64 x 64 aperture data set, are shown in Fig. 5. In the
pulse-echo image [Fig. 5(b)] all 5 fishing lines are seen
because the color of the fishing lines is unimportant to
the impinging pressure wave. However in the photoacous-
tic image [Fig.5(c)] only the 2 black fishing lines are ap-
parent because the transparent fishing lines absorb very
little light. The pulse-echo and photoacoustic images are
co-registered and overlaid on each other as shown in Fig.

III. RESULTS AND DISCUSSION 5(d). In the pulse-echo image, the 2 black fishing lines are
thicker than the transparent fishing lines which is in good

Conventional pulse-echo imaging data and PAI data agreement with the fact that the black fishing lines have
were acquired for both phantoms. Medical image viewing a 180 pm diameter as opposed to the transparent fishing

Note that the coherence factor weighting is multiplied
on a point-by-point basis with the image obtained from
synthetic aperture focusing. Using this weighting reduces
focusing errors resulting from sound velocity inhomoge-
neities and other possible phase errors [28], [29]. The fi-
nal photoacoustic and acoustic images are logarithmically
compressed according to the dynamic range desired before
being coregistered.
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Fig. 8. Images of the chicken breast phantom, reconstructed using the data from a 64 x 64 aperture. (a) Graphic of tubes embedded in chicken breast
phantom. (b) 3-D rendered pulse-echo image displayed at 70 dB dynamic range. (¢) 3-D rendered photoacoustic image displayed at 70 dB dynamic
range. (d) 3-D rendered photoacoustic (hot-metal color scale) image overlaid on pulse-echo image (gray-scale) displayed at 70 dB dynamic range.

References to color refer to the online version of this figure. S

lines, which have a 150 pm diameter. For comparison, the
photoacoustic and pulse-echo images reconstructed using
data from a 16 x 16 aperture is shown in Fig. 6. In Fig. 6,
the wires are smeared and the lateral field of view is much
reduced compared with the image reconstructed using the
64 x 64 aperture. 2-D pulse-echo and photoacoustic slices
reconstructed from the 64 x 64 aperture data of the phan-
tom are shown in Fig. 7(a) and Fig. 7(d), respectively.
The fishing line phantom image was also simulated us-
ing Field II, a program for simulating ultrasound fields
[31], [32]. The resulting simulation data was then used
to reconstruct an image using the same algorithm as de-
scribed in Section II-C. For the photoacoustic simulation,
an optical absorption distribution was assumed a priori
to the ultrasound simulation. Using the reconstructed im-
ages, a comparison of the lateral and axial profiles of the
upper black fishing line are shown in Fig. 7 (note, each
line plot has been normalized for easy comparison) where
we can see excellent agreement in the shape of the beam
profiles. The measured lateral and axial beamwidths for
both experimental and simulated images are shown in
Table II. The lateral resolution in photoacoustic mode is
worse than pulse-echo mode since we perform only re-

TABLE II. MEASURED BEAMWIDTHS FROM THE PROFILE OF
THE BLACK FISHING LINE LOCATED IN THE UPPER CORNER;
RECONSTRUCTED USING 64 x 64 APERTURE DATA.

Photoacoustic
3-dB beamwidth

Pulse-echo
6-dB beamwidth

Measured — Simulated Measured  Simulated
Lateral (pm) 405 349 648 465
Axial (pm) 361 394 300 427

ceive beamforming in the former case. This is also why
we compare the 3-dB beamwidths for photoacoustic im-
ages, but 6-dB beamwidths for pulse-echo images. In this
experiment, another reason for the larger photoacoustic
beamwidth could be reverberation of the black fishing line
as seen in the images.

B. Chicken Breast Phantom

The pulse-echo data was averaged 64 times, whereas
the photoacoustic data was averaged 8 times. Volumetric
images of the phantom reconstructed using the 64 x 64
aperture data set are shown in Fig. 8. In the pulse-echo
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image [Fig. 8(b)] all the 4 embedded tubes can be seen.
However in the photoacoustic image [Fig. 8(c)] only 3
tubes are visible. The tubes filled with ICG, blood, and a
mixture of the 2 can be seen, whereas the tube filled with
de-ionized water is not visible. This is expected as at the
wavelength of laser light used, 775 nm, water has a low
absorption coefficient. The pulse-echo and photoacoustic
images are co-registered and overlaid on each other as
shown in Fig. 8(d). The tubes were embedded at a depth
of 0.8 cm inside the tissue and were about 1.8 cm from the
CMUT array surface. The SNR in the image between the
5 uM ICG tube and the background chicken breast tissue
phantom was found to be 87 dB (after coherence factor
weighting) in this particular experimental setup.

IV. CONCLUSION

We have demonstrated true 3-D PAI using 2-D CMUT
arrays with integrated electronics. Images from a fish-
ing line phantom and chicken breast phantom are shown.
We showed how the image quality dramatically improves
when a large aperture is used to perform the imaging. ICG
at a concentration of 5 pM and pig blood were detected
against a background of chicken tissue. All these experi-
mental results are promising for the further development
of CMUTs for PAI. We are currently working on fabricat-
ing a true 64 x 64 element array as well as improving
our electronic ICs to receive signals from more than one
element at a time to facilitate real-time imaging. In our
future research we aim to image more complex phantoms
as well as proceed to in vivo small animal imaging.
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