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LOW-COST DEVICE FOR C-SCAN
ACOUSTIC WAVE IMAGING

REFERENCE TO RELATED APPLICATION

The present application is a Continuation of U.S. patent
application Ser. No. 12/505,264 filed Jul. 17, 2009, now U.S.
Pat. No. 8,353,833, which claims the benefit of U.S. Provi-
sional Patent Application No. 61/081,946, filed Jul. 18, 2008,
the disclosures of which are each hereby incorporated by
reference in their entirety.

FIELD OF THE INVENTION

The present invention is directed to imaging, e.g., of pros-
tate tissue for detection of cancer and more particularly to
photoacoustic imaging and ultrasound imaging to produce
C-scans.

DESCRIPTION OF RELATED ART

Prostate cancer is the most prevalent newly diagnosed
malignancy in men, second only to lung cancer in causing
cancer-related deaths. Adenocarcinoma of the prostate is the
most common malignancy in the Western world. There were
aprojected 218,890 new cases of prostate cancer diagnosed in
the United States in 2007, with an estimated 27,050 deaths.
As men age, the risk of developing prostate cancer increases.
Prostate cancer has been found incidentally in approximately
30% of autopsy specimens of men in their sixth decade.
Seventy to 80% of patients who have prostate cancer are older
than 65 years. Clinically localized disease is usually sus-
pected based on an elevated prostate specific antigen (PSA)
test or abnormal digital rectal exam (DRE), prompting tran-
srectal ultrasound (TRUS) guided biopsy of the prostate for
definitive diagnosis. TRUS however, is not reliable enough to
be used solely as a template for biopsy. There are cancers that
are not visible (isoechoic) on TRUS. Furthermore, in PSA
screened populations, the accuracy of TRUS was only 52%
due to false-positive findings encountered. Increased tumor
vessels (angiogenesis) have been shown microscopically in
prostate cancer compared with benign prostate tissue. Effi-
cacy of color and power Doppler ultrasound has not been
demonstrated, probably due to limited resolution and small
flow velocities. Elasticity imaging, with its many variants, is
anew modality that is currently under extensive investigation.
Itis evident that given the limitations of the present diagnostic
protocols, development of a new imaging modality that
improves visualization and biopsy yield of prostate cancer
would be beneficial. Furthermore, by making it cost effective,
we can place it in the hands of primary care physicians, where
it will serve its primary purpose as an adjunct to PSA, DRE,
and TRUS.

The need for tumor visualization is equally critical in the
treatment of localized prostate cancer disease. Existing thera-
peutic strategies, namely external beam radiation, prostate
brachytherapy, cryosurgery, and watchful waiting, all will
benefit significantly from the development of a new modality
that promises better tumor contrast. Thus, prostate cancer
continues to be an area in which progress is needed despite
recent advancements.

Appropriate imaging of prostate cancer is a crucial com-
ponent for diagnosing prostate cancer and its staging, in addi-
tion to PSA levels and DRE. The current state of prostate
imaging for diagnosis of prostate cancer includes ultrasound,
ultrasound-guided prostate biopsies, magnetic resonance
imaging (MRI), and nuclear scinitigraphy. These modalities
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2
are helpful, but have drawbacks and limitations. MRI is
expensive and not mobile. Nuclear scintillation is expensive,
provides low resolution planar images, and there are prob-
lems with radiotracer excretion through the kidneys. Both
these modalities are not available for general use.

Ultrasound is not reliable enough to use solely as a tem-
plate for diagnosing prostate cancer. It has two problems.
First, in many cases prostate cancer appears as an isoechoic
lesion (similar gray scale value as surrounding tissue) causing
high miss rate (FIG. 10). Secondly, when it is visible (hyper or
hypoechoic), it is not possible to say with certainty if it is
cancer or benign because many other noncancer conditions
such as prostate atrophy, inflammation of the prostate gland,
and benign tumors may also look similar in appearance on
ultrasound examination. A biopsy has to be performed on the
suspect lesion for definitive diagnosis. Biopsies are uncom-
fortable and bleeding may result as a complication. Because
of poor lesion detection, even the current prostate biopsy
techniques miss approximately 30% of prostate cancer. Util-
ity of color flow and power Doppler in conjunction with gray
scale ultrasound has been explored, but not successfully.
Therefore, there is an urgent need for a new imaging meth-
odology that will be portable, economical to build, and will
have widespread utility as a tool for primary screening and
diagnosis of prostate cancer.

FIG. 10 shows transrectal sonography of the prostate gland
with confirmed prostate cancer. FIG. 10 demonstrates the
grayscale appearance of the prostate gland (within arrows) in
a patient with confirmed multiple zones of prostate cancer. As
shown, the whole prostate gland appears heterogeneous and
the prostate cancer zone is not identifiable because prostate
cancer is similar in appearance to the surrounding prostate
gland tissue. The arrowheads correspond to calcifications that
can be seen in the prostate gland.

U.S. Patent Application Publication No. US 2009/0024038
Al to Arnold teaches an acoustic imaging probe incorporat-
ing photoacoustic excitation, but does not overcome all of the
above-noted deficiencies of the prior art.

SUMMARY OF THE INVENTION

It is therefore an object of the invention to provide photoa-
coustic (PA) imaging technology for the betterment of pros-
tate cancer diagnosis and disease management.

It is a further object of the invention to provide a low-cost
imaging technology that can take C-scan images of the pros-
tate gland in real time based on the photoacoustic phenom-
enon.

It is a yet further object of the invention to provide a
low-cost imaging technology that can take C-scan images
based on both the photoacoustic phenomenon and ultrasound
so that the resulting images are automatically coregistered.

It is a still further object of the invention to provide such a
low-cost imaging technology whose applicability is not lim-
ited to prostate cancer, but instead can be extended to other
organs for cancer detection such as breast cancer, uterine
cancer, ovarian cancer, thyroid cancer, etc.

To achieve the above and other objects, the present inven-
tion is directed to an imaging technology combining C-scans
with the photoacoustic effect. C-scans are two-dimensional
(2D) images produced by digitizing the point-by-point signal
variation of an interrogating sensor while it is scanned over
the surface. The x-y position of the sensor is recorded simul-
taneously with signal variations. A computer converts point-
by-point data into an appropriate image.

The photoacoustic effect is a phenomenon where acoustic
waves are produced by absorbing points or objects of a



US 8,870,770 B2

3

medium that is irradiated with low-energy nanosecond (ns)
pulses oflaser light usually in near infrared region (NIR). The
absorption of a short optical pulse causes localized heating
and rapid thermal expansion, which generates thermoelastic
stress waves (ultrasound waves). The ultrasound waves are
generated instantaneously and simultaneously everywhere in
athree-dimensional (3D) tissue volume irradiated by the laser
pulse. The frequency content of the ultrasound waves gener-
ated is usually 1 to 20 MHz. It propagates in tissue as spheri-
cal waves in all directions. These waves will be referred to as
the “PA signal” herein.

In this methodology, the prostate gland will be stimulated
with laser light, resulting in ultrasound waves (photoacoustic
effect) that will be focused by an acoustic lens and captured
by a specific 2D sensor array and subsequently displayed as a
C-scan on a computer screen. The amplitude of the ultrasound
waves generated by laser stimulation is proportional to the
optical absorption of the tissue element at that spatial loca-
tion. Variability in tissue absorption results in C-scan image
contrast. For example, optical absorption in blood is 10-100
times higher than prostate tissue in the near infrared region.
On this basis it is believed that the ultrasound signature in the
C-scan image from prostate cancer will be different than the
rest of the prostate gland. It is non echo-based imaging
because there is no transmitted ultrasound pulse and contrast
in the image does not depend on the echogenicity. Therefore,
it is more advantageous than conventional ultrasound because
it is based on a different contrast mechanism. It may be
considered a hybrid imaging technique, combining ultra-
sound for imaging and photoacoustic effect for contrast.

The key task in PA imaging is to determine the laser
absorption distribution from the measured PA signal data.
Most of the existing methodologies are slow (because the
sensor acquires data point-by-point), computationally inten-
sive (because computer based algorithms have to be used to
reconstruct the image), suffer from poor SNR, and are expen-
sive to develop and market. Lens focusing of sound energy
generated with photoacoustic stimulation will improve the
SNR and will project reconstructed coronal plane images
(C-scan) of the prostate gland simultaneously.

The imaging system can be lightweight, small in size, and
therefore portable. The entire lens and sensor assembly can fit
in a capsule no larger than 1.5x1x1 inches that can be used
transrectally. A low power laser source and a computer moni-
tor is all that will be required externally.

The electrical power consumption of the invention, which
in at least one embodiment is called “Low Cost Device for
C-Scan Photoacoustic Imaging of Prostate Gland Cancer”
(CSPIP), will be very low because, unlike other existing
methodologies under development, lens focusing does not
require any electrical power. CSPIP has the potential for near
real-time imaging (30 frames per second) unlike other meth-
odologies, because they require some computational time for
image reconstruction before it can be displayed. In CSPIP the
lens forms a focused image that will be read out with the
specially designed sensor at video rates (20-30 frames per
second). CSPIP also offers the potential for full 3 dimensional
imaging of the prostate through development of zoom acous-
tical lenses that will enable full resolution z-axis image cata-
loging and reconstruction as a solid. This will enhance the
probability of early detection by enabling an arbitrary number
of viewing angles of the prostate structure on the computer
screen. Additionally this will also help in prostate cancer
therapy planning and management (Radiotherapy and
Brachytherapy-radioactive seed implantation).

The invention has great potential to exploit high contrast in
laser NIR absorption between blood and prostate tissue.
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Angiogenesis (increased tumor blood vessels) of prostate
cancer is well established. Therefore, it is believed that we
will be able to visualize the cancer and its size better with
CSPIP than with transrectal ultrasound (TRUS), because the
latter is based only on the echogenicity of cancer tissue.

CSPIP may also prove to be unique and better than Doppler
ultrasound in detecting angiogenesis, because Doppler flow
has poor detection sensitivity for slow flow velocities. In
CSPIP, contrast in the image depends on the blood concen-
tration in cancer tissue and not on the blood flow velocity;
therefore, it is expected to have better contrast and improved
delineation of prostate cancer.

In summary, CSPIP for prostate cancer detection we have
proposed overcomes many shortcomings of the existing
methodologies for imaging prostate cancer. It is a low cost,
portable, non-echo based device that works on laser NIR
stimulation followed by lens-based focusing of the PA signal.
In CSPIP images are generated secondary to photoacoustic
stimulation of the prostate gland. This system will have better
contrast resolution than conventional ultrasound for detection
of prostate cancer.

Various detector arrays can be used, including 1D and 2D
arrays.

The present invention differs from that of the Arnold ref-
erence at least in terms of time gating. The present invention
uses time gating to select acoustic signals coming from a
particular depth and thereby to provide a C-scan. Since
Arnold does not use time gating, it cannot produce a C-scan.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the present invention will be set
forth in detail with respect to the drawings, in which:

FIG. 1 is a concept diagram to illustrate the concept of
C-scan,;

FIG. 2 is a diagram of a stage-1 experiment;

FIG. 3 is a diagram of a stage-2 experiment;

FIG. 4 shows a set of C-scan photoacoustic images of a
pencil exposed by a 2 mm laser beam;

FIG. 5A shows a lens-based C-scan photoacoustic imaging
breadboard proof of concept;

FIG. 5B shows C-scan planar slices of a photoacoustic
signal at different time gate centers;

FIG. 5C shows a C-scan image of the lead pencil embedded
in chicken breast tissue;

FIG. 6 is a diagram of a probe according to the first pre-
ferred embodiment;

FIGS. 6A and 6B are diagrams of a variation of the probe
of FIG. 6

FIG. 7 is a diagram of a system according to the second
preferred embodiment;

FIG. 8 is a diagram of a system according to the third
preferred embodiment;

FIGS. 8 A-8D are diagrams of a system according to a first
variation of the third preferred embodiment;

FIG. 8E is a diagram of a system according to a second
variation of the third preferred embodiment;

FIG. 9 is a diagram of a system according to the fourth
preferred embodiment; and

FIG. 10 is a traditional transrectal sonogram of a prostate
with confirmed prostate cancer.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

Preferred embodiments of the present invention will be set
forth in detail with reference to the drawings, in which like
reference numerals refer to like elements or steps throughout.
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FIG. 1 shows C-scan with an ultrasound sensor 102, which
is scanned in a scan plane P to perform imaging in an imaged
plane P; to produce a signal S from which an image I is
reconstructed. From the travel time of the sound waves one
can determine the depth z of the reflector or scatterer R,
because the speed of sound c¢ is known. Therefore, if we
record the sensor signal amplitude at a fixed time t,=2z,/c and
scan it point-by-point in the x-y plane as shown, we essen-
tially image the imaged or object plane P, at depth z,. This is
referred to as the C-scan planer image at depth z,,.

The PA signal at each pixel is proportional to the incident
laser flux and the absorption coefficient of the tissue. Because
the absorption coefficient of tissue depends on the laser wave-
length, experiments will be performed to determine the best
wavelength for optimal contrast in the PA image. Laser wave-
lengths to be used will be in the near infrared region.

FIG. 2 shows the schematics for the experimental setup.
Freshly excised prostate tissue slices of 2-4 mm will be
immersed in a saline solution bath. A 10 ns laser pulse at a
fixed wavelength A will be delivered to a small spot (approxi-
mate diameter 100 microns) via a fiber optic cable 204.

According to the American National Standards Institute
(ANSI), maximum permissible exposure for human skin is
100 mJ/em?. Laser flux will be kept below this limit at all
times. A 20 MHz, 6 mm diameter circular disk transducer
with a focal length of 12 mm will be used as a sensor for the
PA signal. The transducer focal spot is expected to be 100
microns and will overlap with the laser spot. This overlap
region is expected to set the spatial resolution for these experi-
ments. The laser-transducer rigid assembly will be scanned in
x-y and z directions with stepper motors under computer
control. The step size may vary from 10-50 microns. At each
pixel location, the time-gated high frequency PA ultrasound
signal will be digitized at 100 MHz and stored for further
processing. The time gating can be performed in, or under the
control of, a processor by any suitable technique. PA images
will be created using several different data extraction schemes
applied to the signal captured at each pixel location; they
include (1) peak signal value in the time gate (ii) total energy
in the time gate, and (iii) Amplitudes at several different
temporal frequencies in the PA signal derived via its Fourier
transform. These stage 1 experiments will enable determina-
tion of the optimal laser wavelength to be used for PA imag-
ing.

The objective of stage 2 is to finalize the preliminary acous-
tic lens and hand-held device design generated by and to
fabricate and test its ability to produce C-scan planar PA
images of the prostate gland in-vitro.

FIG. 3 is a concept diagram that explains the innovative
approach to PA imaging and the setup for the stage 2 experi-
ments. Consider a nanosecond laser beam that irradiates the
object at time t=0. Let there be two point absorbers in plane A
and B, respectively. The PA transient wave fronts are shown
diverging from the points. The idea is to focus these PA
transient wavefronts with an acoustic lens system 306, much
like optical focusing of light waves for optical image forma-
tion. An appropriately designed lens will converge the wave-
fronts from the point in plane A to the point in plane A* and
the point in plane B to point in plane B* respectively.

A sensor located in plane A* can capture this energy as a
focused image. It takes approximately 6.5 microseconds for
ultrasound to travel 1 cm in tissue. It has been shown that the
PA transient time signal is typically 1 microsecond or less in
duration. Therefore, by time gating the total signal we can
discard or minimize the signal coming from planes that are
separated more than 1.5 mm from the chosen plane of focus.
The assumption here is that the signal from all points in plane
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A comes to a focus in plane A* and its arrival time will be
within the selected time gate width. The signal from all other
planes will be discriminated primarily due to the time gate
and secondarily due to the spatial spreading of its energy on
this sensor plane that does not happen to be their correspond-
ing conjugate image plane.

Tests of the concept will be described. FIG. 5A shows the
setup. The image plane was scanned with a 1.5 mm diameter
hydrophone. C-scan image plane was 10x25 pixels. The
object was 0.2 mm lead pencil illuminated by a laser beam of
2 mm diameter. The laser generated pulses of wavelength
1064 nm with 10 ns pulse width. The point object was located
at an object distance (OD) from the lens. The lens had a focal
length of 27.5 mm. Hydrophone was located in the image
plane at an image distance (ID) from the lens. An acoustic
reflector was used to simulate first embodiment of prostate
probe.

FIG. 5B shows a single PA signal and several time gates
chosen for C-Scan. C-Scan planar slices at different time gate
centers are also depicted in the figure. FIG. 4 shows the
C-Scan image of the point source with fixed OD=55 mm and
different ID. This demonstrates that the sharp image is located
atan ID of 55 mm corresponding to an OD of 55 mm for a lens
of focal length 27.5 mm. FIG. 5C depicts a C-Scan image of
the lead pencil embedded in a chicken breast tissue.

Further lens design and fabrication will be performed. In
vitro testing of the fabricated lens will be performed using
phantoms and prostate gland tissue. Sensing of the PA signal
will be done using a 0.1 mm diameter hydrophone. The tip of
the hydrophone will be scanned in the image plane point-by-
point with a pixel resolution of 100 microns. Lens aberra-
tions, depth of field, in plane spatial resolution and resolution
between C-scan planes, including signal to noise ratio are the
quality metrics that will be tested. Based on preliminary study
it is expected that the in plane and between the C-scan planes
resolution of the proposed imaging system will be 250
microns or better.

An important subcomponent of the CSPIP imaging system
is the 2D ultrasound sensor array with a 100x100 micron
pixel size and a pitch of 100-200 microns. For near real-time
processing, there is a need for on-pixel integrated circuit
design. No off-the-shelf technology exists at the present time.
Currently, complementary metal oxide semiconductor
(CMOS) technology appears to be the best platform to work
with because it can perform on-pixel processing with action
specific integrated circuits (ASIC), is inexpensive to mass
produce, consumes less power, and is undergoing rapid devel-
opments. This project will look at innovative approaches to
chip design where the signal sensing is incorporated into the
CMOS process in a way that meets the demands set by the
previous stages. Piezoelectric materials such as PZT or PVDF
will be laid on top of the CMOS as sensing layer. Sensing of
the PA signal at each pixel will take place via the piezoelectric
effect that generates charge proportional to the PA signal.
CMOS technology with active pixel processing can integrate
the charge within a selectable time gate, convert into voltage,
and amplify it. The voltage can then be read out pixel by pixel
at video rates with existing camera technology. The develop-
ment work is expected to be centered on the piezoelectric
sensor design and its integration into the CMOS technology.

A system according to the invention can integrate a laser
source, acoustic lens, and sensor components into a housing
assembly that can be used for in vitro and in vivo testing. The
laser stimulation module, lens system, and the ultrasound
sensor will be housed in a capsule suitable for transrectal
insertion to image prostate gland cancer. The capsule will be
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approximately 1.5x1x1 inches in size. Approximate weight
of the capsule when fully assembled will be 12-14 ounces.

Phantoms will be constructed with point and line targets
made from high absorption coefficient material such as India
ink or anticoagulated animal blood embedded in a low
absorption background material. The objective is to map out
the point-spread function of the CSPIP system at various
points in the 3D space in front of the lens. A secondary
objective is to determine the system signal sensitivity and
signal-to-noise ratio (SNR). Linearity of the sensor and image
contrast will be evaluated. Finally, 3D imaging of the excised
prostate gland will be performed before the pathology study
to determine the efficacy of PA imaging system to diagnose
prostate cancer. An animal model for prostate cancer will be
used for testing. Dogs will be injected with canine transmis-
sible venereal sarcoma cell line that produces neoplasm in
15-40 days. TRUS and our prototype PA imaging device
CSPIP will be used transrectally for imaging, comparison,
and evaluation.

A first preferred embodiment of a probe will now be dis-
closed. The first preferred embodiment, shown in FIG. 6 as
600, is a transrectal prostate probe. Components used for
probe construction include: acoustic lens 306, acoustic
reflector 608, acoustic window 610, acoustic propagation
medium 612, fiber optic cable 614, collimator 616, beam
expander 618, optical mirror 620, optical window 622, 2d
sensor 102, air 626, probe body 628, and plane wave genera-
tor 630. The fiber optic cable is in communication with a laser
source (not shown), which can be a photodiode or any other
suitable source.

A simple double-concave lens was designed and fabricated
to be used as an acoustic lens. The material was chosen as
Acrylic whose density is 1.19 g/cm>. The velocity of sound in
acrylic medium is 2.75 mm/us and the acoustic impedance is
about 3.26 MRayl. Other excellent candidate materials for
acoustic lenses include RTV Silicone rubber (density: 1.49
g/cm®, velocity: 0.92 mm/us and acoustic impedance: 1.37
MRayl) and agarose hydrogels (velocity of sound: 1.32
mm/ps, acoustic impedance: 1.57 MRayl). The biconcave
lens will converge the wavefront from the object plane (tis-
sue) onto the image plane (sensor) with a magnification dic-
tated by the object plane-lens and lens-image plane distances.
The lens has a focal length of 27.5 mm and a diameter of 25
mm with a corresponding f number of 1.1. It was designed to
produce best images when the object plane-lens distance and
the corresponding lens-image plane distance were 55 mm
with a resulting magnification of 1.

Stainless steel was used as the acoustic reflector due to its
excellent acoustic properties. It has an acoustic impedance of
46 MRayl which is very high compared to that of water. The
velocity of sound through stainless steel medium is 5.79
mm/us. Stainless steel has a density of 7.89 g/cm>. The thick-
ness of the acoustic reflector is 0.254 mm.

Low density polyethylene material was tested and used as
acoustic window material. It has an acoustic impedance of
2.12 MRayl and a density of 0.92 g/cm>. Sound travels with a
velocity of 1.85 mm/us through this material. The window
has a thickness of is 0.793 mm and accounts for transmission
of about 82.8% of the acoustic signals. Other materials that
can be used as acoustic window are Hydrogels and TPX
(Polymethylpentene). Hydrogels-Agarose gel samples have
an acoustic impedance of 1.57 MRayl, very close to that of
water. The longitudinal velocity of sound in these materials is
about 1.32 mm/us. Polymethylpentene, commonly called
TPX is another excellent material with a transparency of 91%
in the visible spectrum and a density of 0.83 g/cm>. The speed
of sound in TPX is 2.22 mm/ps.
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Water was used as the ultrasonic wave propagation
medium. Attenuation of ultrasound in water is 1.65 Np/m and
the velocity of sound is 1.497 mm/us which is close to that of
abiological tissue. Water has an acoustic impedance of 1.494
MRayl and a density 0f0.998 gm/cm>. Mineral oil can also be
used as an alternative for water for this purpose. Water was
chosen over mineral oil due to its low attenuation coefficient
compared to that of mineral oil which is 2.15 Np/m. The
velocity of sound in mineral oil is 1.44 mm/us. Mineral oil has
an acoustic impedance of 1.19 M Rayl and a density of 0.825
g/cm’. Valves 632 for water inlet/outlet were provided in the
design that allows for regular maintenance. Any appropriate
acoustic propagation medium with acoustic impedance close
to 1 M Rayl can be used as appropriate.

This lens technology can also be utilized for focusing
reflected ultrasound signal similar to conventional ultrasound
imaging. Hence, an input ultrasound source (plane wave gen-
erator) was added for ultrasound pulse echo C-scan in addi-
tion to PA imaging thus making the device, a dual imaging
modality.

The laser source will be a tunable broadband laser with
frequencies ranging from 500-1100 nm with a typical pulse
width of 10 ns and 1-10 Hz pulse repetition frequency. The
laser pulses will be delivered via a high quality fiber optic
cable. The laser beam waist at the output of the fiber-optic
cable-collimator assembly is typically 2 mm with intensity
below 100 millijoules/cm”. Beam divergence will be con-
trolled by an optical lens. This beam will be angled by a laser
mirror such that the laser beam comes out from an optical
window at grazing angle to the outer surface of the probe.

The probe will have a diameter between 0.75 and 1.25
inches, and a length approximately 5 inches. The acoustic
window will be aligned in front of the prostate when inserted
into the rectum. With the help of acoustic coupling gel, the PA
ultrasound waves generated in the prostate will enter through
the acoustic window and guided towards the acoustic reflec-
tor. This reflector plate is made from stainless steel which has
very high acoustic impedance material compared to water.
The acoustic and optical chambers are separate and sealed.
The acoustic chamber will contain any appropriate acoustic
propagation medium with acoustic impedance close to 1 M
Rayl, for example, water, as an acoustic propagation medium.
This device will provide the C-scan images corresponding to
a tissue thickness less than 1 mm, usually in the range of
700-900 microns over the entire length and width of the
prostate by means of the 2d sensor.

A FC-connectorized high power delivery fiber optic cable
is used to deliver the pulsed high power laser beam from an
external laser source. It features a pure silica core and a
bonded hard polymer cladding. The fiber has a numerical
aperture of 0.37 which allows for greater light coupling effi-
ciencies. The fiber’s core diameter is 600 um and cladding
diameter is 630 um. The maximum power density that the
fiber can withstand is 100 KW/cm?. This fiber is suitable for
use in the 500 nm to 1100 nm wavelength range.

An FC-connectorized fiber optic collimator is used to col-
limate the diverging output laser beam from the fiber. The
numerical aperture of the collimator is 0.25, with a full beam
divergence 0 0.048° and 1/e* output beam diameter of 2 mm.
It has a focal length of 11 mm.

Cylindrical and spherical plano-concave lenses are used as
beam expanders depending on the application to diverge the
collimated beam. Cylindrical lenses provide four times
higher laser exposure on the tissue compared to spherical
lenses. The lenses have a focal length of =15 mm which
facilitates in illuminating the tissue volume over a width of
about 1 cm. The size of the cylindrical lens was 10 mmx12
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mm with a clear aperture greater than 90% of surface dimen-
sions. The spherical lens has a diameter of 12.7 mm with a
clear aperture greater than 90% of its diameter.

A laser mirror of diameter 12.7 mm and thickness 6 mm is
used to reflect the diverging beam resulting from the optical
lens onto the tissue. It has a high damage threshold of 5 J/cm?
for a 10 ns pulse. Reflectivity of the mirror is greater than
99.7% with a clear aperture greater than 80% of diameter.

A BK7 Y4 wave laser line window of dimensions 35
mmx15 mm and thickness 3 mm was used as an optical
window to allow light propagation onto the tissue.

A two-dimensional PZT sensor array will be designed and
fabricated with on-pixel processing capabilities that can pro-
vide C-scan images in real time. The frequency bandwidth of
the sensor will be 2-15 MHz. The sensor will provide C-scan
images with slice thickness in the range of 700 to 900
microns. Behind the sensor, action specific integrated circuits
will be employed to read the voltage at each pixel, amplify,
convert it from analog to digital format and read out on the
display.

The laser light beam is allowed to propagate through air
before passing out of the optical window. It also ensures that
the sensor’s backend electronics are insulated from water (or
whatever acoustic propagation medium is used).

The probe body is made of a material called watershed
XC11122. Its properties mimic traditional engineering plas-
tics including ABS and PBT. The size of the probe depends
mainly on the application. In case of the prostate, it is
designed as side-fire probe, and in case of applications like
breast, skin, thyroid or transvaginal imaging, it will be
designed as end-fire probe or its variables.

A high bandwidth ultrasonic transducer of 5 MHz nominal
center frequency is used as a plane wave generator whose
electrical impedance will be well matched to conventional
ultrasound pulsar/receivers. The transducer will have a low
Q-factor (air-backed into PMMA) and conforms perfectly to
the probe’s cylindrical surface. Typical thickness of this plane
wave generator would be 110 microns (dual layer) with a low
electrical impedance of 30 to 100 ohms. It will be bonded
with epoxy resin or a transfer adhesive to acoustic window
material and then be used.

A variation of the first preferred embodiment will be
described with reference to FIGS. 6A and 6B. The variation,
shown in FIGS. 6A and 6B as 600", uses ultrasound only
rather than both ultrasound and the photoacoustic effect and is
constructed like the previously described probe 600, except
for the omission of elements relating solely to the photoa-
coustic effect and for any differences described herein. The
device 600" will facilitate the definitive detection of prostate
cancer and generates C-scan multiplanar images. An input
ultrasound source (plane wave generator) was added for ultra-
sound pulse echo C-scan imaging while focusing of each
plane happens in real time with the help of acoustic lens.

The probe will have a diameter between 0.75 and 1 inches,
and a length approximately 5 inches. The acoustic window
will be aligned in front of the prostate when inserted into the
rectum. With the help of acoustic coupling gel, the ultrasound
waves reflected from the prostate will enter through the
acoustic window and guided towards the acoustic reflector.
This reflector plate is made from stainless steel which has
very high acoustic impedance material compared to water.
Water is used as acoustic propagation medium because of its
low ultrasound attenuation coefficient compared to mineral
oil. Any appropriate acoustic propagation medium with
acoustic impedance close to 1 M Rayl can be used. This
device will provide the C-scan multiplanar images of the
prostate gland.
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Another preferred embodiment, shown in FIG. 7 as 700,
can be used to evaluate prostate cancer (or cancer of any other
organ) in vitro. It is constructed like the first preferred
embodiment, except as described below.

When pathologists receive a freshly excised sample with
cancer, they are uncertain of the exact location of cancer. In
order to determine its location, the specimen will be sliced
and visually inspected by naked eye. If any abnormalities are
present, the specimens will be examined through histopathol-
ogy procedure. This device will facilitate the detection of
cancer in the tissue for e.g., prostate gland which has been
removed by surgery thus aiding the pathologist in locating the
cancer. It provides the depth and location of the cancer by
calculating all the foci (since the prostate is multifocal) within
the prostate gland. This procedure saves a lot of time and will
help in appropriate staging of prostate cancer. This device can
be used not only for prostate but also for detecting cancer in
any other organ of the body such as ovary, testis, uterus,
kidney etc. that has been submitted to the pathologist for
evaluation. This device will provide the C-scan images cor-
responding to a tissue thickness less than 1 mm, usually in the
range of 700-900 microns over the entire length and width of
the prostate.

The specimen Sp is usually setup in a water bath 734 to
ensure maximum acoustic matching between the tissue and
the medium. Any appropriate acoustic propagation medium
with acoustic impedance close to 1 M Rayl can be used
instead. The acoustic window will be aligned in front of the
prostate during the examination. With the help of acoustic
coupling gel 733 and acoustic windows 735, the PA ultra-
sound waves generated in the prostate will enter through the
acoustic window and focused onto the sensor by means of the
acoustic lens. Water (or other acoustic propagation medium,
as noted) is filled inside the probe which acts as the acoustic
propagation medium. Scanning optics 736 allow scanning of
the light over the sample.

A third preferred embodiment, shown in FI1G. 8 as 800, can
be used for breast imaging. It is constructed like the first and
second preferred embodiments, except as described below.

Breast cancer is the highest incident cancer among the
women worldwide. Although the techniques such as x-ray
mammography, ultrasound imaging and biopsy are currently
used to detect and diagnose breast cancers, they all suffer
from drawbacks including high rate of missed positives, use
of ionizing radiation and patient discomfort.

The third preferred embodiment generates C-scan planar
images, depicting the entire breast in sequential transverse
planes. Focusing of each plane happens in real time with the
help of the acoustic lens. The lens will be large enough for the
photoacoustic signals generated from the entire breast vol-
ume to propagate towards the receiver. A breast holder 837
holds the breast Br.

A first variation of the third preferred embodiment is
shown in FIGS. 8A-8D as 800'. The first variation uses the
photoacoustic effect only and can be constructed like the
system 800 according to the third preferred embodiment,
except for the omission of the plane wave generator and any
changes set forth herein.

The device will facilitate the definitive detection of breast
cancer and generates C-scan multiplanar images of the breast.
The device includes a table that can be built into a hospital
bed. It has a vent (sliding door 846) on the top to allow free
hanging of the breast that needs to be imaged. During the
examination, only one of the breasts (either left or right) will
be compressed with a compression plate and the other one
that needs to be imaged will be allowed to protrude through
the vent provided. The probe will have a diameter between 3
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and 5 inches, and a length approximately 3 inches, and it
includes an acoustic window that is curved inwards to ensure
matching between the breast surface and the acoustic propa-
gation medium (any appropriate acoustic propagation
medium with acoustic impedance close to 1 M Rayl, for
example, water) inside the probe. This probe which consists
of acoustic lens, water and the sensor will be mounted onto a
translation stage that can move horizontally from left to right
depending on the side being imaged. Also, this entire stage is
provided a vertical translation movement to make sure that
the probe is in contact with the breast before the exam is
started.

Focusing of each plane happens in real time with the help
of the acoustic lens. The lens will be large enough for the
photoacoustic signals generated from the entire breast vol-
ume to propagate towards the sensor. The laser source will be
a tunable broadband laser with frequencies ranging from
500-1100 nm with a typical pulse width of 10 ns and 1-10 Hz
pulse repetition frequency. The laser pulses will be delivered
via a bundle of high quality fiber optic cables. The laser beam
waist at the output of the fiber-optic cable is typically 2 mm
with intensity below 100 millijoules/cm®. The fiber-optic
cables are arranged in a circular fashion and are equipped into
aring around the breast. The fiber-optic cables are terminated
onto compound lens-beam expanders which can move back
and forth for controlled illumination of the breast.

The laser beams irradiate the breast from all the directions
so that the entire breast will become the source of photoa-
coustic signals. With the help of acoustic coupling gel, the
photoacoustic waves generated in the breast enter through the
acoustic window and are focused by the acoustic lens onto the
sensor and the C-scan images are generated. Water is used as
the acoustic propagation medium. Any appropriate acoustic
propagation medium with acoustic impedance close to 1 M
Rayl could be used instead. This device will provide the
C-scan images corresponding to a tissue thickness less than 1
mm, usually in the range of 700-900 microns over the entire
length and width of breast by means of the 2d sensor.

The acoustic lens will converge the wavefront from the
object plane (tissue) onto the image plane (sensor) with a
magnification dictated by the object plane-lens and lens-im-
age plane distances. It produces best images when the object
plane-lens distance and the corresponding lens-image plane
distance are at a distance of twice the lens-focal length with a
resulting magnification of 1. The lens will be large enough to
ensure that the acoustic signals from the entire breast are
received by the sensor.

The shape of the acoustic window 610" in this case will
follow a concave pattern to ensure maximum acoustic match
between the breast and the acoustic propagation medium (any
appropriate acoustic propagation medium with acoustic
impedance close to 1 M Rayl, for example, water) inside the
probe so that the signal-to-noise ratio is maximized.

A group of high power delivery fiber optic cables will be
used to deliver the pulsed high power laser beam from an
external laser source. They feature a pure silica core and a
bonded hard polymer cladding. The fibers have a larger
numerical aperture that allows for greater light coupling effi-
ciencies. The fiber’s core diameter is typically 600 um and
cladding diameter is 630 pm. The maximum power density
that the fiber can withstand is 100 KW/cm?. These fibers will
be suitable for use in 500 nm to 1100 nm wavelength range.

Cylindrical and spherical plano-concave lenses will be
used as beam expanders 618’ to diverge the light beam coming
out of the fibers. These lenses will also allow focusing like
camera-zoom lenses. Depending on the desired area to be
imaged, the area over which the light is irradiated will be
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controlled with the aid of them. Cylindrical lenses provide
four times higher laser exposure on the tissue compared to
spherical lenses. The lenses have a focal length of —15 mm
which facilitates in illuminating the tissue volume over a
width of about 1 cm. The lenses have their clear apertures
greater than 90% of surface dimensions.

A high energy broadband tunable pulsed laser source 840
with a typical pulse repetition rate of 10 Hz and pulse duration
of 10 ns will be employed as the external laser source to
generate laser beam of desired size. The exposure energy will
be lower than the maximum permissible exposure limits set
by ANSI 136.1 standards for the human tissue. A Ti:Sapphire
laser coupled to Nd:YAG laser through a frequency doubler
will provide a wide range of wavelengths that are suitable for
photoacoustic imaging.

There are two translation stages incorporated in the design.
The first one, 842, is for vertical movement of the acoustic
lens-sensor configuration along with the circular ring with
fiber optic cables to adjust according to the location of the
breast. The second one, 844, is for horizontal movement of
the detector configuration (along with the lens and the ring
with fiber optic cables) to accommodate the left or right
breast, which may be accessed through a sliding door 846.

A second variation of the third preferred embodiment,
shown in FI1G. 8E as 800", is used for breast ultrasound. It can
be constructed like the third preferred embodiment 800,
except for the omission of the elements concerned only with
the photoacoustic effect and for any differences described
herein.

The device 800" will facilitate the definitive detection of
breast cancer and generates C-scan multiplanar images of the
breast. An input ultrasound source (plane wave generator) is
used for ultrasound pulse echo C-scan imaging. Focusing of
each plane happens in real time with the help of the acoustic
lens. The lens will be large enough for focusing the ultrasound
signals reflected from the entire breast volume to propagate
towards the receiver. The breast is compresses during the
examination and the C-scan images over the entire volume of
the breast are produced by the device. The probe including the
acoustic window, acoustic lens and the 2d sensor is brought in
contact with the acoustically transparent compression plate
from the bottom.

The probe will have a diameter between 3 and 5 inches, and
a length approximately 3 inches. With the help of acoustic
coupling gel, when the plane wave generator produces the
ultrasound waves, they get reflected form the breast and
propagate back through the acoustic window, and will be
focused onto the image plane (2d sensor) with the help of an
acoustic lens. Water is used as acoustic propagation medium.
Any appropriate acoustic propagation medium with acoustic
impedance close to 1 M Rayl could be used instead. This
device will provide the C-scan images corresponding to a
tissue thickness less than 1 mm, usually in the range of 700-
900 microns over the entire length and width of breast by
means of the 2d sensor.

The fourth preferred embodiment, shown in FIG. 9 as 900,
is a transvaginal photoacoustic and ultrasound C-scan probe.
It is constructed like the first through third preferred embodi-
ments, except as described below.

In the opto-acoustic window 938, an appropriate material
will be used that allows both the optical beam and ultrasound
waves with minimal transmission losses.

To diagnose the cause of certain types of infertility, pelvic
pain, abnormal bleeding, and menstrual problems, transvagi-
nal ultrasound is used. It is often used to show the lining of the
uterus. Though the test may reveal certain conditions such as
pelvic infection or monitor the growth of the fetus during the
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pregnancy, it suffers from false positive results in detecting
ovarian cysts, ovarian tumors and the cancers of the uterus,
vagina and other pelvic structures.

The fourth preferred embodiment generates C-scan planar
images, depicting the entire uterus or ovaries in sequential
planes. Focusing of each plane happens in real time with the
help of the acoustic lens.

The tip of the probe is made optically as well as acousti-
cally transparent with the help of an opto-acoustic window.
The delivery of light through two fiber-optic cables ensures
that more area is exposed to light thus resulting in the gen-
eration of photoacoustic signals from a larger area.

The probe will have a diameter between 0.75 and 1 inches,
and a length approximately 5 inches. The opto-acoustic win-
dow will be aligned in front of the uterus when inserted into
the vagina. With the help of acoustic coupling gel, the PA
ultrasound waves generated in the tissue will enter through
the acoustic window and focused onto the sensor by means of
acoustic lens.

While preferred embodiments have been set forth in detail
above, those skilled in the art who have reviewed the present
disclosure will readily appreciate that other embodiments can
be realized within the scope of the invention. For example,
numerical examples are illustrative rather than limiting, as are
recitations of specific materials. Also, other embodiments can
facilitate in detecting and diagnosing the lesions and tumors
associated with lymph nodes, the liver, the gall bladder, the
pancreas, the thyroid gland, and the skin. Indeed, the present
invention could be adapted for any medical or veterinary
imaging or even for non-biological imaging. Moreover, while
water has been disclosed as an acoustic propagation medium,
any other acoustic propagation medium having appropriate
acoustic impedance and other qualities could be used instead.
Therefore, the present invention should be construed as lim-
ited only by the appended claims.

We claim:

1. A method for imaging a region of interest, the method

comprising:

(a) stimulating the region of interest with light from a light
source to produce a set of ultrasound waves through a
photoacoustic effect;

(b) focusing the set of ultrasound waves through an acous-
tic lens to produce focused waves, the acoustic lens
being configured such that said ultrasound waves origi-
nating at a single time at an object plane in the region of
interest are focused onto an image plane and arrive at the
image plane at times separated by no more than a time
gate width so that all points in the object plane are
focused simultaneously;

(c) detecting the focused waves in a transducer while
applying a time gate corresponding to the time gate
width to produce time-gated photoacoustic signals, the
time-gated photoacoustic signals providing at least one
photoacoustic C-scan at any given period of time, step
(c) being repeated multiple times to provide real-time
imaging; and

(d) imaging the region of interest from the at least one
photoacoustic C-scan provided in steps step (c).

2. The method of claim 1, wherein, in step (a), the light

comprises laser light from a laser light source.

3. The method of claim 2, wherein the laser light is gener-

ated by a photodiode.

4. The method of claim 2, wherein the light source com-

prises an optical fiber in communication with the laser light
source.

10

15

20

25

30

35

40

45

50

55

60

65

14

5. The method of claim 1, wherein, during steps (a) and (b),
the light source and the transducer are scanned relative to the
region of interest.

6. The method of claim 5, wherein the light source and the
transducer are provided in a rigid assembly, and wherein the
rigid assembly is scanned during steps (a) and (b).

7. The method of claim 5, wherein the light source and the
transducer are scanned in two dimensions.

8. The method of claim 5, wherein the light source and the
transducer are scanned in three dimensions.

9. The method of claim 1, wherein the transducer com-
prises a transducer array.

10. The method of claim 9, wherein the transducer array is
a two-dimensional array.

11. The method of claim 1, wherein an optical fiber is used
to deliver the light from the light source to the region of
interest.

12. The method of claim 1, wherein the region of interest is
located in a living body.

13. The method of claim 12, wherein the region of interest
is located at least partially in a prostate.

14. The method of claim 12, wherein the region of interest
is located at least partially in a breast.

15. The method of claim 12, wherein the region of interest
is located at least partially in a pelvic region.

16. The method of claim 15, wherein, during steps (a) and
(b), the light source and the transducer are inserted into a
vagina.

17. The method of claim 1, wherein the region of interest is
located in an in vitro environment.

18. The method of claim 1, wherein step (b) is performed
using a single or compound acoustic lens.

19. The method of claim 18, wherein the acoustic lens
comprises a biconcave lens.

20. A probe for imaging a region of interest, the probe
comprising:

a light source for stimulating the region of interest with
light to produce a set of ultrasound waves through a
photoacoustic effect;

an acoustic lens for focusing the set of ultrasound waves
through an acoustic lens to produce focused waves, the
acoustic lens being configured such that said ultrasound
waves originating at a single time at an object plane in
the region of interest are focused onto an image plane
and arrive at the image plane at times separated by no
more than a time gate width so that all points in the
object plane are focused simultaneously; and

a transducer for detecting the focused waves while apply-
ing a time gate corresponding to the time gate width to
produce time-gated photoacoustic signals, the time-
gated photoacoustic signals providing at least one pho-
toacoustic C-scan at any given period of time, said at
least one photoacoustic C-scan being repeated multiple
times to provide real-time imaging.

21. The probe of claim 20, further comprising a rigid
assembly in which the light source and the transducer are
provided.

22. The probe of claim 20, wherein the transducer com-
prises a transducer array.

23. The probe of claim 22, wherein the transducer array is
a two-dimensional array.

24. The probe of claim 20, wherein the light source com-
prises a laser source.

25. The probe of claim 24, wherein the laser source com-
prises a photodiode.

26. The probe of claim 24, wherein the light source further
comprises an optical fiber.
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27. The probe of claim 20, wherein the acoustic lens com-
prises a single or compound acoustic lens.

28. The probe of claim 27, wherein the acoustic lens com-
prises a biconcave lens.

29. A method for imaging a region of interest, the method
comprising:

(a) receiving photoacoustic acoustic waves from the region

of interest;

(b) focusing the acoustic waves onto a two-dimensional
detector array using an acoustic lens to detect the acous-
tic waves, the acoustic lens being configured such that
said acoustic waves originating at a single time at an
object plane in the region of interest are focused onto an
image plane and arrive at the image plane at times sepa-
rated by no more than a time gate width so that all points
in the object plane are focused simultaneously; and

(c) imaging the region of interest in accordance with the
acoustic waves detected by the array.

30. The method of claim 29, wherein step (c) comprises
time-gating the detected acoustic waves using a time gate
corresponding to the time gate width such that a C-scan image
is produced.

31. A system for imaging a region of interest, the system
comprising:

a light source for stimulating the region of interest with
light to produce ultrasound waves through a photoacous-
tic effect;

a two-dimensional detector array;

an acoustic lens for receiving ultrasound waves from the
region of interest and for focusing the ultrasound waves
onto the two-dimensional detector array to detect the
ultrasound waves, the acoustic lens being configured
such that said ultrasound waves originating at a single
time at an object plane in the region of interest are
focused onto an image plane and arrive at the image
plane at times separated by no more than a time gate
width so that all points in the object plane are focused
simultaneously; and

aprocessor, in communication with the array, configured to
image the region of interest in accordance with the ultra-
sound waves detected by the array.

32. The system of claim 31, wherein the processor time-
gates the detected acoustic waves using a time gate corre-
sponding to the time gate width such that a C-scan image is
produced.

33. A method for imaging a region of interest, the method
comprising:

(a) receiving photoacoustic acoustic waves from the region

of interest;

(b) focusing the acoustic waves using an acoustic lens onto
a detector to detect the acoustic waves, the acoustic lens
being configured such that said acoustic waves originat-
ing at a single time at an object plane in the region of
interest are focused onto an image plane and arrive at the
image plane at times separated by no more than a time
gate width so that all points in the object plane are
focused simultaneously;

(c) time-gating the acoustic waves using a time gate corre-
sponding to the time gate width to produce time-gated
acoustic waves; and

(d) performing a C-scan of the region of interest in accor-
dance with the time-gated acoustic waves.

34. The method of claim 33, wherein the detector com-

prises a 1D or 2D array.

35. A system for imaging a region of interest, the system
comprising:
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a light source for stimulating the region of interest with
light to produce ultrasound waves through a photoacous-
tic effect;

a detector;

an acoustic lens for receiving ultrasound waves from the
region of interest and for focusing the ultrasound waves
onto the detector to detect the ultrasound waves, the
acoustic lens being configured such that said ultrasound
waves originating at a single time at an object plane in
the region of interest are focused onto an image plane
and arrive at the image plane at times separated by no
more than a time gate width so that all points in the
object plane are focused simultaneously; and

a processor configured for time-gating the ultrasound
waves using a time gate corresponding to the time gate
width to produce time-gated ultrasound waves and per-
forming a C-scan of the region of interest in accordance
with the time-gated ultrasound waves.

36. The system of claim 35, wherein the detector comprises

a 1D or 2D array.

37. A method for imaging a region of interest, the method

comprising:

(a) stimulating the region of interest with ultrasound radia-
tion from an ultrasound source to produce a set of ultra-
sound waves reflected from the region of interest;

(b) focusing the set of ultrasound waves through an acous-
tic lens to produce focused waves, the acoustic lens
being configured such that said ultrasound waves origi-
nating at a single time at an object plane in the region of
interest are focused onto an image plane and arrive at the
image plane at times separated by no more than a time
gate width so that all points in the object plane are
focused simultaneously;

(c) detecting the focused waves in a transducer while
applying a time gate to produce time-gated ultrasound
signals, the time-gated ultrasound signals providing at
least one ultrasound C-scan at any given period of time,
step (c) being repeated multiple times to provide said
real-time imaging; and

(d) imaging the region of interest from the at least one
ultrasound C-scan provided in step ().

38. The method of claim 37, wherein the transducer com-

prises a transducer array.

39. The method of claim 38, wherein the transducer array is

a two-dimensional array.

40. The method of claim 37, wherein the region of interest

is located in a living body.

41. The method of claim 40, wherein the region of interest

is located at least partially in a prostate.

42. The method of claim 40, wherein the region of interest

is located at least partially in a breast.

43. The method of claim 40, wherein the region of interest

is located at least partially in a pelvic region.

44. The method of claim 37, wherein the region of interest

is located in an in vitro environment.

45. The method of claim 37, wherein step (a) is performed

using a single or compound acoustic lens.

46. The method of claim 45, wherein the acoustic lens

comprises a biconcave lens.

47. The method of claim 37, wherein the ultrasound source

comprises a plane wave generator of an acoustic wave.

48. A probe for imaging a region of interest, the probe

comprising:

an ultrasound source for stimulating the region of interest
with ultrasound radiation to produce a set of ultrasound
waves reflected from the region of interest;
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an acoustic lens for focusing the set of ultrasound waves
through an acoustic lens to produce focused waves, the
acoustic lens being configured such that said ultrasound
waves originating at a single time at an object plane in
the region of interest are focused onto an image plane
and arrive at the image plane at times separated by no
more than a time gate width so that all points in the
object plane are focused simultaneously; and

a transducer for detecting the focused set of waves while
applying a time gate to produce time-gated ultrasound sig-
nals, the time-gated ultrasound signals providing at least one
ultrasound C-scan at any given period of time, said at least
one ultrasound C-scan being repeated multiple times to pro-
vide said real-time imaging.

49. The probe of claim 48, wherein the transducer com-

prises a transducer array.

50. The probe of claim 48, wherein the transducer array is

a two-dimensional array.

51. The probe of claim 48, wherein the acoustic lens com-

prises a single or compound acoustic lens.

52. The probe of claim 51, wherein the acoustic lens com-

prises a biconcave lens.

53. The probe of claim 48, wherein the ultrasound source

comprises a plane wave generator of an acoustic wave.

54. A method for imaging a region of interest, the method

comprising:

(a) receiving ultrasound acoustic waves from the region of
interest;

(b) focusing the acoustic waves onto a two-dimensional
detector array using an acoustic lens to detect the acous-
tic waves, the acoustic lens being configured such that
said acoustic waves originating at a single time at an
object plane in the region of interest are focused onto an
image plane and arrive at the image plane at times sepa-
rated by no more than a time gate width so that all points
in the object plane are focused simultaneously; and

(c) imaging the region of interest in accordance with the
acoustic waves detected by the array.

55. A system for imaging a region of interest, the system

comprising:

an ultrasound source for stimulating the region of interest
with ultrasound radiation to produce ultrasound waves
reflected from the region of interest;

a two-dimensional detector array;

an acoustic lens for receiving ultrasound waves from the
region of interest and for focusing the ultrasound waves
onto the two-dimensional detector array to detect the
ultrasound waves, the acoustic lens being configured
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such that said ultrasound waves originating at a single
time at an object plane in the region of interest are
focused onto an image plane and arrive at the image
plane at times separated by no more than a time gate
width so that all points in the object plane are focused
simultaneously; and

aprocessor, in communication with the array, configured to
image the region of interest in accordance with the ultra-
sound waves detected by the array.

56. A method for imaging a region of interest, the method

comprising:

(a) receiving ultrasound acoustic waves from the region of
interest;

(b) focusing the acoustic waves using an acoustic lens onto
a detector to detect the acoustic waves, the acoustic lens
being configured such that said acoustic waves originat-
ing at a single time at an object plane in the region of
interest are focused onto an image plane and arrive at the
image plane at times separated by no more than a time
gate width so that all points in the object plane are
focused simultaneously;

(c) time-gating the acoustic waves using a time gate corre-
sponding to the time gate width to produce time-gated
acoustic waves; and

(d) performing a C-scan of the region of interest in accor-
dance with the time-gated acoustic waves.

57. A system for imaging a region of interest, the system

comprising:

an ultrasound source for stimulating the region of interest
with ultrasound radiation to produce ultrasound waves
reflected from the region of interest;

a detector;

an acoustic lens for receiving ultrasound waves from the
region of interest and for focusing the ultrasound waves
onto the detector to detect the ultrasound waves, the
acoustic lens being configured such that said ultrasound
waves originating at a single time at an object plane in
the region of interest are focused onto an image plane
and arrive at the image plane at times separated by no
more than a time gate width so that all points in the
object plane are focused simultaneously; and

a processor for time-gating the ultrasound waves using a
time gate corresponding to the time gate width to pro-
duce time-gated ultrasound waves and performing a
C-scan of the region of interest in accordance with the
time-gated ultrasound waves.
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