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ABSTRACT

A multimode imaging system, producing conventional ultrasound (US) and acousto-optic (AO) images, has been
developed and used to detect optical absorbers buried in excised biological tissue. A commercially-available diagnostic
ultrasound imaging transducer is used to both generate B-mode ultrasound images and as a pump for AO imaging. Due
to the fact that the steered and focused beam used for US imaging and the US source for pumping the AO image are
generated from the same ultrasound probe, the acoustical and optical images are intrinsically co-registered. AO imaging
is performed using short ultrasound pulse trains at a frequency of 5 MHz. The phase-modulated light emitted from the
interaction region is detected using a photorefractive-crystal based interferometry system. Experimental results have
previously been presented for the two-dimensional imaging in tissue-mimicking phantoms. In this paper, we report
further experimental developments demonstrating three-dimensional fusion of B-mode ultrasound imaging and pulsed
acousto-optic imaging in excised biological tissue (~2 cm thick). By mechanically scanning the ultrasound transducer
array in a direction perpendicular to its imaging plane, both the acoustical and optical properties of an embedded target
are obtained in three dimensions. The results suggest that AO imaging could be used to supplement conventional B-
mode ultrasound imaging with optical contrast, and the multimode imaging system may find application in the detection
and diagnosis of cancer.
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1. INTRODUCTION

Acousto-optic imaging (AOI) in optically diffuse media has received considerable attention in recent years.'* In this
technique, photons are modulated or tagged within the sample using a focused ultrasound beam, >*>'* and detection of
this modulated light gives a measure of the subsurface light distribution in the interaction region. The motivation for
developing such systems is to measure optical properties at relatively large depths within biological tissue with high
spatial resolution. AOI allows for optical contrast mapping in turbid media with resolution approaching that of
ultrasound imaging.

We have recently developed a photorefractive crystal based interferometer with sufficient sensitivity to detect acousto-
optic signals produced using a pulsed ultrasonic source.”****% In addition, we have used a conventional US imaging
system to pump the AO response, allowing for co-registered AO and conventional US images to be obtained.*® Our
primary motivation for developing such a multimode imaging system is to supplement the information obtained from
conventional ultrasound with additional AO information. Ultimately, this may lead to an improvement in the specificity
of breast cancer detection and diagnosis over what has thus far been demonstrated using ultrasound alone. Leveque-Fort
et al. originally proposed the combination of AOI with ultrasound, and used CW ultrasound to pump the AO response.''
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More recently, we have presented 2D AO/US imaging results in polyacrylamide gel tissue phantoms using a
conventional US transducer operating in pulsed mode to pump the AO response.”’ In this paper, we present
experimental results demonstrating 3D US/AO imaging using pulsed ultrasound in thick (~2 cm) excised chicken
breast.

2. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1. A 230 mW frequency doubled Nd:YAG laser (532 nm) source is sent to a
variable beam splitter where it is split into signal and reference beams with a power ratio of approximately 40:1. The
reference beam is directed around the test tank and sent to a BSO photorefractive crystal. The signal beam is expanded
to a diameter of approximately 2 cm and delivered to the submerged sample. The resulting power density at the sample
surface is about 62mW/cm?, which is well below the safety limit.** The scattered light is collected by a lens and mixed
with the reference beam in the BSO crystal. The APD output is amplified, low-pass filtered at 500 kHz, and sent to a
digital storage oscilloscope. Details of the AOI signal detection using the PRC based interferometry have been
presented elsewhere.”****% A commercially available ultrasound probe (192-element 5 MHz linear array, type 8802,
B&K Medical, Herlev, Denmark) is excited in pulsed mode by a PC based diagnostic ultrasound imaging machine
(AN2300, Analogic Corp., Peabody, MA, USA).

[m i =

X y B GPIB  Oscilloscope
Ultrasound = oo
Imager - @E‘ =

z

Trigger
-

Nd:YAG Laser

,,7 l \:‘ |

VBSH -
Sample

\ /

Figure 1. The experimental setup with the following labels: VBS: variable beam splitter, RB: reference beam, SB:
signal beam, BE: beam expander, UP: ultrasound probe, TS: translation stages, APD: avalanche photodiode, PA:
preamplifier, LP: low pass filter.

A chicken breast sample is placed between two parallel, transparent plastic plates of 1.3 mm thickness, with the sample
oriented such that the plate walls are perpendicular to the optical axis. The dimensions of the sample, after mounting,
are ~4.5cmx 2cmx 4.5cm along the X, Y and Z axes, respectively (see the reference coordinate system given in Fig. 1).
Both the sample and the ultrasound probe are submerged in a glass tank (30cmx 30cm x 20cm along the X, Y and Z
axes, respectively) filled with degassed and filtered water. Prior to mounting, a cut was made midway through the breast
across the X-Z plane and a 4 mm cube of poly-acrylamide gel, doped with India ink to give an absorption coefficient 3
cm’', was inserted. This procedure was performed while the sample was submerged in degassed water to minimize the
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possibility of trapping gas bubbles. The gel target has a sound speed of 1.515 mm/us and a bulk density of 1.05
mg/mm’. A cut-away view of the chicken breast sample along with the embedded gel target is shown in Fig. 2 (a).
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Figure 2. (a) A cut-way view of the chicken breast sample (~4.5x4.5x2 cm® along the X, Z, Y directions, respectively)
with an optically absorbing target (4x4x4 mm?®). The target was made of poly-acrylamide gel (see Ref. 23 for details)
with India ink added; (b) A 3-cycle pulse measured at the focal spot of the ultrasound probe.

In order to obtain US and AO images, the probe is centered on the sample such that the imaging plane coincides with
the X-Z plane. Starting at a given Y location of the probe, ultrasound pulses are electronically steered to fire along
different directions in a fan-like pattern originating from the geometric center of the transducer, with the ultrasound
focal length fixed at 50 mm. This technique yields the standard B-mode backscattered ultrasound image, and by
monitoring the AO signal as a function of time, the acousto-optic response of the tissue is also measured along each
scan line. The AO scans employ either 3-cycle or 9-cycle ultrasound pulses with a center frequency of 5 MHz. A
typical 3-cycle ultrasound pulse measured in water at the focal spot of the ultrasound probe is shown in Fig. 2 (b), where
the distortion of the waveform is caused by the nonlinear propagation. The spatial peak acoustic pressure amplitude is
approximately 1.4 MPa peak-negative and 5.7 MPa peak-positive. The pulse repetition frequency is 1 kHz and the AO
signal along each line is averaged 40,000 and 10,000 times for 3-cycle and 9-cycle pulses, respectively. A total of 192
scan lines form a B-mode ultrasound image. Both the AO signals and ultrasound echoes are digitized in the time domain
and converted to the space domain using a sound speed of 1.5 mm/us. Once the AO/US images are acquired, the
ultrasonic probe is mechanically scanned to the next position along the Y axis and the scanning procedure is repeated.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 3 (a) shows normalized AO signals resulting from individual 3-cycle scan lines fired along the Z axis. Plot (2)
corresponds to the scan that traverses the center of the target at Y=0, and plots (1) and (3) correspond to the scans made
6 mm before and after the center of the target, as shown in Fig. 3 (b). The strength of the AO signal, for a given US
pump source, provides a measure of the photon density in the region where the light and sound interact. In the cases
where the US does not intersect the target, the negative going AO signal profile tracks the distribution of background
diffuse light within the sample. When the ultrasound does intersect the optically absorbing target, however, the total

Proc. of SPIE Vol. 6086 60861B-3



amount of modulated light reaching the detector reduces, leading to the peak (positive going) in the center of the AO
signal observed at position 2. The SNR of the signal observed at position 1 is somewhat higher than that observed at
position 3 due to the greater amount of photons modulated when the ultrasound probe is closer to the incident laser
beam.*
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Figure 3. The normalized AO signals (a) detected when the ultrasound probe is scanned along the Y
axis at 3 different locations corresponding to: position 1, 2 and 3 as depicted in (b). Note that trace (1)
and trace (3) in (a) have been offset from 0 for display purposes and position 1, 2 and 3 in (b) are
separated by 6 mm along the Y axis with position 2 right crossing the center of the target.

Figure 4 shows a series of XZ-plane AO images at several different Y positions within the sample, with Y=0
corresponding roughly to the center of the inclusion. The signals have been processed to remove the AO signal
contribution from the background diffuse light distribution using the following procedure. First, the raw data is
smoothed using adjacent averaging (roughly equivalent to low-pass filtering at 625 kHz). The data is then fit to a
Gaussian function, using only the portions of the signal that precede and follow the region where the inclusion is
expected. This provides an estimate of the background light distribution, in the absence of the optical absorber. By
subtracting this estimate from the measured AO response, and subsequently normalizing the response to the background
light level, we obtain the AO response produced by the presence of the optical inhomogeneity. This operation is
repeated for each scan line and the resulting signal levels are converted to a color scale, resulting in the images shown in
Fig. 4. For this experiment, a 9-cycle ultrasound pulse with a spatial pulse length of 2.7 mm was used to pump the AO
interaction. A longer pulse length allows for improved SNR by increasing the sound and light interaction volume, but
this comes at the expense of axial resolution.”® The target is clearly observed and localized in three dimensions. It is
important to point out that the contrast in the AO images is not a direct measure of the distribution of optical absorption
within the sample, but rather it depends on both the photon distribution in the light/sound interaction region, and the
probability that the modulated photons will be received by the detection system.*® These parameters, in turn, depend on
the characteristics of the source and detection system and the spatial distribution of optical properties. Three-
dimensional AO images can potentially be used to determine the quantitative optical absorption or scattering
distribution through the use of an inversion algorithm similar to those currently employed for diffuse optical
tomography. Returning to Fig. 4, there are faint indications of the absorber when the ultrasound scan plane is before
(Y= -4.0 mm) and after (Y= 6 mm) the actual target. This may be due to changes in the local photon distribution near
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the target surface, or a shadowing effect where the presence of the target reduces the probability that modulated photons
will be detected.

Line scans taken through the center of the target along the X, Y, and Z directions using 3-cycle ultrasonic pulses show
that the apparent size of the imaged inclusion is comparable to the actual size of the embedded target in the X and Z
directions, and the image resolution, taken as the distance required for the signal to increase from 10% to 90% of the
peak value, is approximately 2 mm in both X and Z. The resolution along the Y-direction is estimated to be
approximately 3mm, somewhat broader than that observed along X and Z.
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Figure 4. Acousto-optic images of the embedded target obtained by mechanically scanning the probe along Y axis.

4. CONCLUSIONS

In summary, we have demonstrated US/AO imaging ex vivo in 2-cm thick chicken breast with an embedded optically
absorbing inclusion. We have also demonstrated that 3-D maps of the AO response can be obtained by scanning the US
probe in one dimension, and that spatial resolution on the order of 2-3 mm is possible in all three directions. It is
important to note that these results were obtained using a wavelength of 532 nm, and significant improvements in SNR
are anticipated by moving to the NIR wavelength range. The response time of the PRC used in these experiments is
approximately 150 ms under our experimental conditions. This is not suitable for in vivo imaging where the speckle
decorrelation time has been measured to be on the order of 1 ms.”’*? However, the PRC detection approach presented
here can be applied in the NIR wavelength band where semiconductor photorefractives possessing response times in the
desired range are available.
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