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PHOTOACOUSTIC TRACKING AND
REGISTRATION IN INTERVENTIONAL
ULTRASOUND

[0001] This application claims priority to U.S. Provisional
Application No. 62/113,918 filed Feb. 9, 2015, the entire
content of which is hereby incorporated by reference.

[0002] This invention was made with Government support
of Grant No. EB015638, awarded by the National Institute of
Biomedical Imaging and Bioengineering—National Insti-
tutes of Health, and Grant No. 1IS-1162095, awarded by the
National Science Foundation. The U.S. Government has cer-
tain rights in this invention.

BACKGROUND
[0003] 1. Technical Field
[0004] The field of the currently claimed embodiments of

this invention relates to ultrasound systems and methods, and
more particularly to ultrasound imaging systems and methods
having real-time tracking and image registration.

[0005] 2. Discussion of Related Art

[0006] Photoacoustic (PA) imaging is becoming an impor-
tant tool for various clinical and pre-clinical applications.
Acquiring pre-beamformed channel ultrasound data is essen-
tial to reconstruct PA images. Accessing these pre-beam-
formed channel data requires custom hardware to allow par-
allel beam-forming, and is available for only few research
ultrasound platforms or dedicated channel data extension
device such as data acquisition (DAQ) system. These systems
are generally expensive and extensive systems take time to
transfer data from the ultrasound machine, so it becomes a
limitation of real-time imaging. This fact can be an obstacle of
smooth transaction for clinical application, and there is a
strong demand to develop a beamforming algorithm utilizing
post-beamformed radio frequency (RF) data. T. Harrison at
al. has focused the same issue and their solution was to change
the speed of sound value inside the clinical ultrasound sys-
tem. A limitation of the approach is that not all clinical ultra-
sound systems provide accessibility to the speed of sound for
beamforming. On the other hand, post-beamformed RF data
is generally readily available in real-time and in several clini-
cal and research ultrasound platforms.

SUMMARY

[0007] According to some embodiments of the invention,
an ultrasound imaging system having real-time tracking and
image registration includes a fiducial-marker system com-
prising an ultrasound transmitter, wherein the ultrasound
transmitter is structured to provide a localized ultrasound
pulse at an optically observable localized spot on a body of
interest to provide a combined ultrasound and optical fiducial
marker at the localized spot. The ultrasound imaging system
further includes an optical imaging system structured to be
arranged proximate the body of interest in view of the local-
ized spot on the body of interest, and a two-dimensional
ultrasound imaging system comprising an ultrasound probe
structured to be acoustically coupled to the body of interest to
receive the localized ultrasound pulse from the localized spot
on the body of interest. The ultrasound imaging system fur-
ther includes an optical image processing system configured
to communicate with the optical imaging system to receive an
optical image of at least a portion of the body of interest that
includes the combined ultrasound and optical fiducial marker
within the optical image, the optical image processing system
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being further configured to process the optical image to deter-
mine a spatial location of the combined ultrasound and opti-
cal fiducial marker. The ultrasound imaging system further
includes an ultrasound image processing system configured
to communicate with the two-dimensional ultrasound imag-
ing system to receive a two-dimensional ultrasound image of
at least a portion of the body of interest that includes the
combined ultrasound and optical fiducial marker observed
within the two-dimensional ultrasound image, the ultrasound
image processing system being further configured to process
the two-dimensional ultrasound image to determine a spatial
location of the combined ultrasound and optical fiducial
marker. The ultrasound imaging system further includes a
registration system configured to communicate with the opti-
cal image processing system and the ultrasound image pro-
cessing system to receive information concerning the spatial
locations determined for the combined ultrasound and optical
fiducial marker observed in the optical image and in the
two-dimensional ultrasound image, the registration system
being further configured to determine a coordinate transfor-
mation that registers the optical image with the two-dimen-
sional ultrasound image based at least partially on the infor-
mation concerning the spatial locations determined for the
combined ultrasound and optical fiducial marker observed in
the optical image and in the two-dimensional ultrasound
image.

[0008] According to some embodiments of the invention,
an ultrasound imaging system having real-time tracking and
image registration, includes a fiducial-marker system com-
prising an ultrasound transmitter, wherein the ultrasound
transmitter is structured to provide a localized ultrasound
pulse at an optically observable localized spot on a body of
interest to provide a combined ultrasound and optical fiducial
marker at the localized spot. The ultrasound imaging system
further includes an optical imaging system structured to be
arranged proximate the body of interest in view of the local-
ized spot on the body of interest. The ultrasound imaging
system further includes an ultrasound imaging system com-
prising an ultrasound probe structured to be acoustically
coupled to the body of interest to receive the localized ultra-
sound pulse from the localized spot on the body of interest.
The ultrasound imaging system further includes an optical
image processing system configured to communicate with the
optical imaging system to receive an optical image of at least
a portion of the body of interest that includes the combined
ultrasound and optical fiducial marker observed within the
optical image, the optical image processing system being
further configured to process the optical image to determine a
spatial location of the combined ultrasound and optical fidu-
cial marker. The ultrasound imaging system further includes
an ultrasound image processing system configured to com-
municate with the ultrasound imaging system to receive an
ultrasound image of at least a portion of the body of interest
that includes the combined ultrasound and optical fiducial
marker within the ultrasound image, the ultrasound image
processing system being further configured to process the
ultrasound image to determine a spatial location of the com-
bined ultrasound and optical fiducial marker. The ultrasound
imaging system further includes a registration system config-
ured to communicate with the optical image processing sys-
tem and the ultrasound image processing system to receive
information concerning the spatial locations determined for
the combined ultrasound and optical fiducial marker
observed in the optical image and in the ultrasound image, the
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registration system being further configured to determine a
coordinate transformation that registers the optical image
with the ultrasound image based at least partially on the
information concerning the spatial locations determined for
the combined ultrasound and optical fiducial marker
observed in the optical image and in the ultrasound image.
The ultrasound image processing system is configured to
perform synthetic aperture imaging using post-beamformed
RF data in an inverse beamforming calculation so as to be
approximately equal to pre-beamformed RF data.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Further objectives and advantages will become
apparent from a consideration of the description, drawings,
and examples.

[0010] FIG. 1A is a schematic illustration of an ultrasound
imaging system having real-time tracking and image regis-
tration according to an embodiment of the invention;

[0011] FIG. 1B is a schematic illustration of an ultrasound
imaging system having real-time tracking and image regis-
tration according to another embodiment of the invention;
[0012] FIG. 2 illustrates a clinical scenario using photoa-
coustic (PA) markers to acquire this video to ultrasound (US)
registration with a two-dimensional curvilinear transducer;
[0013] FIG. 3 shows a wavefront model,

[0014] FIG. 4 shows a sample pre-beamformed PA image
with PA markers present without segmentation;

[0015] FIG. 5 shows a sample pre-beamformed PA image
with PA markers present with segmentation;

[0016] FIG. 6 illustrates workflows for the A) Data Collec-
tion, B) Video Segmentation, and C) Ultrasound Segmenta-
tion;

[0017] FIG. 7 shows an example of ultrasound beamform-
ing for photoacoustic signals;

[0018] FIG. 8 shows a diagram of a synthetic aperture
beamforming method according to some embodiments of the
invention;

[0019] FIG. 9A shows a simulated image of conventional
PA beamforming;

[0020] FIG. 9B shows a simulated image of PA beamform-
ing according to some embodiments of the invention with a
fixed focus at 15 mm;

[0021] FIG.9C shows a simulated image of PA beamform-
ing according to some embodiments of the invention with a
fixed focus at 35 mm;

[0022] FIG. 10 shows the full width at half maximum for
each depth point with varying fixed focus depths;

[0023] FIG. 11A shows simulated images with noise for
conventional PA beamforming;

[0024] FIG.11B shows simulated images with noise for PA
beamforming according to some embodiments of the inven-
tion with a fixed focus at 15 mm;

[0025] FIG.11C shows simulated images with noise for PA
beamforming according to some embodiments of the inven-
tion with a fixed focus at 35 mm;

[0026] FIG. 12 shows the signal-to-noise ratio (SNR) for
each depth point with varying fixed focus depths;

[0027] FIG. 13 shows the experimental setup according to
some embodiments of the invention;

[0028] FIG. 14 shows reconstructed photoacoustic images
for a control (dynamic focusing for channel data);

[0029] FIG. 15 shows reconstructed photoacoustic images
with 9 mm fixed focusing;
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[0030] FIG. 16 shows reconstructed photoacoustic images
with 21 mm fixed focusing;

[0031] FIG. 17 shows measured FWHM for different fixed
focus depths;
[0032] FIG. 18 illustrates a wrong TOF condition for US

dynamic receive focusing for photoacoustic data;

[0033] FIG. 19 illustrates the concept of back projection;
[0034] FIG. 20 shows simulation results fora receive beam-
form from channel data and from dynamic focused data for
five point sources:

[0035] FIG. 21 shows the configuration of the off-plane
ultrasound point detection;

[0036] FIG. 22 shows the system setup to validate the asyn-
chronous homodyne ultrasound wave front detection method,
[0037] FIG. 23 shows the modulation signal of the laser.
The PLD is driven by a customized electronic system;
[0038] FIG. 24 shows the data processing procedures and
the result comparison of the wavefront detection with differ-
ent SNR;

[0039] FIG. 25 shows the signal comparison of the same
channel between the DAQ and the clinical ultrasound system
bypassing the beamformer:;

[0040] FIG. 26 shows the comparison of the pre-beam-
forming images;

[0041] FIG. 27 shows the beamformed images;

[0042] FIG. 28 shows the comparison of the proposed
method and the DAQ reference;

[0043] FIG. 29 shows the corresponding B-mode images
after the DAS beamforming and envelop detection and log
compression;

[0044] FIG. 30 shows a diagram of synthetic aperture
beamforming according to some embodiments of the inven-
tion;

[0045] FIG. 31 shows the characteristics of channel data
and fixed focus data;

[0046] FIG. 32 shows the beamforming geometry when
line n is beamformed;

[0047] FIG. 33 shows the FWHM of the proposed re-beam-
forming for the designated focusing depth, and varying the
aperture size;

[0048] FIG. 34 shows the measured SNR of proposed
beamformer varying the aperture size;

[0049] FIG. 35 shows the reconstructed results of SA
beamforming using dynamically focused ultrasound beam-
formed RF data;

[0050] FIG. 36 shows the SA re-beamforming results from
ultrasound beamforming with a single focal point;

[0051] FIG. 37 shows the PASA beamforming results from
dynamically focused ultrasound beamforming;

[0052] FIG. 38 illustrates a monocamera attached to an
ultrasound probe that observes the needle shaft;

[0053] FIG. 39 illustrates how the signal transmitted by the
PZT element and received by the ultrasound transducer can
be used to determine the shortest time of flight between the
PZT element and the transducer;

[0054] FIG. 40 shows a computed localization result;
[0055] FIG. 41 comprises a table showing the precision of
the computed result compared to the known motions;

[0056] FIG. 42 illustrates conventional electromagnetic
tracking-based methods to provide intraoperative needle-tip
tracking;

[0057] FIG. 43 shows a workflow diagram for detecting a
needle’s position according to some embodiments of the
invention;
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[0058] FIG. 44 shows how a needle with US emitting tip
was fixed in two different poses while a cell phone mounted
US probe was moved in linear 4 mm steps;

[0059] FIG. 45 shows tables displaying tracking results;
[0060] FIG. 46 shows an example of three positions of the
needle in inverted B-Mode imaging (below) compared the
positions obtained by our method (above);

[0061] FIG. 47A illustrates conventional image formation
in US and PA imaging;

[0062] FIG. 47B shows proposed PA image formation
using B-mode image from clinical ultrasound systems;
[0063] FIG. 48 shows an example of implementing an algo-
rithm based on back projection;

[0064] FIG. 49 shows an system setup according to some
embodiments of the invention;

[0065] FIG. 50 shows a simulation result;
[0066] FIG. 51 shows an experimental result;
[0067] FIG. 52 shows ultrasound imaging planes with

respect to bi-plane transrectal transducer;

[0068] FIG. 53 shows a scenario where active point is out-
side of the imaging planes; and

[0069] FIG.54 shows ascenario demonstrating active point
recovery with an alternate plane intersection method.

DETAILED DESCRIPTION

[0070] Some embodiments of the current invention are dis-
cussed in detail below. In describing embodiments, specific
terminology is employed for the sake of clarity. However, the
invention is not intended to be limited to the specific termi-
nology so selected. A person skilled in the relevant art will
recognize that other equivalent components can be employed
and other methods developed without departing from the
broad concepts of the current invention. All references cited
anywhere in this specification, including the Background and
Detailed Description sections, are incorporated by reference
as if each had been individually incorporated.

[0071] Theterms “light” and “optical” are intended to have
a broad meaning. They can include, but are not limited to, the
visible regions of the electromagnetic spectrum. They can
include nonvisible regions of the electromagnetic spectrum
such as infrared and ultraviolet light, and even x-ray and
microwave regions. As long as the electromagnetic radiation
can deposit a localized spot of energy that generates ultra-
sound, and the spot can be detected along with a correspond-
ing image, it can be included in some embodiments.

[0072] The term “photoacoustic” is intended to have a
broad definition which can be photons at any energy suitable
for the particular application that deposit energy that gener-
ates an acoustic signal in a body of interest. This is intended
to be sufficiently broad to include photons of microwave
energy. The term “thermoacoustic” effect is often used with
reference to microwave energies. The term photoacoustic as
used herein is intended to include thermoacoustic in the broad
definition.

[0073] Theterm “body” refers generally to a mass, and not
specifically to a human or animal body. In some applications,
the body of interest can be a human or animal organ, or a
portion thereof.

[0074] The term “spot” is intended to have a broad mean-
ing. It can be point-like or a small circular or oval shape.
However, it can also can be a pattern, such as, but not limited
to an x shape, a v shape, a Z shape, and N shape, etc.

[0075] Theterm “substantially localized spot” means a spot
of asize and of defined boundaries sufficient for the particular
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application. (In the case of a pattern, the localization can be
with respect to one sub-feature of the pattern.) For example,
most surgeries may require spot sizes from 0.5 to 2 mm.
However, some surgeries may require more precision than
other surgeries and the imaging geometries may vary. Con-
sequently, the general concepts of the current invention are
not limited to particular sizes and location precision of the
spots.

[0076] The term “interstitial” means to be inserted into
tissue, such as, but not limited to, a needle inserted into tissue
with the inserted tip being surrounded by the tissue.

[0077] The term “real-time” is intended to mean that the
images can be provided to the user during use of the system.
In other words, any noticeable time delay between detection
and image display to a user is sufficiently short for the par-
ticular application at hand. In some cases, the time delay can
be so short as to be unnoticeable by a user.

[0078] We use “3DPA” to mean 3D photoacoustic images
and “3DUS” to mean conventional 3D ultrasound images or
the overall system. The same transducer can be used for both
and both have the same coordinate system, and we can use
“3DUS coordinates” and “3DPA coordinates” interchange-
ably.

[0079] The control protocol and algorithms described
herein may be implemented by a processor. The processor
may be referred to as signal processor, or may include an
optical detection apparatus, and may be referred to as an
optical detection and processing system. The processor can
be a dedicated “hard-wired” device, or it can be a program-
mable device. For example, it can be, but is not limited to, a
personal computer, a work station, or any other suitable elec-
tronic device for the particular application. In some embodi-
ments, it can be integrated into a unit or it can be attachable,
remote, and/or distributed.

[0080] This application is related to International Applica-
tion No. PCT/US2013/030273, which is incorporated by ref-
erence herein in its entirety.

[0081] An ultrasound imaging system having real-time
tracking and image registration according to some embodi-
ments of the invention is shown in FIG. 1A. According to
some embodiments of the invention, the ultrasound imaging
system 100 includes a fiducial-marker system 102 compris-
ing an ultrasound transmitter, wherein the ultrasound trans-
mitter is structured to provide a localized ultrasound pulse at
an optically observable localized spot 104 on a body of inter-
est 106 to provide a combined ultrasound and optical fiducial
marker at the localized spot 104. The ultrasound imaging
system 100 further includes an optical imaging system 108
structured to be arranged proximate the body of interest 106
in view of the localized spot 104 on the body of interest 106.
The ultrasound imaging system 100 further includes a two-
dimensional ultrasound imaging system 110 that includes an
ultrasound probe 112 structured to be acoustically coupled to
the body of interest 106 to receive the localized ultrasound
pulse from the localized spot 104 on the body of interest 106.
The ultrasound imaging system 100 further includes an opti-
cal image processing system 114 configured to communicate
with the optical imaging system 108 to receive an optical
image of at least a portion of the body of interest 106 that
includes the combined ultrasound and optical fiducial marker
within the optical image, the optical image processing system
114 being further configured to process the optical image to
determine a spatial location of the combined ultrasound and
optical fiducial marker. The ultrasound imaging system 100
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further includes an ultrasound image processing system 116
configured to communicate with the two-dimensional ultra-
sound imaging system 110 to receive a two-dimensional
ultrasound image of at least a portion of the body of interest
106 that includes the combined ultrasound and optical fidu-
cial marker within the two-dimensional ultrasound image, the
ultrasound image processing system 116 being further con-
figured to process the two-dimensional ultrasound image to
determine a spatial location of the combined ultrasound and
optical fiducial marker. The ultrasound imaging system 100
further includes a registration system 118 configured to com-
municate with the optical image processing system 114 and
the ultrasound image processing system 116 to receive infor-
mation concerning the spatial locations determined for the
combined ultrasound and optical fiducial marker in the opti-
cal image and in the two-dimensional ultrasound image, the
registration system 118 being further configured to determine
a coordinate transformation that registers the optical image
with the two-dimensional ultrasound image based at least
partially on the information concerning the spatial locations
determined for the combined ultrasound and optical fiducial
marker in the optical image and in the two-dimensional ultra-
sound image.

[0082] According to some embodiments of the invention,
the optical image processing system 114, ultrasound image
processing system 116, and registration system 118 can be
implemented in software and/or hardware. For example, they
could all be implemented in software on the same computer
and/or network of computers in some embodiments. In some
embodiments, one or more of the optical image processing
system 114, ultrasound image processing system 116, and
registration system 118 can be implemented in separate hard-
ware components, for example, making use of ASICs, FPGAs
and/or other dedicated circuitry.

[0083] According to some embodiments of the invention,
the fiducial-marker system 102 can be one or more photoa-
coustic transmitters and/or localized transducers such as a
transducer at the tip of a surgical instrument. When photoa-
coustic transmitters are used, fiducial-marker system 102 can
also include a photoacoustic material acoustically coupled to
the body of interest 106. The optical imaging system 108 can
be a single camera with additional information provided, or
stereo cameras. The optical imaging system 108 can be at a
fixed position in the room frame, or attached to the ultrasound
probe, for example.

[0084] According to some embodiments, the ultrasound
transmitter is a photoacoustic transmitter comprising a pulsed
light source configured to provide said combined ultrasound
and optical fiducial marker at said localized spot. According
to some embodiments, the pulsed light source is a pulsed laser
diode, a high power LED, a Xeon flash lamp, a microwave
energy source, or a Q-switch laser. Either photonic or elec-
tromagnetic energy can be utilized to create the thermoacous-
tic effect.

[0085] An ultrasound imaging system having real-time
tracking and image registration according to some further
embodiments of the invention is shown in FIG. 1B. This
embodiment can use two-dimensional or three-dimensional
ultrasound imaging. According to some embodiments of the
invention, the ultrasound imaging system 200 includes a fidu-
cial-marker system 202 comprising an ultrasound transmitter,
wherein the ultrasound transmitter is structured to provide a
localized ultrasound pulse at an optically observable local-
ized spot 204 on a body of interest 206 to provide a combined
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ultrasound and optical fiducial marker at the localized spot
204. The ultrasound imaging system 200 further includes an
optical imaging system 208 structured to be arranged proxi-
mate the body of interest 206 in view of the localized spot 204
on the body of interest 206. The ultrasound imaging system
200 further includes an ultrasound imaging system 210 that
includes an ultrasound probe 212 structured to be acoustically
coupled to the body of interest 206 to receive the localized
ultrasound pulse from the localized spot 204 on the body of
interest 206. The ultrasound imaging system 200 further
includes an optical image processing system 214 configured
to communicate with the optical imaging system 208 to
receive an optical image of at least a portion of the body of
interest 206 that includes the combined ultrasound and opti-
cal fiducial marker within the optical image, the optical image
processing system 214 being further configured to process the
optical image to determine a spatial location of the combined
ultrasound and optical fiducial marker. The ultrasound imag-
ing system 200 further includes an ultrasound image process-
ing system 216 configured to communicate with the ultra-
sound imaging system 210 to receive an ultrasound image of
at least a portion of the body of interest 206 that includes the
combined ultrasound and optical fiducial marker within the
ultrasound image, the ultrasound image processing system
216 being further configured to process the ultrasound image
to determine a spatial location of the combined ultrasound
and optical fiducial marker. The ultrasound image processing
system 216 is configured to perform synthetic aperture imag-
ing using post-beamformed RF data in an inverse beamform-
ing calculation so as to be approximately equal to pre-beam-
formed RF data.

[0086] Theultrasound imaging system 200 furtherincludes
aregistration system 218 configured to communicate with the
optical image processing system 214 and the ultrasound
image processing system 216 to receive information concern-
ing the spatial locations determined for the combined ultra-
sound and optical fiducial marker in the optical image and in
the ultrasound image, the registration system 218 being fur-
ther configured to determine a coordinate transformation that
registers the optical image with the ultrasound image based at
least partially on the information concerning the spatial loca-
tions determined for the combined ultrasound and optical
fiducial marker in the optical image and in the ultrasound
image.

[0087] According to some embodiments of the invention,
the optical image processing system 214, ultrasound image
processing system 216, and registration system 218 can be
implemented in software and/or hardware. For example, they
could all be implemented in software on the same computer
and/or network of computers in some embodiments. In some
embodiments, one or more of the optical image processing
system 214, ultrasound image processing system 216, and
registration system 218 can be implemented in separate hard-
ware components, for example, making use of ASICs, FPGAs
and/or other dedicated circuitry.

[0088] According to some embodiments of the invention,
the fiducial-marker system 202 can be one or more photoa-
coustic transmitters and/or localized transducers such as a
transducer at the tip of a surgical instrument. When photoa-
coustic transmitters are used, fiducial-marker system 202 can
also include a photoacoustic material acoustically coupled to
the body of interest 206. The optical imaging system 208 can
be a single camera with additional information provided, or
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stereo cameras. The optical imaging system 208 can be at a
fixed position in the room frame, or attached to the ultrasound
probe, for example.

[0089] The following examples describe some embodi-
ments in more detail. The broad concepts of the current inven-
tion are not intended to be limited to the particular examples.
Further, concepts from each example are not limited to that
example, but may be combined with other embodiments of
the system.

EXAMPLES
Example 1

Direct Ultrasound to Video Registration using
Photoacoustic Markers from a Single Image Pose

[0090] Modern surgical procedures including open, laparo-
scopic, and robotic surgeries are often aided by interventional
guidance systems. [1] There is a need for these systems as
surgical environments are constantly changing and tumors
may only be visible under medical imaging guidance, or
move in and out of the camera’s field of view. Interventional
guidance systems provide a fusion of video and other imaging
modalities, such as interoperative ultrasound (US), to allevi-
ate some of these concerns. This video and medical imaging
fusion can support surgeons in finding and tracking tumors or
other objects of interest. A registration process between sur-
gical tools and devices, such as stereoscopic endoscopes and
US transducers, is necessary to enable these guidance sys-
tems.

[0091] This example focuses on the registration between
stereoscopic video and US imaging. Many surgeries require
real-time US imaging including liver resections, partial
nephrectomies, and prostatectomies. Real-time fusion of US
and video, is crucial to the success of these operations and
registration is a crucial component to enable real-time fusion.
The registration between US images and video is an active
area of research and significant challenges remain. Typically,
electromagnetic (EM) or optical navigational trackers [2, 3]
are used to provide the real-time pose, position and orienta-
tion, of tools such as US transducers. This approach is subject
to serious limitations and prone to error buildup from multiple
concatenated tracking and calibration errors.

[0092] Thetwo maintypes of surgical navigation and track-
ing systems are based on EM [3, 4] or optical trackers. Each
of these trackers have their respective advantages and disad-
vantages. The main advantage for EM-based surgical naviga-
tion systems is that a clear line of sight to the EM sensor is
unnecessary. This reduces the surgical field setup constraints,
however, other drawbacks must be considered and accounted
for. Firstly, EM tracking systems require wired EM sensors to
be placed on the tracked tool. This is disadvantageous as it
clutters the surgical environment and modifies the tools, pos-
sibly decreasing the surgeon’s comfort while potentially
increasing handling and sterilizing costs. Secondly, EM
tracking systems require a large and intrusive EM field gen-
erator to be placed in close proximity to the tracked EM
sensors. The space around the operating table is limited, thus
the surgeon must consider if this the most effective use of a
limited resource. Finally, EM-based systems suffer from
magnetic field distortions when metallic objects are placed
within its field. This serves as one of the main limitations as it
degrades the system’s accuracy, thereby decreasing the value
that surgeons can derive from the system.
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[0093] Optical tacking systems do not suffer from magnetic
field distortion and generally do not require wired sensors.
While, optical tracking systems can detect optical markers
with sub-millimeter accuracy, [5, 6] line of sight is a require-
ment that must be satisfied. This places arestrictive constraint
on the number and placement of other tools in the surgical
field, making such systems often impractical for laparoscopic
procedures. These concerns can be somewhat addressed by
placing the optical markers outside the body, but the tracking
accuracy of long and flexible tools will degrade as their tips
are now much farther away from the optical markers and
prone to deflection or bending errors.

[0094] One drawback that affects both typical EM and opti-
cal-based navigation systems is that the transformation reg-
istering surgical tools with the navigation system is acquired
indirectly. This means that the coordinate systems of the
surgical tool and the navigation system are linked by a chain
of transformations that must be computed. An example an
indirect transformation is the one necessary to enable inter-
ventional US guidance. The desired transformation between
the two coordinate systems is composed of the pose acquired
from the tracking system and the US calibration transforma-
tion between the sensor or marker and the US image plane. By
composing a chain of transformations, their respective errors
are magnified. Thus, it is beneficial to have a method which
can acquire the desired transformation directly without com-
posing a series of transformations.

[0095] Another drawback of these navigation systems is
specific to interventional US guidance systems. As was pre-
viously mentioned, US calibration is necessary to enable
these systems. It is an active topic of research and many
authors have presented methods to achieve better accuracy
and lower errors. [7, 8] Their results have shown that the
overall registration error is dominated by the calibration pro-
cess as its error is much larger than the error of the tracking
systems. Overall registration errors of approximately 1.7 to 3
mm for artificial phantoms and 3 to 5 mm for tissue have been
shown. [3, 4, 9, 10]

[0096] Vyas et al. [11] and Cheng et al. [12-14] demon-
strated a direct three-dimensional US to video registration
method using photoacoustic (PA) markers. This novel
method used PA markers generated on an air-tissue interface,
visible to both a stereocamera (SC) system and US, as fidu-
cials to directly acquire the registration between video and
three-dimensional US. Previous work [15, 16] showed that a
pulsed laser source is capable of generating a PA signal in
tissue. The resulting acoustic wave from the PA signal can be
detected by a conventional US transducer. [17, 18] The laser
source is also visible to the SC system, so the PA markers are
also visible. This enables PA markers to be used as fiducials as
the same point can be represented in both the SC system’s
coordinate system and the US image’s coordinate system.

[0097] This method addresses the drawbacks presentin EM
and optical-based navigation systems. Firstly, this method
does not require wired sensors so no modifications are made
to the surgeon’s tools. This allows the tools to maintain their
present handling and sterilizing procedures. Since there are
no attached wired sensors, US calibration is also unnecessary
with this method. This is a major advantage as the registration
error can be much lower by avoiding the US calibration
process. [12, 13] While this method requires line of sight
between the PA markers and the SC system, this requirement
is less stringent than the requirement for optical trackers. The
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PA markers are projected onto the surface of a region of
interest, so it will naturally be within the SC system’s field of
view.

[0098] This work extends the earlier work of Vyas et al.
[11] and Cheng et al., [12-14] and serves as another step
towards realizing a practical clinical system shown in FIG. 2.
The main contribution of this work is to recover the video to
ultrasound registration with two-dimensional images from a
single pose. Naturally, this means that this method can be
extended to two-dimensional US transducers and is no longer
limited to three-dimensional US probes. There are both
advantages and disadvantages of using two-dimensional US
transducers versus three-dimensional US transducers. Three-
dimensional transducers are capable of providing an entire
volume at the expense of acquisition time. On the other hand,
two-dimensional transducers are much faster, but the regis-
tration between two-dimensional US images and three-di-
mensional video is considerably more difficult. Using a two-
dimensional transducer will also allow us to relax the
assumption that the surgical environment remains static dur-
ing data acquisition as a volume is no longer necessary.

[0099] In this example, we show that it is possible to
recover some out-of-plane information from a single two-
dimensional curvilinear US image when using PA markers.
We detail the ideas and algorithms that facilitate the process
of registering two-dimensional US images with three-dimen-
sional video. Preliminary results using a synthetic phantom
with excellent light absorption characteristics will also be
shown.

[0100] Algorithms

[0101] There are two main components that allow us to
recover the registration between video and ultrasound with a
single US image. First of all, a wavefront segmentation algo-
rithm is necessary as the wavefront allows us to recover some
out-of-plane information. This wavefront represents the time
of flight (ToF) readings from the active PA marker to each of
the US transducer elements. Second of all, to be able to
register PA markers between two-dimensional US and video,
we show how the ToF readings can be used to recover out-of-
plane information. Before we present these two components,
we will discuss the model that we use to derive the subsequent
algorithms.

[0102]

[0103] As we previously mentioned, the wavefront from a
single PA marker can represent the ToF between the PA
marker and each transducer element. As shown in FIG. 3, we
have a set of transducer elements from a curvilinear trans-
ducer, e,, and a single PA marker, p. R represents the trans-
ducer curvature and 0 represents the element pitch. The set of
distances between each element e, and p is represented by w,.
As wecan see from this model, we are making the assumption
that each of the transducer elements and the PA marker itself
are acting as point receivers and a point source respectively.

[0104]

[0105] Segmentation of a point source in a PA image is
generally much easier than in an US B-mode image. In most
cases, arl algorithm utilizing intensity thresholds is sufficient
in segmenting the desired wavefront. One can then look at the
radio-frequency (RF) signal for each element and pick the
earliest signal as the wavefront’s ToF for that particular ele-
ment. Naturally, this will only work when there is a single
wavefront present in the PA image. When there are wave-

Wavefront Modeling

Wavefront Segmentation
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fronts from multiple PA markers presentin a single PA image
as seenin FIGS. 4 and 5, we can no longer just pick the earliest
signal as the wavefront’s ToF.

Wl-j2 =a;+cos(i0)b+sin(iB)c; 1.1)

[0106] Basedonthe wavefront model shown in FIG. 3, each
wavefront from a unique PA marker can be represented by
equation (1.1). There is a slight change of notation where w,;
is the axial position of the wavefront j for element i. In
addition, a, bj, and ¢, are constants unique to PA marker j.
From the initial intensity thresholding algorithm, we acquire
a set of w, with unknown correspondence to a set of PA
markers. This means that there may be multiple w, values for
any particular element i. We combine equation (1.1) with a
RANSAC approach [19] to separate these w, into w,. A set of
w, for different i’s are selected randomly. We then solve for a,
b, and ¢, which will uniquely define the equation for a wave-
front in the PA image. We then find all w, that satisfy this
wavefront and determine if there are enough votes from w; to
state that this wavefront corresponds with a unique PA marker
J- If so, this set of w, is removed from the complete set and
denoted as w,,. The derivation for equation (1.1) will be
presented in the next section.

[0107] Out-of-Plane Position Recovery

[0108] The segmented wavefronts can be used to recover
some information about the PA marker’s position relative to
the US transducer. As was previously mentioned, each w,
represents the ToF and corresponding distance between ele-
ment 1and the PA marker’s three-dimensional position. If we
consider the ideal case, where the transducer elements are
ideal point sources, we can represent this relationship with
equation (1.2) where e, is the position of element i and p is the
position of the PA marker. Since we are using curvilinear
transducers, e, can be described by equation (1.3) where R is
the radius of the curvilinear transducer. Substituting e, into
equation (1.2) will result in a form that satisfies equation
(1.1). Theoretically, p, can be uniquely solved up to sign in
this situation given a minimum of three valid w,. There are
several approaches to solve this equation. One approach is to
directly solve equation (1.2) with a non-linear optimization
approach. Another approach is to use the unique constants a,
b, and ¢, from equation (1.1) and solve for the p terms within
those constants. The unknown sign means that the point can
either be in front or behind of the image plane.

wi=(enmp ) +Heyp, P+ p) {1.2)
e,=/R sin(i0), R cos(i0), 0] (1.3)
[0109] Methods
[0110] Inthese experiments, we used a Q-switched neody-

mium-doped yttrium aluminum garnet (Nd: YAG) Brilliant
(Quantel Laser, France) laser to generate the PA marker. We
used a wavelength of 1064 nm and an energy density between
5 to 10 mJ/cm® on the synthetic phantom. These values are
below the maximum permissible exposure (MPE), 100
ml/cm®, as calculated from the IEC 60825-1 laser safety
standard [20] based on a 0.25 s exposure time, a 4 ns pulse
width, and a frequency of 10 Hz. We used a Sonix Touch US
system and a 4DC3-7/40 US transducer developed by Ultra-
sonix Medical Corporation (Richmond, Canada) to collect
two-dimensional images. This three-dimensional US trans-
ducer consists of a curvilinear US array, with a motor actuated
to move angularly around an internal pivot point. For the
purposes of this work, we used it as a two-dimensional trans-
ducer and did not actuate the motor. It has a bandwidth of3 to
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7 MHz and the transducer radius is approximately 40 mm.
The Sonix DAQ device, developed by the University of Hong
Kong and Ultrasonix, and the MUSIiC toolkit [21] are used to
acquire prebeamformed radio-frequency (RF) data from the
US machine. The SC setup consists of two CMLN-13S2C
cameras (Point Grey Research, Richmond, Canada) to cap-
ture images at 18 Hz. The camera calibration process using
the Camera Calibration Toolbox for MATLAB [22] generates
a calibration file for the SC setup, allowing us to perform
three-dimensional triangulation. These experiments were
performed on a synthetic black plastisol phantom.

[0111] Theexperiments can be separated into three phases:
data collection, data processing, and registration. The data
collection phase consists of collecting a pair of SC images and
a two-dimensional prebeamformed PA image. The data pro-
cessing phase will then process the PA image using the afore-
mentioned wavefront segmentation and out-of-plane position
recovery algorithms to generate two p, for each PA marker.
The PA markers are segmented from the SC images using the
same methods described in previous work. [12-14] These two
sets of information are registered together in the registration
phase to finally output the transformation registering the SC
frame to the US frame. The new workflows can be seen in
FIG. 6.

[0112] The key difference in these phases between this
work and previous work is the registration phase. Since each
PA marker in the US coordinate system can only be solved up
to a sign, there are now a pair of possible points for each PA
marker. We use all of these points in the US coordinate system
and register them with the PA markers in the SC coordinate
system using the coherent point drift algorithm. This algo-
rithm is ideal for these cases where point correspondence is
unknown and the number of points in each dataset are differ-
ent. The one thing that must be noted is that we must check
that the resulting transformation is in SE(3) and is not a
reflection.

[0113] Results

[0114] The registration results of our experiments on the
synthetic phantom are validated using the target registration
error (TRE) metric defined in equation (1.4). Fscus is the
transformation between the SC frame and the US frame com-
puted with all of the SC and US points except for one. The
TRE is the difference between the actual US test point and the
transformed SC test point in the US frame. N is the number of
points in the experiment and N-1 points are used to compute
FSCUS. This computation is repeated with each of the N
points, six in this case, as test points. The resulting TRE for
this experiment was 2.47 mm and the standard deviation was
1.29 mm, which is comparable to current available systems.

TRE-F SC,US*S_aesFa)gzesz (1.4)
[0115] Discussion
[0116] The experimental results show that this three-di-

mensional US to video registration method using PA markers
from a single image has comparable accuracy to state of the
art surgical navigation systems. While there is some concern
that they are worse than the results shown previously, [12-14]
it is also expected as there is much less information present in
a single PA image as opposed to an entire volume. Besides
this reason, there may be several explanations for this occur-
rence. Errors in both the wavefront segmentation and out-of-
plane position recovery algorithms will naturally propagate
to the PA marker positions. Since the position is recovered
based on ToF, the segmented wavefront is ideally the earliest
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arrival of acoustic pressure. However, what ends up being
detected may be the earliest arrival of acoustic pressure that is
greater than noise. Also, some speed of sound must be used to
convert the ToF for out-of-plane position recovery. The larg-
est source of error likely stems from the initial assumptions
that were made. In this work, we assume that the US trans-
ducer consists of ideal point source receivers. Future work is
currently aimed at devising a more suitable model without
making such strong assumptions.

[0117] There are also some considerations in moving this
system to in vivo experiments. One advantage of using two-
dimensional US images versus a three-dimensional US vol-
ume is that the data-acquisition time is shortened drastically.
Previously, the assumption that the environment is static
while the volume is being collected had to be made. However,
with a registration method that uses a single US image, we no
longer have to make this assumption. This greatly decreases
the barrier between this method and in vivo experiments.
[0118] Conclusion

[0119] We demonstrated an extension to an innovative
three-dimensional US-to-video direct registration medical
tracking technology based on PA markers using US images
from a single pose. We demonstrated the feasibility of this
method on a synthetic phantom. We showed that this method
has comparable accuracy with state of the art surgical navi-
gation systems.
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EXAMPLE 2

Photoacoustic Reconstruction Using Beamformed
RF Data: A Synthetic Aperture Imaging Approach

[0143] Photoacoustic (PA) imaging is becoming an impor-
tant tool for various clinical and pre-clinical applications.
Acquiring pre-beamformed channel ultrasound data is essen-
tial to reconstruct PA images [1-2]. Accessing these pre-
beamformed channel data requires custom hardware to allow
parallel beam-forming, and is available for only few research
ultrasound platforms or dedicated channel data extension
device such as DAQ system. These systems are generally
expensive and extensive systems takes time to transfer data
from ultrasound machine, so it becomes a limitation of real-
time imaging. This fact can be an obstacle of smooth trans-
action for clinical application, and there is a strong demand to
develop a beamforming algorithm utilizing post-beamformed
radio frequency (RF) data. T. Harrison at al. has focused the
same issue and there solution was change the speed of sound
number inside of clinical ultrasound system [3]. The limita-
tion of the approach is that not all clinical ultrasound system
provides the accessibility of the speed of sound for beam-
forming. On the other hand, post-beamformed RF data is
generally readily available in real-time and in several clinical
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and research ultrasound platforms. To broaden the impact of
clinical PA imaging, our goal is to devise new PA reconstruc-
tion approach based on these post-beamformed RF data.
[0144] We generate PA image by using a single receive
focus beamformed RF data. These beamformed RF data are
considered as pre-beamformed input data to a synthetic aper-
ture beamforming algorithm, where the focal point per
received RF line is a virtual element. Since post-beamformed
RF data becomes a set of pre-beamformed RF data, the signal
property follows that of signals that received by a large size
element [4-6]. Since there is a wide region to receive signal,
the improvement of signal-to-noise ratio (SNR) compared to
simple photoacoustic delay-and-sum is expected.

[0145] In this example, simulation analyses are conducted
to confirm the performance of the proposed method, and an
experiment is perormed to validate its feasibility for real

usage.
[0146] Method

[0147] Ultrasound Beamformer with a Single Fixed Focus
[0148] In conventional ultrasound image reconstruction,

the distance between receivers to the target is used as the
input. The acoustic wave is first generated by transducer, and
then it transfers to the target. The signals are reflected at target
with impedance mismatch, and finally those signals are
received by the ultrasound transducer. At that time, the acous-
tic time-of-flight (TOF) can be formulated as,

R 2.1
i(rp) = E(lrrl +rel)

where r . is the focus point, r ,is the vector from transmit

clement to the target, and T . represents the vector from the
target to the receive element. In clinical ultrasound system,
sequential beamforming with dynamic focus or fixed focus
are applied as delay-and-sum. In dynamic focusing, the axial
focusing point varies corresponding to the depth, while fixed
depth focus is used for fixed focusing.

[0149] On the other hand, the acoustic TOF of photoacous-
tic signals are generally half of that ofultrasound because the
transmission side of time travel is negligible. Therefore, the
acoustic TOF for photoacoustic imaging becomes

2.2)

Since the TOF used in beamforming is different from that of
ultrasound, when beamforming is applied to the received PA
signals using ultrasound delay, the beamformed RF signals
cannot be focused well (FIG. 7). A diagram of a synthetic
aperture beamforming method according to some embodi-
ments of the invention is shown in FIG. 8.

[0150] Synthetic Aperture Beamformer for Beamformed
RF Data
[0151] As discussed in previous section, when fixed focus-

ing is applied, the focusing point in axial direction is fixed all
the time to construct a post-beamformed line. This indicates
that the specific focal depth has a perfect focusing, and sur-
rounding depth is gradually defocused corresponding to the
distance from the focal depth. This situation is identical to
transmit signals from the focal point, in other word, virtual
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element. Therefore, the post-beamformed RF data can be
regarded as pre-beamformed RF data transmitted from the
virtual element. The TOF when fixed focus at z_F is applied
becomes

— —_—
where Ir'z|=V(x)+(z3-7,), and X, 7,, is the lateral and axial
location of the receive element, respectively. The delay will
be applied in positive axial direction when 7=z, and nega-
tive delay will be applied when z,<z.. The aperture used in
the first beamforming can be used as the sub aperture for the
second beamforming, so that a synthetized large aperture
information is included in the final product. Since the infor-
mation a line carry is determined by the aperture size used in
fixed focusing, there is no meaning to beamform beyond that
line for the second dynamic focusing. Therefore, we define
the aperture size for the synthetic aperture beamforming as

2z - zP)tan(e/2) 24)

Kzp) = 3

where A is the scanning pitch for beamforming. o is the
opening angle of the virtual element defined as

La
@ = 2arctan—,
2zF

where L, is the size of sub aperture for the fixed focusing.
[0152] An additional benefit of the approach described
herein is its property of SNR improvement because the post
beamformed RF data of fixed focusing is similar to that of
using a big size element with an acoustic lens. Since different
random noise is added for each line beamforming, the effect
of noise suppression in proposed method is better than direct
dynamic focusing to the channel data. This indicates that the
wider aperture used in fixed focusing, the more SNR
improvement is expected.

[0153] Simulation Analysis
[0154] Resolution Analysis
[0155] We evaluated the properties of the proposed method

through simulation. The purpose of the first analysis is to see
the effect on lateral resolution through measuring the full
width at the half maximum (FWHM). Five photoacoustic
sources are placed at 10 mm, 20 mm, 30 mm, 40 mm, and 50
mm, respectively. As the receiver, 128 elements with 0.48
pitch linear array transducer is assumed. The sampling fre-
quency of 40 MHz is used. The result of photoacoustic images
are shown in FIGS. 9A-9C. As a positive control, the result of
conventional dynamic receive beamforming to channel data
is shown in FIG. 9A. The reconstructed points of synthetic
aperture focusing are well focused, but the structure varies
depending on the depth of fixed focusing. Moreover, a char-
acteristic could been seen that the lateral width degrades
when the focus located at the deep region.

[0156] The FWHM for each depth point source by varying
fixed focusing depth is shown in F1G. 10. The FWHM of the
result using fixed focusing at near field is better than that of

Aug. 11, 2016

dynamic focusing to the channel data, but in the far field, it
will be worse. This property could be seen more in the point
source located at the near field. The reason why resolution of
the reconstruct on far field with far field fixed focus is because
the signals to be focused at that point is assumed that is
received at the fixed focus depth. Thus, if the distance from
fixed focus point and the point source is far away, the resolu-
tion becomes worse as expected.

[0157] Here we describe the performance of SNR improve-
ment of proposed method. In addition to the simulation con-
dition mentioned in the previous section, a noise which stan-
dard deviation is equal to the amplitude of generated
photoacoustic signals was added. The resulted images are
shown in FIGS. 11A-11C. Due to the effect of noise, the
signal at 50 mm depth is hardly visible for conventional PA
beamforming, but the image quality of proposed method is
clearly improved for that point. Although the background
level looks different for different fixed focusing depth, this
can be attributed to the invariant scale of the image, which
means that can be compensated by normalization.

[0158] In FIG. 12, the level of SNR for each depth point
source by varying fixed focusing depth is shown. It could be
confirmed that the SNR of proposed method is generally
better than that of conventional method, but the effect is more
obvious when the fixed focusing depth is in far region.

[0159] Experimental Setup

[0160] We validated the proposed method through experi-
ment. The experimental setup is shown in FIG. 13. A 905 nm
wavelength pulsed laser diode was used irradiate a plastisol
phantom with black ink. The diode laser is driven by a laser
driver which is able to generate an electrical driving current
that is programmed through a PC. Since the light was
absorbed by the surface of the phantom because of the high
absorption coefficient of the black ink, PA signals could be
generated from a tiny spot in the phantom, which could be
regarded as a point source. The generated PA was received by
a 0.3 mm pitch 128 elements linear array ultrasound trans-
ducer. The received channel data was transferred to a channel
data collection device (DAQ) via clinical ultrasound machine
(Sonix Touch, Ultrasonix), and saved to the PC. Beamform-
ing algorithms are applied to the collected channel data.

[0161] Results

[0162] Thereconstructed results are shownin FIGS. 14-16.
The photoacoustic point source could be reconstructed for all
fixed focus in the range of 3 mm to 31 mm. FIG. 17 shows that
the FWHM of the fixed focusing until 9 mm was better than
that of dynamic focusing result to channel data, since wider
final synthetized aperture could be used. When applied fixed
focusing depth is far from the target such as 21 mm result
shown, the reconstructed point was extended in lateral direc-
tion. A linear degradation of FWHM could be confirmed by
making the fixed focus depth far from the target.
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EXAMPLE 3

Back Projection Based Synthetic Aperture
Beamforming using Post-Beamformed RF Data
Utilizing Dynamic Receive Beamforming Data

[0169] As shownin FIG. 18, even if we want to beamform
photoacoustic raw pre-beamformed data using an US delay
and sum algorithm, it may not work because the time of flight
(TOF) is different, and the delay function will be different.
However, we know the delay function assuming double TOF,
we know that it is similar as our focusing point is always half
distance from the true depth we would like to beamform.
[0170] The beamformed PA signals under ultrasound
beamforming is defocused due to incorrect delay function. In
our previous work, we proposed a synthetic aperture based
PA beamformer using ultrasound post-beamformed RF data.
Ultrasound beamformed RF data are considered as pre-beam-
formed input data, where its focal point is considered as a
virtual element, and a new delay function is applied based on
the acoustic wave travel starts from the virtual element. Since,
the delay function in dynamically focused ultrasound beam-
forming takes into account the round trip between the trans-
mitter and the reflecting point, the focus point at each depth
becomes the half distance for that in PA beamforming,. Thus,
it is possible to consider that the virtual point source is swept
dynamically in the half distance of the true focal point. FIG.
19 shows an example of implementing proposed algorithm
based on back projection.

[0171] FIG. 20 shows simulation results for a receive beam-
form from channel data and from dynamic focused data for
five point sources.

EXAMPLE 4

From 2D to 3D: Tracking Outside the Ultrasound
Image Plane

[0172] Today, most ultrasound systems used in clinic are
essentially 2D imaging device. The commonly used 3D vol-
ume scan can also be considered as a series of 2D image. Due
to the requirement of medical ultrasound image formation,
imaging probes are designed to transmit and receive nearly
collimated beam along the elevational direction. This means
the elevational detection capability of the traditional ultra-
sound is very limited.

[0173] Using the mid-plane detection technique, an inte-
grated active element can be precisely located to the ultra-
sound image plane. The elevation detection range can be
extended to 1-2 cm, since the probe reception angle is not a
limitation anymore in this case. However, the active element
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still need to receive the imaging pulses from the probe, so the
active ultrasound element still cannot operate far from the
probe mid-plane. This is an undesired limitation in some
applications. One example is the image-guided surgery (IGS)
system, which is often used in modern surgical procedures to
provide surgeons with additional information support and
guidance leading to less trauma for the patient. Specific ben-
efits to the patient can include cost reduction of the procedure,
reduced morbidity rates, and shorter recovery times. In IGS
systems, ultrasound is often used to provide a visualization of
underlying tissue structures or anatomy that cannot be seen
with the naked eye. When integrating ultrasound with this
kind of multi-modality system, off-plane detection is desired
not only because of the tool tracking propose, but also the
calibration requirement.

[0174] To perform advanced forms of guidance with ultra-
sound, such as virtual image overlays or automated robotic
actuation, an ultrasound calibration process must be pet-
formed. This process recovers the rigid body transformation
between a tracked marker attached to the transducer and the
ultrasound image.

[0175] Basic Principle and Methods: Off-Plane Point
Detection
[0176] Since the transmitted beam from the imaging probe

has a fixed small divergence along the elevational direction, it
is not possible to detect it when the receiver is far away from
the beam. However, the active ultrasound element can be
designed with an omnidirectional transmission angle, which
means it is possible to receive ultrasound pulses sent from the
active element by the probe even in an off-plane configura-
tion. FIG. 21 shows the configuration of the off-plane ultra-
sound point detection.

[0177] Asynchronous Homodyne Ultrasound Wavefront
Detection
[0178] In the off-plane tracking method, the ultrasound

probe receives the signal from a point ultrasound source far
away from mid-plane. Due to the receiver element direction-
ality, the detected signal can be very weak. Since the goal is to
localize the signal source position, and the signal source is
known to be a point source, in this case the distance between
the signal point source and the imaging array uniquely deter-
mines the acoustic wavefront shape. So once the wavefront is
detected, the distance between the source and image array can
be derived without knowing the time of flight. In other words,
the ultrasound transmission and reception do not need to be
synchronized. For these applications, we developed an asyn-
chronous homodyne ultrasound wavefront detection method
to improve the received signal quality.

[0179] Inthis method, the point signal source is modulated
with a pre-determined frequency, the produced ultrasound
wave will also be a pulse sequence with the exactly same
modulation frequency, so homodyne detection can be pet-
formed on the acquired pre-beamforming images. By extract-
ing the phase and amplitude of the modulation signal from
each channel, and the ultrasound wavefront can be recovered.
The method is essentially a software implemented lock-in
amplifier. So even in the very noisy cases, like the SNR<1, the
system may still be able to extract the ultrasound wave front.
[0180] In the validation experiment, a PLD based photoa-
coustic system is used to generate a low intensity point ultra-
sound source. FIG. 22 shows the system setup to validate the
asynchronous homodyne ultrasound wave front detection
method. The light source is a Laser Components Inc.
905D3S3J09R PLD with an aspherical pair focusing lens. A
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piece of black plastisol phantom is attached to the Sonix
L14-5W probe as the photoacoustic target material and the
coupling medium. A SonixDAQ system is used for the pre-
beamforming data collection. FIG. 23 shows the modulation
signal of the laser. The PLD is driven by a customized elec-
tronic systen. The pulse energy is configured to 1.5 pJ per
pulse, and a soft plastisol block is used as the photoacoustic
target material. With this configurations, the produced pho-
toacoustic signal is weak and resultin a low SNR. In addition,
a 5-14 MHz frequency linear probe is used to receive the
signal. According to the results presented in the previous
sections, the majority of the PL.D photoacoustic signal energy
is lower than the probe frequency range. This makes the
detected signal even weaker. The purpose of all this setup is to
generate a low quality pre-beamforming image and test the
proposed method in the low SNR conditions.

[0181] FIG. 24 shows the data processing procedures and
the result comparison of the wavefront detection with differ-
ent SNR. The right column (f-]) shows the proposed data
processing method with a single pre-beamforming image.
The left column (a-¢) shows the same method with the aver-
aged data from 252 frames, as a comparison. Theoretically,
the average will improve the data SNR by around 16 times. In
the first row (a and f), the received channel signal from ele-
ment #5 and #64 are plotted. Since line #64 is closer to the
photoacoustic spot, the plot shows higher signal amplitude.
From a, the channel #64 plot shows a very clear photoacoustic
pulse sequence with the pre-programmed 2 MHz laser rep-
etition frequency. On channel #5, the signal is too weak to be
distinguished. In the single frame data shown in figure f, even
on channel #64 the pulse sequence is not clear due to the low
SNR. The second row (figure b and g) shows the signal phase
ofthereceived 128 waveforms, at the frequency of2 MHz, the
laser modulation frequency. The third row (figure ¢ and h)
shows the unwrapped phase. Since all the channels are
sampled at the same frequency, which is £=40 MHz, the
unwrapped phase curve should have the same shape as the
photoacoustic signal wavefront. Knowing the signal modula-
tion frequency £, =2 MHz, it is easy to calculate the sample
points n from the phase ®:

Rl e
Bl

[0182] Thefourthrow (d andi) shows the pre-beamforming
images. From the averaged data, the wavefront sequence can
be clearly seen in the central channels that are closer to the
photoacoustic signal source. From the single frame image,
since the SNR is close or lower than 1, the wavefront
sequence cannot be distinguished. Conventional wavefront
detection will fail with this kind of image quality. Thelast row
plots the wavefronts detected by the proposed method on top
of the pre-beamforming images. From e, it can be seen that
the detected wavefront matches the shape of the curve on the
image, this indicates that the wavefront is detected correctly.
On the right column, although the SNR is very low, a same
wavefront is also correctly detected.

[0183] The result indicates that the proposed unsynchro-
nized homodyne ultrasound wavefront detection method is
capable to extract the photoacoustic wavefront from a very
low SNR pre-beamforming data. This method potentially

Aug. 11, 2016

enables the use of low energy PLD laser in iPASS, off-plane
catheter detection and many other photoacoustic tracking and
calibration applications.

[0184] Channel Data Acquisition using a Clinic System:
Channel Mask and Inversed Beamforming

[0185] Another requirement in the off-plane tracking is to
acquire the pre-beamforming ultrasound data from the imag-
ing probe. An ultrasound DAQ system can be used for this
purpose. A typical example is the SonixDAQ system from
Ultrasonix Inc. It is a device with 128 receiving channel
ultrasound analog frontend, ADC, buffer and USB2.0 data
interface, designed to interface ultrasound probes directly.
However, this type of devices are built for research purpose,
and not commonly available in clinic facilities. To make the
off-plane tracking generally deployable in the real world
healthcare environment, there is a demand of using conven-
tional clinical ultrasound systems to acquire the data. The
major challenge is that almost all modern clinical ultrasound
systems have a hardware beamformer or low level embedded
software beamformer. The raw signal acquired from each
probe element is not accessible for the users.

[0186] One method to solve this problem is to bypass the
integrated beamformer. Since ultrasound reception beam-
forming is essentially the delay and sum between different
channels, if the channel number is reduced to 1, the beam-
former will not have any effect to the raw element data. Since
the clinic ultrasound system acquires one RF line every time,
theoretically the RF line waveform should be the same as the
raw signal received by the corresponding element. Using this
method, a 2D pre-beamforming image can be acquired by
scanning the RF lines over the field of view.

[0187] This method requires the signal source transmit for
each RF line in the ultrasound image acquisition, and the
firing need to be controlled by the ultrasound line trigger. A
905D3S3J09R PLD is used in the experiment setup due to its
high repetition rate and random time firing capability. The
laser is focused on a black plastisol phantom, which is used as
the photoacustic target material. A SonixTouch clinical ultra-
sound imaging system with a [.14-5W probe is used for the
data acquisition. A customized data acquisition software
(MUSIIC Software Kit) based on the Texo SDK is used to
configure the ultrasound receiving aperture. For comparison
purpose, a SonixDAQ system is also connected to the same
probe to acquire the raw channel data.

[0188] FIG. 25 shows the signal comparison of the same
channel between the DAQ and the clinical ultrasound system
bypassing the beamformer. The top plot shows the data
acquired by the clinical ultrasound system with the beam-
former bypassed. The bottom plot shows the data acquired by
the SonixDAQ system. The peak position of the utrasound
signal is very close, and the waveform is hard to compare due
to the high noise. The signal from the clinical ultrasound
system has a slightly better SNR.

[0189] FIG. 26 shows the comparison of the pre-beam-
forming images. The left image shows the data acquired by
the clinical ultrasound system with the beamformer
bypassed. The right image shows the data acquired by the
SonixDAQ system. It is clearer that the image acquired by the
clinical system has an even better SNR than the DAQ system.
The beamformed images are shown in FIG. 27. The left image
is based on the clinical ultrasound system data. The right
image is based on the DAQ data. This result indicates that
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using clinical ultrasound system with a reduced receiving
aperture is a feasible way to acquire the pre-beamforming
signal.

[0190] There are two possible limitations of the first
method. The first one is that reducing the receiving aperture to
1 is not a commonly available function in clinical ultrasound
systems. In our experiment, this is achieved by using a cus-
tomized software and channel mask method. The second
limitation is the low efficiency. Since every laser firing there
is only one element is receiving, most of the ultrasound wave
reaches the probe is not captured. So more laser pulses is
needed to achieve the desired SNR.

[0191] Wenow describe a second method called the inverse
beamforming to address these problems. The idea of this
method is based on the Huygens-Fresnel principle. If a clini-
cal ultrasound system running in the conventional receiving
mode is used to acquire the signal, the captured image is
neither a pre-beamforming image, nor a B-mode image,
because the beamforming is incorrect due to the single-travel
issue. However, all information is still preserved in the incor-
rectly beamformed image. It can be considered as a snapshot
of a propagating wavefront at a certain timing. According to
Huygens-Fresnel principle, giving any wavefront, we can
assume that each point on this wavefront is a sub-signal
source. So it is possible to reverse the beam propagation
process of any wave from a wavefront snapshot. In this spe-
cific case, each pixel on this image can be considered as a
sub-signal source. The value of the pixel represents the signal
amplitude. We can “fire” an ultrasound pulse from each pixel,
and let the wavefront propagate with a negative time flow
(time reversal). By summing up all the time reversal wave-
fronts, and correct the known distortion caused by the incor-
rect beamforming, the original channel data can be derived.
[0192] FIG. 28 shows the comparison of the proposed
method and the DAQ reference. The left-hand image is the
incorrectly beamformed photoacoustic image acquired by the
clinical ultrasound system. The middle image is the pre-
beamforming image processed from the left image using the
proposed inverse beamforming method. The image is
acquired with a receiving aperture size of 64. The right-hand
imageis the pre-beamforming image acquired by the DAQ. In
the inverse beamformed image, the wavefront is correctly
reconstructed. Most of the details, like the ringing after the
main signal peak, are also preserved. A low frequency ripple
artifact can be clearly seen in the inverse beamformed image.
[0193] FIG. 29 shows the corresponding B-mode images
after the DAS beamforming and envelop detection and log
compression. The left-hand plot shows the incorrectly beam-
formed photoacoustic B-mode image acquired by the clinical
ultrasound system. The middle plot shows the DAS B-mode
image processed from the clinical system data using the pro-
posed inverse beamforming method. The right-hand plot
shows the B-mode image based on the DAQ data. The result
indicates that the proposed inverse beamforming method is
capable to reconstruct the pre-beamforming photoacoustic
signal from the clinical ultrasound system data.

[0194] Example 5: Synthetic Aperture Based Photoacous-
tic Image Re-beamforming From Ultrasound Post-beam-
formed RF Data

[0195] Photoacoustic (PA) imaging is becoming an impor-
tant tool for various clinical and pre-clinical applications [1].
PA imaging enables to obtain functional information which
visualize optical absorption property, and it has a great affin-
ity with conventional ultrasound imaging which delineates
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the anatomical structure of the body. In order to construct a
PA image, it is necessary to receive signals from different
locations through scanning. While various scanning strate-
gies are considered, the ultrasound array transducer can be
regarded as the easiest accessible receiver because it is widely
used in the clinic for ultrasound imaging [2-4]. Also, receiv-
ing PA signals from the same receiver as ultrasound imaging
simplifies fusion of PA and ultrasound images [5].

[0196] Considering PA image formation, acquiring pre-
beamformed channel data is essential because most of clini-
cal ultrasound systems only provide the access to the post-
beamformed data in which the ultrasound delay function is
taken into account [2,6]. Accessing these pre-beamformed
channel data requires custom hardware to allow parallel
beam-forming, and is available for only few research ultra-
sound platforms or dedicated channel data aquisition device
such as DAQ system [7]. These systems are generally expen-
sive, and extensive systems take time to transfer data from the
ultrasound machine, so it can become a limitation of high
frame-rate real-time imaging [8]. More importantly, most
clinical ultrasound systems do not offer PA beamforming
which hinders clinical transition. T. Harrison at al. have
focused on this issue and their solution was to change the
speed of sound parameter of clinical ultrasound systems [9].
However, the access for changing the speed of sound is not
common, and generally the changeable range is bounded by
the realistic sound speed of human tissue, which is not suffi-
cient for PA beamforming. In contrast, post-beamformed
radio frequency (RF) data is generally readily available with
several clinical and research ultrasound platforms, thus to
broaden the impact of clinical PA imaging, our goal is to
devise a new PA image reconstruction approach based on
these ultrasound post-beamformed RF data.

[0197] We propose a synthetic aperture (SA) based beam-
forming algorithm utilizing ultrasound post-beamformed RF
data as the pre-beamformed data for PA beamforming. Con-
sidering that a single receive focus is applied in ultrasound
beamforming, the focal point per received RF line is regarded
as a virtual element [10-13] to form a set of pre-beamformed
data for PA beamforming. In other words, ultrasound post-
beamformed RF data becomes a set of PA pre-beamformed
RF data starting from the virtual element to backward and
forward, and a forward delay-and-sum (DAS) and inverse
DAS can be applied to the far field and the near field of the
fixed focusing point, respectively. This theory is also appli-
cable to the dynamic receive focused ultrasound data by
assuming the virtual point is swept corresponding to the
depth.

[0198] Theory
[0199] Ultrasound Beamforming
[0200] In ultrasound image reconstruction, the delay func-

tion in delay-and-sum beamforming algorithm is computed
from the distance between receivers and the target [14]. The
acoustic wave is first transmitted from the ultrasound trans-
ducer, through a medium with a specific velocity, reflected at
boundaries with impedance mismatching, and the backscat-
tered sound is received by the ultrasound transducer. The
entire acoustic time-of-flight (TOF) during this process can
be formulated as,
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where T is the focus point originating from ultrasound
image coordinate, ?T is the vector from the transmit element

to the focal point, ¥ z 18 the vector from the focal point to the
receive element, and ¢ is the speed of sound. In clinical
ultrasound system, sequential beamforming with dynamic
focus or fixed focus is generally applied as delay-and-sum
algorithm. In dynamic focusing, the axial component 7, of
the focusing point moves corresponding to the depth, while a
single fixed depth focus is used for the fixed focusing.

[0201] On the other hand, the acoustic TOF of PA signals
are half of that of ultrasound, because the acoustic wave is
generated at the target by absorbing light energy, and the
transmission side of time travel is negligible. Therefore, the
acoustic TOF for photoacoustic imaging becomes

Il -2
tparr) = -

Since the TOF taken in account in beamforming 1s different
from that of ultrasound, when beamforming is applied to the
received PA signals using ultrasound beamforming delay, the
beamformed RF signals are defocused. FIG. 7 shows an
example of ultrasound beamforming for photoacoustic sig-
nals. When five point targets are placed, the points are
extended with orbits in the reconstructed image due to incor-
rect delays. FIG. 30 shows a diagram of synthetic aperture
beamforming according to some embodiments of the inven-
tion.

[0202] Synthetic Aperture Based PA Beamforming from
Post-Beamformed RF Data

[0203] In the proposed beamformer, the ultrasound post-
beamformed RF is not considered as defocused useless data,
but as the pre-beamformed RF data for PA beamforming.
When fixed focusing is applied, the focusing point in the axial
direction is fixed all the time to construct an ultrasound post-
beamformed line. This indicates that a perfect focusing is
applied at the specific focal depth, and the farther the region is
from the focal depth, the more the true focus point will be
defocused. The mechanism is applicable to both photoacous-
tic and ultrasound signals, except the delay function for pho-
toacoustic signals is the half of that for ultrasound signals.
Starting from the single focusing depth, the defocused signals
extend these orbits in backward and forward as if the pre-
beamformed signals transmitted from the focal point, in other
word, a virtual element. FIG. 31 shows the characteristics of
channel data and fixed focus data. In channel data, the wave
front of receive RF signals expands corresponding to the
depth (solid line). When fixed receive focusing is applied, the
delay function is only optimized to the focus depth (dotted
line). As a result of fixed receive focusing, the focal point can
be regarded as a virtual point source, so that inverse and
forward delay and sum can be applied. In this sense, the
ultrasound post-beamformed RF data is regarded as PA pre-
beamformed RF data. For convenience, we define the ultra-
sound beamforming with a fixed focus as the first beamform-
ing, and the following SA beamforming as the second
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beamforming. The TOF from the virtual element, when a
fixed focus at z. is applied, becomes

- (5.3)
- Ikl ‘
rp) = —,
1(rg) p
where

17l =\ (e + r -2 t9

I'T;:I'F—ZF, and X, z, is the lateral and axial components of
T . respectively. The dynamic receive delay function will be
applied in positive axial direction when z,27., and negative
dynamic focusing delay will be applied when z,<z,. The
aperture used in the first beamforming is used as the sub
aperture for the second beamforming, so that a synthetized
large aperture information is included in the final product.
The diagram is shown in FIG. 31.

[0204] This theory is applicable to the dynamic focused
ultrasound beamformed RF data. Since, the delay function in
dynamically focused ultrasound beamforming takes into
account the round trip between the transmitter and the reflect-
ing point, the focus point at each depth becomes the half
distance for that in PA beamforming. Thus, it is possible to
consider that the virtual point source is swept dynamically in
the half distance of the true focal point. The only difference
compared to the fixed focusing case is that z=27, is always
true.

[0205] Resolution and SNR

[0206] The lateral resolution of photoacoustic imaging is
determined by F-number, which is the ratio of aperture size to
the focusing depth. In PA beamforming, the relationship
between F-number (F#) and lateral resolution can be
described as

F
Lateral Resolution cc ) = F#,

where F is focusing depth and D is the aperture size. There-
fore, to achieve high resolution PA image, the condition with
small F-number, in other words small focusing depth and big
aperture, is desired. In ultrasound imaging, the frequency of
the received signals is another factor affects the lateral reso-
lution, but it is not applicable to the PA image because the
transmission frequency is defined by wide spectrum of probe
bandwidth.

[0207] Inthe SA beamformer, four factors are involved to
determine the lateral resolution: the fixed focusing depth z,
SA beamforming focusing depth z,, fixed focusing aperture
size Dy, and aperture size for the second synthetic aperture
beamforming D ,. The fixed focusing depth and the fixed
focusing aperture size is determined by the ultrasound system
as conventional beamformer, and the second beamforming
parameters are determined when the algorithm is applied.

[0208] Now, we discuss the effective focusing depth and
aperture, which is the parameters define the resolution of the
reconstructed PA image. The effective focusing depth of the
proposed SA beamformer is

Fo =lzp—zgl. (5.6)



US 2016/0228090 A1

7,-1s considered as a virtual element point source, and the new
focusing depth is computed starting from the virtual element.
[0209] The aperture size of the system is determined by
both fixed focusing and following second SA beamforming.
For the fixed focusing, the effective aperture size in the first
focusing is affected by the aperture size used in fixed focusing
and fixed focusing depth because the geometrical region cov-
ered in FIG. 32 can be considered as the effective beamform-
ing region. FI1G. 32 shows the beamforming geometry when
line n is beamformed. In the left-hand figure, the effective
aperture size of the first beamforming is defined as D, ,“ and
D,.” when z,=a and 7z,~b is chosen, respectively. In the
right-hand figure, the effective aperture size of the second
beamforming is defined as D,, / and D,, ,” when z,~a and
Zx=b is chosen.

[0210] The effective aperture size in the first ultrasound
beamforming is

_ DysFa (5.7
Ist = " 5

and that in second beamforming is
D3,s Dss- (5.8)
The overall effective aperture size is the smaller aperture in

the first or the second beamforming. The overall effect on
lateral resolution can be expressed as

F. (5.9
A if Doy < Dt o)
. Dy
Lateral Resolution oc
SA .
E’ if Dypg 2 Dy

[0211] The SNR isanother factor that represents the quality
of beamforming formulated as [15]

|1Max|} (5.10)

Tnoise

SNR =20 log;{

wherel,, isthe maximum signal amplitude,and o,,, . is the
RMS electrical noise level. The SNR of ultrasound signals
depends on many factors including f-number, attenuation,
reflection, and angle sensitivity of elements, etc. However,
when all parameters except f-number are fixed, the SNR is

determined based on f-number as

SNR=AF#). (5.11)

In the algorithm, therefore, equation (5.9) determines SNR as
well as lateral resolution.

[0212] Optimum Aperture Size

[0213] The appropriate aperture size in the second syn-
thetic aperture beamforming can be determined by the effec-
tive aperture size in the first ultrasound beamforming. Since
the initial resolution is determined by the aperture size used
for fixed focusing, the coherent signals are mainly contained
at certain range of the aperture size used in fixed focusing. We
can use this information to determine the aperture size for the
synthetic aperture beamforming. Therefore, we defines the
aperture size for the synthetic aperture beamforming as
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When the SNR of the signals is extremely low, however, the
reconstructed image may contain a noise-originated grada-
tion artifact as the number of summation is inhomogeneous
for each focal point. Hence, the beamforming utilizing full
aperture should be more appropriate in this case.

[0214] Methods
[0215] Simulation Setup
[0216] Five photoacoustic point sources were placed at 10

mm, 20 mm, 30 mm, 40 mm, and 50 mm depth, respectively
to observe the proposed re-beamforming effect correspond-
ing different target depths. The acoustic response was created
using Field 11 [16]. The center frequency of the impulse
response was set to 2 MHz. A 128 elements with 0.3 mm pitch
linear array transducer were assumed as a receiver. The
received signals were sampled at 40 MHz. Beamforming with
a fixed focus point and dynamic focusing was applied to the
simulated channel data created using Field II, and the second
re-beamforming algorithm is applied on that data. We varied
the following parameters based for the purpose of the evalu-
ation: the fixed focusing depth, SA beamforming focusing
depth, fixed focusing aperture size, and aperture size for the
second synthetic aperture beamforming. As the control ofthe
resolution with this setup, the conventional delay-and-sum
PA beamforming algorithm is applied on the simulated chan-
nel data. Full-width at a half maximum (FWHM) is used as a
metric to evaluate the resolution of beamforming algorithm.
For SNR analysis, -20 dB Gaussian noise compared to the
maximum intensity is added to the background, and the SNR
is computed using equation (5.10).

[0217] Experiment Setup

[0218] The experimental setup is shown in FIG. 13. A 905
nm wavelength pulsed laser diode was used irradiate a plas-
tisol phantom with black ink. The diode laser is triggered by
a function generator which is programmed through a PC.
Since the light was absorbed by the surface of the phantom
because of the high absorption coefficient of the black ink, PA
signals could be generated from a tiny spot in the phantom,
which could be regarded as a point source. The generated PA
was received by a 0.3 mm pitch 128 elements linear array
ultrasound transducer. The received channel data was trans-
ferred to a channel data collection device (DAQ) via clinical
ultrasound machine (Sonix Touch, Ultrasonix), and saved to
the PC. Beamforming algorithms are applied to the collected
channel data.

[0219] Results
[0220] Resolution Evaluation
[0221] To quantitatively validate the performance of the

propose PASA beamformer, the resolution of reconstructed
point targets should be compared to the theoretical property
introduced above. As the first step, we analyzed the FWHM of
the PA reconstructed point with conventional delay-and-sum
PA beamformer at each depth and with different aperture size,
in that the resolution of the point targets is depending on
simulation conditions. FIG. 33 shows the FWHM of the pro-
posedre-beamforming for the designated focusing depth, and
varying the aperture size in the first beamforming (top left)
and the second beamforming (top right). FIG. 33 also shows
the ground truth FWHM results using a delay-and-sum algo-
rithm with dynamic focusing (bottom left), and the focusing
depth and aperture size parameters in top left, top right, and
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bottom left plots were compressed into the metric of f-num-
ber (bottom right). The theoretical ground truth values were
computed by fitting the ground truth data from the bottom left
plot into equation (5.9).

[0222] In this simulation, whole elements information is
used for the PA beamforming to estimate the maximum
achievable resolution in this setting. The trend of FWHM
reduction could be seen as the target depth decreases and the
aperture size increases (FIG. 33, bottom left). Then, the
FWHM performance is evaluated through f-number, which is
amore universal metric integrating the essence of both aper-
ture size and focusing depth. For this data, the combination of
depth and aperture size was found for each f-number, and we
computed the average of FWHM values for the correspond-
ing f-number (FIG. 33, bottom right). This resultis used as the
ground truth control to tell the resolution under certain f-num-
ber.

[0223] Then, the FWHM of re-beamformed result using
ultrasound beamformed data with a single focus point is
measured. The aperture size was varied in the first fixed focus
ultrasound beamforming and the second beamforming. To
focus on the effect of each beamforming process, when the
first beamforming aperture is varied, the second beamform-
ing aperture is the full elements. Similarly, when the second
beamforming aperture is changed, maximum available aper-
ture size is used in the first beamforming. The result of mea-
sured FWHM is plotted in the top plots in F1G. 33. The top left
of FIG. 33 is the result that the aperture size of the first
ultrasound beamforming is varied, and the top right of FIG.
33 shows the FWHM reduction due to the aperture size
increase in the second beamforming. Although the raw results
in the top plots of FIG. 33 were hard to be compared to the
theoretical values, those results could be compared through
the metric of f-number. Therefore, we rearranged data based
on the f-number from different depth and aperture size, the
FWHM value in each f-number was used to compare to that of
the theoretical value which was represented by the bottom left
plot of FIG. 33. The bottom right plot of FIG. 33 shows the
comparison result for different f-number and target depth.
The result demonstrated that the simulated resolution in re-
beamforming agrees well with the theoretical. When quanti-
tatively comparing two data sets in the bottom right plot of
FIG. 33, the correlation coefficient was 99.87%. Hence, the
simulation successfully demonstrated the validity of the reso-
lution property of proposed beamformer.

[0224] SNR Evaluation

[0225] Following the evaluation scheme used above, the
SNR of beamformed data using conventional PA beamformer
and proposed re-beamforming algorithm were calculated
using equation (5.10). FIG. 34 shows the measured SNR of
proposed beamformer varying the aperture size in the first
beamforming (top left) and the second beamforming (top
right). The other aperture size was fixed to be maximum when
one beamformer aperture size was changed. FIG. 34 also
shows the ground truth SNR results using a delay-and-sum
algorithm with dynamic focusing (bottom left). FIG. 34
shows how the focusing depth and aperture size parameters in
the other plots were compressed into the metric of f-number
(bottom right). To compensate the SNR variance for the same
f-number but different target depth, the SNR of f-number 1.04
was normalized to be 0 dB. The theoretical ground truth
values were computed by fitting the ground truth data from
the bottom left plot in FIG. 34 into equation (5.9).
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[0226] The ground truth data was taken using conventional
DAS PA beamforming by changing the aperture size and the
focusing depth (FIG. 34, bottom left). For the proposed
method, the aperture size was changed at either the first and
second beamformer, while the other aperture size was fixed to
be the maximum aperture size (FIG. 34, top). One difference
of SNR compared to resolution is that the SNR is not propor-
tional to the f-number as other factors, especially attenuation
difference at different depth, also affect the SNR. Therefore,
it is not possible to reorganize the results shown in FIG. 34,
top plots and bottom left plot simply based on f-number as
done in resolution analysis (FIG. 33, bottom right). To
observe the characteristics of SNR for corresponding f-num-
ber, the SNR at f-number of 1.04 was normalized to be 0 dB
throughout different target depth results. The processed result
for proposed results and theoretical results are shown in FIG.
34, bottom right plot. Although it was not as stable as reso-
lution due to the effect of multiple factors affecting SNR, a
shared trend could be seen between the proposed method and
theoretical values. The correlation coefficient of them were
91.56%.

[0227] PA Re-Beamforming for Dynamically Focused US
Beamformed RF Data

[0228] FIG. 35 shows the reconstructed results of SA
beamforming using dynamically focused ultrasound beam-
formed RF data. The defocused ultrasound beamformed data
could be re-beamformed through PASA beamforming. The
aperture size for 1° ultrasound beamforming is changed from
128 elements (left-hand plots) to 16 elements (right-hand
plots). The point targets in ultrasound beamforming were not
only degraded due to wrong delay function, but the large
grating lobe is also appeared in the near field when a large
aperture is used in ultrasound beamforming. This Grating
lobe artifacts remain in SA beamforming result (left-hand
plots). When a smaller aperture is used in US beamforming,
the grating lobe artifacts were reduced, and itis less visible in
the PASA beamforming result (right-hand plots). On the
other hand, when a small aperture size is used, the resolution
in deep region is degraded compared to that with a large
aperture. Thus, in the practical implementation, it is sug-
gested to find an appropriate aperture size in the first ultra-
sound beamforming to prevent grating lobe from showing up.
Forinstance, f-number could be fixed throughout the image to
keep small aperture size in the near region while large aper-
ture size is applied in the far region.

[0229]

[0230] The ultrasound beamforming with fixed focusing
and dynamic focusing is applied on the channel data to pro-
duce two types of ultrasound post-beamformed data. The SA
re-beamforming results from ultrasound beamforming with a
single focal point are shown in FIG. 36. The point source
could be reconstructed for all fixed focus in the range of 3 mm
to 45 mm. The FWHM and SNR of the point source is mea-
sured, and it is plotted for different fixed focusing depth in
FIG. 36, lower plots. The result of conventional PA beam-
forming is also shown as control and its FWHM and SNR are
shown as conventional. This result can be regarded as the
lower boundary because the maximum available aperture
information is used in the control case. The FWHM of the
fixed focusing until around 9 mm to 21 mm was nearly close
to that of control data. The point source is located around 12
mm depth, and when the fixed focusing depth applied was far
from the target, the reconstructed point got extended in the

Experimental Evaluation
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lateral direction. This is due to insufficient f-number through
the first and the second beamforming.

[0231] 1In term of SNR, a similar trend of image quality
improvement was observed compared to lateral resolution
analysis in the range until 8 mm. However, SNR was not
degraded even if a deep focusing depth was taken. This is
attribute the trend of SNR was not only related to the f-num-
ber, and the property makes the SNR trends to be relatively
mild. In addition, the SNR for the depth over around 10 mm
shows a better number compared to the conventional beam-
former, because the noise could cancelled more than the
conventional PA beamforming during twice beamforming.
[0232] FIG. 37 shows the PASA beamforming results from
dynamically focused ultrasound beamforming. The defo-
cused target in ultrasound post-beamformed result could be
focused again through PASA beamforming.

[0233] Discussion

[0234] High PRF laser system can be considered as a
requirement on the system. Since the ultrasound post-beam-
formed RF data acquisition relies on clinical ultrasound sys-
tem, it is necessary to synchronize the laser transmission to
ultrasound line transmission trigger. To keep the frame rate
similar to that of conventional ultrasound B-mode imaging,
the pulse repetition frequency (PRF) of the laser transmission
should be the same as the transmission frequency. Therefore,
a high PRF laser system such as a laser diode is a desirable,
similar to that used herein.

[0235] The proposed synthetic aperture beamforming uti-
lizing fixed focusing data is also applicable to PA tomogram
formation using hydrophone combined with an acoustic lens
with a focal point as proposed by M. L. Li et al. [ 16]. Hydro-
phone is widely used as a PA signal receiver because of its
wide frequency receiving capability and sensitivity compared
to clinical ultrasound array [17]. PA tomogram can be formed
by sweeping the hydrophone using a Cartesian stage. Wider
diameter of elements has higher sensitivity, but those hydro-
phone is hard to achieve high lateral resolution because of
wide reception angles [18]. Attaching an acoustic lens is an
easy solution to provide a focus, but the high resolution is
only appricalbe near the focal point, and the image is defo-
cused outside of the focal point. The acoustic lens focuses the
acoustic beam for a single depth, which is the same situation
for the fixed beamformed data using a linear array. Thus, the
proposed algorithm could be a solution to provide an oppor-
tunity to generate a dynamically focused PA tomogram by
beamforming received data.
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EXAMPLE 6

Out of Plane Tool Tracking

[0254] A monocamera attached to the ultrasound probe
observes the needle shaft, as shown in FIG. 38. The needle
shaft and the camera’s optical center define a plane that the
needle and its tip lie on. A PZT element at the tip of the needle
transmits a signal that the ultrasound probe receives. This
signal can be used to define a circular arc that the needle tip
lies on. The intersection of these two geometrical lociresultin
the 3D location of the PZT element at the needle tip.

[0255] The signal transmitted by the PZT element and
received by the ultrasound transducer can be used to deter-
mine the shortest time of flight between the PZT element and
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the transducer. This concept is illustrated in FIG. 39. Given
that the ultrasound transducer is a linear array, a circular arc
exists where any point on it will have the same time of flight.

[0256] We placed a needle tip at known locations. FIG. 40
shows the computed localization result. The table in FIG. 41
shows the precision of the computed result compared to the
known motions.

EXAMPLE 7

Ultrasound Needle Detection Using Mobile Imaging

[0257] There is a need for intraoperative tracking of surgi-
cal tools, specifically the tracking of pieces such as needle tips
while inside the patient’s body. A method was developed to
localize a needle-tip using a combination of ultrasound (US)
imaging and conventional camera images. The goal of the
project is to detect and track tools intraoperatively.

[0258] Needle-tip tracking allows the surgeon to more
accurately reach their designated target and more safely per-
form their surgical task. US image-based and Flectromag-
netic tracking-based methods are two conventional methods
to provide intraoperative needle-tip tracking (FIG. 42). Both
of these methods have problems. US images have a limited
field of view and cannot track needle-tips that are outside its
imaging plane. Electromagnetic tracking-based methods
require integrating additional hardware into the surgical
workspace.

[0259]

[0260] An active piezoelectro (PZT) element is attached to
the tool tip, transmitting synchronized pulses to the receiving
US transducer. These received pulses give us: the transducer
element closest to the PZT element, the distance between this
transducer element and the PZT element. This information
can be used to generate a subset of positions (arc) where the
PZT element may lie with respect to the ultrasound image. A
camera is attached to the US transducer, capturing an image
of the external portion of the needle. This image gives us a
plane that the needle lies on and that intersects with the
camera. By transforming the plane and the arc into the same
coordinate system using a pre-computed ultrasound calibra-
tion, one can then compute the intersection of the plane and
the arc. In most cases, there will be a single intersection point
indicating the position of the PZT element or needle-tip. A
workflow diagram according to some embodiments of the
invention is shown in FIG. 43.

[0261]

[0262] A “needle” with US emitting tip was fixed in two
different poses while a cell phone mounted US probe was
moved in linear 4 mm steps in the three orthogonal directions
independently (FIG. 44). Accuracy was measured by how
out-of-plane computed points were that were experimentally
placed in-plane. Precision was measured by the relative dis-
tance between two calculated points compared to the known
distance (4 mm). Results are shown in the tables in FIG. 45.
FIG. 46 shows an example of three positions of the needle in
inverted B-Mode imaging (below) compared the positions
obtained by our method (above). Notice the left and center
images look similar on B-Mode images, and the right image
is not visible at all. The position of the needle with respect to
the US probe as it is moved is shown in FIG. 40.

Solution

System Setup
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EXAMPLE 8

Photoacoustic Image Reconstruction from
Ultrasound Post-Beamformed B-Mode Image

[0263] A photoacoustic (PA) image is constructed by
beamforming received channel data, and then applying signal
processing methods to display it [1, 2]. Although acquiring
channel data is essential, most clinical ultrasound systems do
not offer an interface to obtain the synchronized channel data.
Accessing these synchronized channel data requires expen-
sive and sometimes bulky research systems such as DAQ
system, and it is an obstacle to translate the PA imaging
technique into clinical applications. Therefore, to broaden the
impact of PA imaging, we investigate PA image reconstruc-
tion algorithm using the data accessible at clinical ultrasound
systems. As clinical ultrasound systems have been widely
used all over the world, this work connects PA research to the
environment in which specialized research systems do not
exist.

[0264] Our previous work has demonstrated that the PA
image reconstruction can be carried out from US beam-
formed RF data [3]. Nevertheless, the method requires clini-
cal ultrasound system to have a functionality to provide a
radio-frequency (RF) data. B-mode image, on the other hand,
is the final product of ultrasound image, and accessible at
most of the ultrasound systems. In this work, we present the
possibility to recover US post-beamformed RF data from a
B-mode image and re-beamform the recovered data to a PA
image. Even though each vendor has its unique signal pro-
cessing to form the final B-mode image, envelope detection
and scan conversion including log compression are two major
post processing after generating beamformed RF data. FIG.
47A illustrates the major signal processing for ultrasound
image as well as PA image.

[0265] We divide the proposed approach into two major
steps: 1) RF signal recovery from B-mode data, and 2) PA
beamforming using US post-beamformed RF data. For the
first step, the envelope data is recovered from B-mode image
by applying log decompression. And since the RF informa-
tion is discarded in the envelope data, we convolute an acous-
tic impulse response with the envelope data. For the second
step, an adaptive PA beamforming algorithm is applied on US
post-beamformed RF data. The US post-beamformed RF data
is utilized as pre-beamformed RF data for PA re-beamform-
ing, and the new delay function is used by taking into account
that the focus depth in US beamforming is at the half depth of
PA case. The stream of the proposed PA image formation is
shown in FIG. 47B.

[0266] Retrieving US Post-Beamformed RF Data from
B-Mode data
[0267] A B-mode image is the final output from clinical

ultrasound systems, in which the envelope detected acoustic
signals are displayed in log scale. Detail signal processing
techniques to produce a B-mode image could vary depending
on vendor, but envelope detection and following log compres-
sion are two basic common signal processing techniques after
ultrasound beamforming. Therefore. reversing two signal
processing steps is necessary to retrieve US post-beamformed
RF data.
[0268]

20 In(y)+B, {8.1)

where o and f§ are parameters indicating the contrast and
brightness, respectively. y,; is the envelope detected data, and

A general formulation of log compression is
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7, is the observed intensity on a US B-mode image. Two
parameters o and § could be recovered by analyzing the
speckle property of a B-mode image [4,5]. Thus, the esti-
mated envelope detected data could be processed as

. e(f@gj] (8.2)

[0269] In contrast to log compression which is applied on
the entire image, the envelope detection is applied to line by
line. The beamformed RF signals of an A-line x(t) could be
expressed as

X(O=p(0)cos Qmfo+9), (8.3)

where y(t) is the envelope data of the line, and f, and ¢ are its
center frequency and phase, respectively. It is not difficult to
multiple RF component to the envelope detected data, but the
phase information will not be recovered. The phase informa-
tion is essential to utilize the data for further PA beamform-
ing, so that equation (8.3) is unavailable for the proposed
method. Instead, we assumed the photoacoustic image as a
collection of delta functions, and the RF component is added
to each delta function through convolution.

*(0 =5, Sy-)H(), (8.4)

where H(s) is an impulse response that corresponding to a
cycle of cosine function. x(@) is the recovered US post-beam-
formed RF data, and will be used for PA be-beamforming.

[0270] Reconstructing PA Image from Ultrasound Post-
Beamformed RF Data

[0271] The difference between ultrasound beamforming
and PA beamforming is time-of-flight and accompanied
delay function. Ultrasound beamforming takes into account
the time-of-flight of the round trip of acoustic signals trans-
mitted and received by the US probe elements, that is
reflected at targets, while PA beamforming only counts one
way trip from the PA source to the US probe. Therefore, the
beamformed PA signals under ultrasound beamforming is
defocused due to incorrect delay function. In our previous
work, we proposed a synthetic aperture based PA beam-
former using ultrasound post-beamformed RF data. Ultra-
sound beamformed RF data are considered as pre-beam-
formed input data, where its focal point is considered as a
virtual element, and a new delay function is applied based on
the acoustic wave travel starts from the virtual element [6-8].
Since, the delay function in dynamically focused ultrasound
beamforming takes into account the round trip between the
transmitter and the reflecting point, the focus point at each
depth becomes the half distance for that in PA beamforming.
Thus, it is possible to consider that the virtual point source is
swept dynamically in the half distance of the true focal point.
FIG. 48 shows an example of implementing proposed algo-
rithm based on back projection.

[0272]

[0273] For simulation, five point targets were placed at the
depth of 10 mm to 50 mm with 10 mm interval. A 6 cm linear
array transducer with 128 elements were designed to receive
the photoacoustic signals. Delay-and-sum with dynamic
receive focusing was used to beamform the simulated channel
data assuming ultrasound delay. Envelope detection and log
compression were applied on the received data and proposed
PA re-beamforming process was applied on the data.

Simulation and Experimental Setup
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[0274] The system setup is shown in FIG. 49. Clinical
ultrasound machine (Sonix Touch, Ultrasonix) was used to
display and save the received data, and the acoustic wave
transmission was turned off during receiving. A costum made
piezo element was used to imitate a PA point target. The
element has the center frequency of 10 MHz, and was
attached to the tip of needle, and it was wired to an electric
board controlling the voltage and transmission pattern. The
acoustic signals transmission is triggered by the line genera-
tion trigger from clinical ultrasound machine. The received
RF data was saved and a B-mode image was formed. All
elements on the probe was used to beamform each line. The
proposed signal processing was applied on the B-mode

image.
[0275] Results
[0276] The simulation resultis shown in F1G. 50, The input

data of beamforming were shown in the top row and output
was presented in the bottom row. The profile of a point located
at 30 mm depth for three different input data was shown on the
right. A set of channel data simulates PA signals was beam-
formed using delay-and-sum with dynamic receive focusing.
The US beamformed RF data was defocused due to incorrect
delay function (top row, middle plot). The US beamformed
RF data could be re-beamformed to form a PA image using
adaptive PA reconstruction algorithm (bottom row, middle
plot). Then, a B-mode image was formed using the US beam-
formed RF data. We applied the log decompression and RF
information recovery through convoluting a cycle of sine
function. The RF component was lost through envelope
detection, but new RF wave was added to the envelope
detected data (top row, right plot). The recovered RF data was
re-beamformed, and finally a PA image was obtained (bottom
row, right plot). Although the reconstructed point was larger
than the point reconstructed from channel data, it is demon-
strated that the defocused data could be beamformed through
proposed processing.

[0277] FIG. 51 shows the experiment results. The left-hand
column illustrates US image formation in a clinical vltra-
sound system. The middle column shows PA image recon-
struction processes. The right-hand column shows PA image
reconstruction from channel data. A set of US post-beam-
formed RF data was collected from ultrasound machine, and
a B-mode image is formed through envelope detection and
scan conversion with log compression (left-hand column).
The processed US B-mode image was used as the input for the
proposed signal processing and following PA image re-beam-
forming. US post-beamformed RF data was recovered
through convolution with a cycle of sine function, and finally
a PA image is reconstructed using back projection based
re-beamformer (middle column). For the control, the channel
data was collected and conventional delay-and-sum PA
beamforming was applied (right-hand column). The full
width at half maximum (FWHM) of the US B-mode image
was 7.50 mm, and it was improved to 1.89 mm through the
proposed method. The FWHM for the PA image from the
channel data was 1.48 mm. The degradation of point spread
function could be due to signal loss during envelop detection,
and blurring through convolution.
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EXAMPLE 9

Ultrasound to Video Registration using a Bi-Plane
Transrectal Probe with Photoacoustic
Markers—Active Point Localization with a
Transrectal Transducer

[0288] Before we begin describing the method for localiz-
ing the active point with respect to the transrectal transducer,
we must describe the transducer itself. Bi-plane transrectal
transducers typically have two imaging planes, one parallel
and one perpendicular to its insertion axis. The parallel imag-
ing plane is generally from a linear array and the perpendicu-
lar imaging plane is generally from a convex array. FIG. 52 is
an example of such a transducer, where the dotted lines cor-
respond to the imaging planes.

[0289] Thekey idea that enables our approach is the use of
an active point. When using an active point, the channel data
will be able to capture data even if the point is outside of the
probe imaging plane. For example, in the scenario shown in
FIG. 53 where the point represents an active point, both of the
transducer arrays will receive a signal from the active point.
[0290] Since we are looking at active points, its position in
the beamformed image must be interpreted in a different
manner than a typical pulse-echo ultrasound image. While we
can still trust the lateral position of the point in the image, the
axial position now contains an elevational component as well.
Having two arrays with a known transformation between
them allows us to recover and separate the axial and eleva-
tional components.
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[0291] For example, if we want to recover the position of
the point with respect to the convex array in the scenario
shown in FIG. 53, we may start by observing its position in the
linear array. The lateral position of the point along with the
transformation between these two imaging planes will give us
the point’s elevational component with respect to the convex
array. The axial position of the point in the image from the
convex array represents the distance in the axial-elevational
plane between the point and the closest transducer element.
Since we now know the elevational component, we can easily
obtain the axial component. Finally, the lateral component
can be used as is in the image from the convex array.

[0292] The scenario where the two ultrasound arrays are
not perpendicular to each other is slightly more complicated.
Instead of being able to simply use the lateral position from
the linear array as the elevational component with respect to
the convex array, the lateral position from the linear array will
only restrict the position of the active point to a plane. Like-
wise, the lateral position from the convex array will also
restrict the position of the active point to a plane. As shown in
FIG. 54, since these two planes can both be interpreted with
respect to the convex array, its intersection line can also be
computed. Finally, the axial position in the image from the
convex array will determine where along this intersection line
satisfies the distance in the axial-elevational plane between
the point and the closest transducer element.

[0293] The embodiments illustrated and discussed in this
specification are intended only to teach those skilled in the art
how to make and use the invention. In describing embodi-
ments of the invention, specific terminology is employed for
the sake of clarity. However, the invention is not intended to
be limited to the specific terminology so selected. The above-
described embodiments of the invention may be modified or
varied, without departing from the invention, as appreciated
by those skilled in the art in light of the above teachings. It is
therefore to be understood that, within the scope of the claims
and their equivalents, the invention may be practiced other-
wise than as specifically described. We claim:

1. Anultrasound imaging system having real-time tracking

and image registration, comprising:

a fiducial-marker system comprising an ultrasound trans-
mitter, wherein said ultrasound transmitter is structured
to provide a localized ultrasound pulse at an optically
observable localized spot on a body of interest to provide
a combined ultrasound and optical fiducial marker at
said localized spot;

an optical imaging system structured to be arranged proxi-
mate said body of interest in view of said localized spot
on said body of interest;

a two-dimensional ultrasound imaging system comprising
an ultrasound probe structured to be acoustically
coupled to said body of interest to receive said localized
ultrasound pulse from said localized spot on said body of
interest;

an optical image processing system configured to commu-
nicate with said optical imaging system to receive an
optical image of at least a portion of said body of interest
that includes said combined ultrasound and optical fidu-
cial marker within said optical image, said optical image
processing system being further configured to process
said optical image to determine a spatial location of said
combined ultrasound and optical fiducial marker;

an ultrasound image processing system configured to com-
municate with said two-dimensional ultrasound imag-
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ing system to receive a two-dimensional ultrasound
image of at least a portion of said body of interest that
includes said combined ultrasound and optical fiducial
marker observed within said two-dimensional ultra-
sound image, said ultrasound image processing system
being further configured to process said two-dimen-
sional ultrasound image to determine a spatial location
of said combined ultrasound and optical fiducial marker;
and

aregistration system configured to communicate with said

optical image processing system and said ultrasound
image processing system to receive information con-
cerning the spatial locations determined for said com-
bined ultrasound and optical fiducial marker observed in
said optical image and in said two-dimensional ultra-
sound image, said registration system being further con-
figured to determine a coordinate transformation that
registers said optical image with said two-dimensional
ultrasound image based at least partially on said infor-
mation concerning the spatial locations determined for
said combined ultrasound and optical fiducial marker
observed in said optical image and in said two-dimen-
sional ultrasound image.

2. The ultrasound imaging system according to claim 1,
wherein said ultrasound transmitter is a photoacoustic trans-
mitter comprising a pulsed light source configured to provide
said combined ultrasound and optical fiducial marker at said
localized spot.

3. The ultrasound imaging system according to claim 2,
wherein said pulsed light source is a pulsed laser diode.

4. The ultrasound imaging system according to claim 2,
wherein said photoacoustic transmitter further comprises at
least one of optical components to direct a plurality of com-
bined ultrasound and optical fiducial markers at a plurality of
localized spots, or a plurality of pulsed light sources config-
ured to provide said plurality of combined ultrasound and
optical fiducial markers at said plurality of localized spots.

5. The ultrasound imaging system according to claim 4,
wherein said pulsed light source and said plurality of pulsed
light sources are pulsed laser diodes.

6. The ultrasound imaging system according to claim 4,
wherein said optical imaging system is structured to be
arranged proximate said body of interest in view of said
plurality of localized spots on said body of interest,

wherein said two-dimensional ultrasound imaging system

is further configured to receive said plurality of localized
ultrasound pulses from said plurality of localized spots
on said body of interest,

wherein said optical image processing system is further

configured to communicate with said optical imaging
system to receive said optical image of at least a portion
of said body of interest that includes said plurality of
combined ultrasound and optical fiducial markers within
said optical image, said optical image processing system
being further configured to process said optical image to
determine corresponding spatial locations of said plu-
rality of combined ultrasound and optical fiducial mark-
ers,

wherein said ultrasound image processing system is further

configured to communicate with said two-dimensional
ultrasound imaging system to receive said two-dimen-
sional ultrasound image of at least a portion of said body
of interest that includes said plurality of combined ultra-
sound and optical fiducial markers observed within said

20
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two-dimensional ultrasound image, said ultrasound
image processing system being further configured to
process said two-dimensional ultrasound image to deter-
mine corresponding spatial locations of said plurality of
combined ultrasound and optical fiducial markers; and

wherein said registration system is further configured to
communicate with said optical image processing system
and said ultrasound image processing system to receive
information concerning the spatial locations determined
for said plurality of combined ultrasound and optical
fiducial markers observed in said optical image and in
said two-dimensional ultrasound image, said registra-
tion system being further configured to determine a
coordinate transformation that registers said optical
image with said two-dimensional ultrasound image
based at least partially on said information concerning
the spatial locations determined for said plurality of
combined ultrasound and optical fiducial markers
observed in said optical image and in said two-dimen-
sional ultrasound image.

7. The ultrasound imaging system according to claim 1,
wherein said optical imaging system comprises a camera
configured to be fixed within a room frame of reference.

8. The ultrasound imaging system according to claim 7,
wherein said optical imaging system comprises a second
camera configured to be fixed within said room frame of
reference to provide stereo viewing in conjunction with the
first-mention camera.

9. The ultrasound imaging system according to claim 1,
wherein said optical imaging system comprises a camera
configured to be fixed to said ultrasound probe.

10. The ultrasound imaging system according to claim 9,
wherein said optical imaging system comprises a second
camera configured to be fixed to said ultrasound probe to
provide stereo viewing in conjunction with the first-mention
camera.

11. The ultrasound imaging system according to claim 6,
wherein said ultrasound image processing system is config-
ured to segment wavefronts generated by said plurality of
combined ultrasound and optical fiducial markers observed in
said two-dimensional ultrasound image corresponding to
determine corresponding spatial locations of said plurality of
combined ultrasound and optical fiducial markers.

12. The ultrasound imaging system according to claim 1,
wherein said ultrasound image processing system is config-
ured to perform synthetic aperture imaging using post-beam-
formed RF data in an inverse beamforming calculation to be
approximately equal to pre-beamformed RF data.

13. The ultrasound imaging system according to claim 1,
wherein said ultrasound transmitter is a piezoelectric trans-
ducer that is at least one of visible to said optical imaging
system or in a fixed relationship to an optical fiducial mark
that is visible to said optical imaging system to provide said
combined ultrasound and optical fiducial marker at said local-
ized spot.

14. The ultrasound imaging system according to claim 13,
wherein said piezoelectric transducer is attached to a distal
end of a surgical tool.

15. The ultrasound imaging system according to claim 14,
wherein said optical image processing system is further con-
figured to process said optical image to segment an image of
said surgical tool in said optical image to provide information
to be used in conjunction with said combined ultrasound and
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optical fiducial marker to determine said spatial location of
said combined ultrasound and optical fiducial marker.

16. The ultrasound imaging system according to claim 1,
wherein said registration system configured is further config-
ured to register at least one of real time optical images or
preoperative images with said two-dimensional ultrasound
image in real time using said coordinate transformation.

17. An ultrasound imaging system having real-time track-
ing and image registration, comprising:

a fiducial-marker system comprising an ultrasound trans-
mitter, wherein said ultrasound transmitter is structured
to provide a localized ultrasound pulse at an optically
observable localized spot on a body of interest to provide
a combined ultrasound and optical fiducial marker at
said localized spot;

an optical imaging system structured to be arranged proxi-
mate said body of interest in view of said localized spot
on said body of interest;

an ultrasound imaging system comprising an ultrasound
probe structured to be acoustically coupled to said body
of interest to receive said localized ultrasound pulse
from said localized spot on said body of interest;

an optical image processing system configured to commu-
nicate with said optical imaging system to receive an
optical image of at least a portion of said body of interest
that includes said combined ultrasound and optical fidu-
cial marker within said optical image, said optical image
processing system being further configured to process
said optical image to determine a spatial location of said
combined ultrasound and optical fiducial marker;

an ultrasound image processing system configured to com-
municate with said ultrasound imaging system to
receive an ultrasound image of at least a portion of said
body of interest that includes said combined ultrasound
and optical fiducial marker observed within said ultra-
sound image, said ultrasound image processing system
being further configured to process said ultrasound
image to determine a spatial location of said combined
ultrasound and optical fiducial marker; and

aregistration system configured to communicate with said
optical image processing system and said ultrasound
image processing system to receive information con-
cerning the spatial locations determined for said com-
bined ultrasound and optical fiducial marker in said opti-
cal image and in said ultrasound image, said registration
system being further configured to determine a coordi-
nate transformation that registers said optical image
with said ultrasound image based at least partially on
said information concerning the spatial locations deter-
mined for said combined ultrasound and optical fiducial
marker observed in said optical image and in said ultra-
sound image,
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wherein said ultrasound image processing system is con-
figured to perform synthetic aperture imaging using
post-beamformed RF data in an inverse beamforming
calculation so as to be approximately equal to pre-beam-
formed RF data.

18. The ultrasound imaging system according to claim 17,
wherein said ultrasound transmitter is a photoacoustic trans-
mitter comprising a pulsed light source configured to provide
said combined ultrasound and optical fiducial marker at said
localized spot.

19. The ultrasound imaging system according to claim 18,
wherein said pulsed light source is a pulsed laser diode.

20. The ultrasound imaging system according to claim 18,
wherein said photoacoustic transmitter further comprises at
least one of optical components to direct a plurality of com-
bined ultrasound and optical fiducial markers at a plurality of
localized spots, or a plurality of pulsed light sources config-
ured to provide said plurality of combined ultrasound and
optical fiducial markers at said plurality of localized spots.

21. The ultrasound imaging system according to claim 20,
wherein said pulsed light source and said plurality of pulsed
light sources are pulsed laser diodes.

22. The ultrasound imaging system according to claim 17,
wherein said optical imaging system comprises a camera
configured to be fixed within a room frame of reference.

23. The ultrasound imaging system according to claim 22,
wherein said optical imaging system comprises a second
camera configured to be fixed within said room frame of
reference to provide stereo viewing in conjunction with the
first-mention camera.

24. The ultrasound imaging system according to claim 17,
wherein said optical imaging system comprises a camera
configured to be fixed to said ultrasound probe.

25. The ultrasound imaging system according to claim 24,
wherein said optical imaging system comprises a second
camera configured to be fixed to said ultrasound probe to
provide stereo viewing in conjunction with the first-mention
camera.

26. The ultrasound imaging system according to claim 17,
wherein said ultrasound transmitter is a piezoelectric trans-
ducer that is at least one of visible to said optical imaging
system or in a fixed relationship to an optical fiducial mark
that is visible to said optical imaging system to provide said
combined ultrasound and optical fiducial marker at said local-
ized spot.

27. The ultrasound imaging system according to claim 26,
wherein said piezoelectric transducer is attached to a distal
end of a surgical tool.
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