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PHOTOACOUSTIC TRACKING AND
REGISTRATION IN INTERVENTIONAL
ULTRASOUND

CROSS-REFERENCE OF RELATED
APPLICATION

[0001] This application claims priority to U.S. Provisional
Application No. 61/608,910, filed Mar. 9, 2012, the entire
contents of which are hereby incorporated by reference.

BACKGROUND
[0002] 1. Field of Invention
[0003] The field of the currently claimed embodiments of

this invention relates to intraoperative registration and track-
ing systems, and more particularly to intraoperative registra-
tion and tracking systems that use photoacoustic tracking and
registration in interventional ultrasound.

[0004] 2. Discussion of Related Art

[0005] Intraoperative ultrasound (IOUS) imaging can be
extremely useful in surgery and other interventional proce-
dures. Ultrasound (US) systems provide real time 2D and 3D
views into the patient’s anatomy with relatively unobtrusive
hardware and without the use of ionizing radiation. An
increasing variety of transcutaneous, laparoscopic, and cath-
eter-based probes including both 2D and 3D arrays are avail-
able from multiple vendors; image quality is rapidly improv-
ing: and advanced image processing techniques are
increasing the variety of information that can be provided to
the surgeon. Consequently, there is increasing interest in
using IOUS in both open and laparoscopic surgery [8-10], in
providing guidance for biopsies [11], tumor ablation therapy
[12, 13], brachytherapy [14], and recently robotic surgery
[15, 16].

[0006] Onesignificant factor limiting the use of IOUS is the
necessity for the surgeon to relate the information in the
ultrasound images to preoperative information such as CT or
MRI images and to what he or she is seeing in a laparoscopic
video monitor or in direct viewing. Computer-based informa-
tion fusion and imaging systems have significant potential to
overcome this limitation, but they should address three main
challenges to be useful in minimally invasive surgery. First,
reliably and accurately registering intraoperative ultrasound
to the surgical scene as observed by endoscopic video cam-
eras. Second, it can also be important to accurately register
and fuse pre-operative models continuously to the surgical
scene. This feature can be especially important when IOUS
cannot provide the needed information to guide the interven-
tion. Third, after guiding the intervention tool using IOUS
data and/or pre-operative models, there is often a need to
identify a tool in the ultrasound images and to recover its
position relative to patient anatomy. This requirement can be
crucial in ablative therapy treatment, biopsy and needle steer-
ing scenarios, where the tool may be especially difficult to see
and accurate placement on anatomic targets is required.
[0007] There are important limitations with the conven-
tional approaches. Typically, systems for integrating IOUS
for information support or intraoperative guidance use an
electromagnetic or optical navigational tracker to provide
real-time information about the position of the ultrasound
probe relative to the patient, endoscopic cameras, and other
equipment in the surgical environment (e.g., [17-23]). How-
ever, these approaches have serious limitations. Navigational
trackers typically track sensors or markers relative to a sepa-
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rate base station placed somewhere close to the surgical envi-
ronment, thus adding complexity. Optical systems require
that the markers be visible to the optical sensors or cameras in
the base. Electromagnetic systems require wires between the
sensors and base unit, thus complicating sterility, are subject
to field distortions, and may not work well in the presence of
metal. Accuracy in estimating tool tip position is limited by
tool shaft bending and the effects of angle estimation error if
markers are placed at a distance from the tip, and it is often
impractical to embed sensors near the tips of small tools such
as needles or the tines of ablation probes. In addition, the
estimation of IOUS-to-camera or I0US-to-tool transforma-
tions necessarily requires an indirect calculation based on
multiple tracking targets and is subject to error buildup. Fur-
thermore, calibration of US imaging probes to tracking
devices is tedious. Therefore, there remains a need for
improved intraoperative registration and tracking systems.

SUMMARY

[0008] An intraoperative registration and tracking system
according to some embodiments of the current invention
includes an optical source configured to illuminate tissue
intraoperatively with electromagnetic radiation at a substan-
tially localized spot so as to provide a photoacoustic source at
the substantially localize spot, an optical imaging system
configured to form an optical image of at least a portion of the
tissue and to detect and determine a position of the substan-
tially localized spot in the optical image, an ultrasound imag-
ing system configured to form an ultrasound image of at least
a portion of the tissue and to detect and determine a position
of the substantially localized spot in the ultrasound image,
and a registration system configured to determine a coordi-
nate transformation that registers the optical image with the
ultrasound image based at least partially on a correspondence
of the spot in the optical image with the spot in the ultrasound
image.

BRIEF DESCRIPTION OF THE DRAWINGS

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

[0010] FIG. 1 is a schematic illustration of a typical EM-
based laparoscopic IOUS guidance and visualization system
[31.

[0011] FIG. 2isaschematic illustration of an intraoperative
registration and tracking system according to an embodiment
of the current invention.

[0012] FIGS. 3-5 are schematic illustrations of portions of
an intraoperative registration and tracking system according
to another embodiment of the current invention.

[0013] FIG. 6 is a schematic illustration of a phantom
design to test some embodiments of the current invention.
[0014] FIG. 7 shows tests of an example for an embodiment
of the current invention: (left) Photograph of a scanned laser,
US and stereo camera setup, in a typical trial. (middle, right)
Photoacoustic image reconstructed from pseudo-spectra
analysis and k-space Green’s function method for one spot.
[0015] FIG. 8 shows an example of video overlay of pre-
operative model based on CT, registered from 3D IOUS, and
tracked with EM [3] according to conventional approaches.
[0016] FIGS. 9A and 9B are schematic illustrations for
identification of tines using PA approach according to two
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embodiments of the current invention: FIG. 9A) flood illumi-
nation; FIG. 9B) local illumination from fibers in tool.
[0017] FIGS. 10A and 10B shows A) Experimental Setup
and Video Overlay, B) PA Signal within an US image.
[0018] FIGS.11A-11C show workflow for A) Data Collec-
tion, B) SC Segmentation, and C) US Segmentation.

[0019] FIG. 12 shows a typical imaging configuration of
the dual-array TRUS probe.

[0020] FIG. 13 shows photoacoustic tracking feasibility
study: (left) Photograph of a scanned laser, US and stereo
camera setup, in a typical trial. (middle, right) PA image
reconstructed from pseudo-spectra analysis and k-space
Green’s function method for one spot.

[0021] FIG. 14 shows visualization of brachytherapy seeds
in ex-vivo dog prostate using system.

[0022] FIG. 15 is a schematic illustration of an intraopera-
tive registration and tracking system according to an embodi-
ment of the current invention.

DETAILED DESCRIPTION

[0023] 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.

[0024] 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.

[0025] 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.

[0026] The term “body” refers general 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.

[0027] 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.

[0028] Theterm “substantially localized spot” means a spot
ofasize and of defined boundaries sufficient for the particular
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 spots sizes from 0.5 to 2 mm.
However, some surgeries may require more precision than
other surgeries and the imaging geometries may vary. Con-
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sequently, the general concepts of the current invention are
not limited to particular sizes and location precision of the
Spots.

[0029] 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.

[0030] 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.

[0031] 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.

[0032] Intraoperative ultrasound (IOUS) imaging is being
used increasingly as a guidance modality in interventional
procedures—including open and laparoscopic surgery [8,
24], local ablations [13, 25-27], brachytherapy [14], intrac-
ardiac procedures [28, 29], etc. Using IOUS images requires
that the surgeon relate these images to the physical reality of
the patient’s anatomy and the motions of surgical tools. Simi-
larly, IOUS images are increasingly “fused” or registered to
preoperative data such as CT or MRI images or surgical
planning (e.g., [17, 30]), and the results are used to help guide
an intervention. Again, the surgeon must relate the registered
images to the physical coordinate system associated with the
patient’s anatomy and other interventional tools. Although
this process was traditionally performed in the surgeon’s
head, surgical navigation and guidance systems are becoming
more prevalent and have become “standard of care” in some
areas. Typically, these systems rely on a combination of navi-
gational tracking of surgical instruments, “registration” of
preoperative and intraoperative data, and some form of infor-
mation displaying to make the information available to the
surgeon. Robotic systems such as the DaVinei surgical robot
[31] typically relate the motions of tools to a “visualization”
coordinate system associated with a video endoscope and
provide means for displaying other images, but rely on the
surgeon to relate this data to the video images.

[0033] Real time registration of ultrasound images and pre-
operative data to intraoperative video display has been a
significant challenge. This could become increasingly impor-
tant as advanced ultrasound imaging methods are increas-
ingly developed and deployed in minimally invasive surgery
(MIS). For example, in recent work, we have demonstrated
the use of ultrasound elastography (USE) for monitoring
ablation of liver tumors [22, 32], image-guided prostatecto-
mies [33], and breast cancer radiotherapy targeting [34], and
as a “bridge” for co-registering preoperative CT with intra-
operative video in laparoscopic partial nephrectomy (LPN)
[3]. Generally, the conventional approaches (e.g., [35-37])
have been to place tracking devices on IOUS probes, the
endoscope, and surgical instruments. However, this indirect
approach is subject to error buildup from multiple tracking
and calibration errors, thus limiting the accuracy of the IOUS
to intraoperative image registration.

[0034] Because they have no line-of-sight restrictions,
electromagnetic (EM) systems are the most commonly used
tracking systems for laparoscopic surgery, flexible endos-
copy, and other MIS applications. In these environments EM
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sensors may be attached to tools, IOUS probes, and cameras,
and may be implanted into moving or deforming organs for
use as fiducial landmarks (FIG. 1). For example, in prior work
targeting laparoscopic partial nephrectomies (LPN), we have
used EM tracked US probes to obtain 3D US/USE images of
lesions in kidneys [3]. These images have been registered
with preoperative CT and used to create a real time video
ovetlay display of the tumor within the kidney, which was
tracked using a small EM sensor implanted into the tumor,
thus providing continuing feedback on intact tumor location
and resection margins during resection.

[0035] However, EM sensors have a number of drawbacks
that make them less than ideal for use in laparoscopic surgery,
especially if a robot is involved. In addition to the obvious
problems associated with field distortion from close proxim-
ity of the robot, EM systems have problems that apply more
broadly to any laparoscopic or MIS environment. These
include: intrusive integration of a large EM “base station” and
other equipment into the surgical field; field distortion from
other metallic objects or during electrocautery and ablation
treatment; interference between tools working in close prox-
imity to each other; dealing with EM sensor wire leads;
increased cost in sterilizing tools with associated sensors; and
overall cost-effectiveness, especially when we include the
needed pre-operative calibration and preparation time to
ultrasound probes, cameras and the tools.

[0036] Optical tracking systems such as [38, 39] avoid the
field distortion problems associated with EM devices and
may be slightly more accurate, but line of sight restrictions
often make them impractical for use inside the body, and
placing them outside the body can result in degraded tracking
accuracy for long or flexible tools or laparoscopic imaging
probes, even if the various tracking targets are all visible to the
tracker.

[0037] Accurate tracking of surgical tools and devices in
ultrasound images is very difficult, due to several factors
including image quality, tool size, orientation and depth, and
limitations of current tracking technologies, although there
has been some work to address these issues. One straightfor-
ward approach (e.g., [18]) embeds small EM sensors into
needles, catheters, and other tools. Others seek to find tools
directly from IOUS images. For example, Stoll et al. [40]
have attached a set of passive markers by which the position
and orientation of a surgical instrument can be computed
from its ultrasound image. The identification of these passive
markers, however, still relies on the quality of ultrasound
images and the type of the surrounding tissues. Similarly,
Rohling et al. have applied extensive image processing meth-
ods to detect needle shafts [41] and also have investigated a
beam forming approach to steer the beam to maximize the
tool visibility [42]. All of these approaches need to have an
optimal orientation (i.e. needle in US plane) and considerable
size for the tool to be identified and recovered accurately.
[0038] Some embodiments of the current invention use
photoacoustic (PA) imaging to overcome many of these limi-
tations [1, 2, 4, 43, 44]. PA imaging [45, 46] is based on the
photoacoustic effect, originally discovered by Alexander
Graham Bell. In PA imaging, an object is usually irradiated by
a short-pulsed, non-ionizing laser beam. Some of the deliv-
ered energy is absorbed, according to optical absorption prop-
erties of the target tissue or other material, and converted into
heat, leading to transient thermoelastic expansion and thus
wideband ultrasonic emission, which can be detected by con-
ventional IOUS probes and processed to produce high con-
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trast images. Since the effect is sensitive to tissue density,
composition and properties such as hemoglobin oxygen satu-
ration, it is useful both for anatomic and functional imaging.
There is current interest in using PA to locate small objects
such as needles or brachytherapy seeds within the body [ 3, 43,
44, 47, 48]. Some embodiments of the current invention are
directed to such systems. For example, we have shown repeat-
able average registration accuracy of 0.56+0.28 mm in arti-
ficial phantoms [1] and 0.42+0.15 mm in ex vivo liver [1],
0.38+0.27 mm for Kidney and 0.85£0.45 mm for fat, com-
pared to ~1.7-3 mm for artificial phantoms and ~3-5 mm for
tissue obtained with other methods (e.g., [3, 7, 49, 50]).
[0039] Some embodiments of the current invention use PA
methods to replace navigational trackers in ultrasound-
guided surgery and other minimally invasive interventions,
together with the systems and techniques for doing this. Some
embodiments use PA imaging to perform real-time registra-
tion between the ultrasound and video image spaces. This
approach does not require a base station and does not require
implanted fiducial markers to complete the video-to-ultra-
sound registration needed for providing “augmented reality”
guidance and information support in endoscopic surgery. Fur-
ther, since the image-to-image registration is more direct than
tracker-based methods, it can be less likely to be affected by
extraneous errors and can provide significant accuracy advan-
tages [1].

[0040] Insome embodiments, small implanted PA fiducial
markers can also be used to track tissue and organ motion
after an initial registration. This can eliminate any depen-
dence on implanted EM fiducials for tracking. This also can
provide other advantages such as simplicity, directness, and
accuracy in some embodiments. We also note that the PA
markers may themselves be used as registration fiducials in
cases where they may have been implanted for preoperative
imaging. Clinical investigators often perform tumor biopsy
before operation. Small FDA approved particles can be
injected to facilitate several follow up treatment steps includ-
ing precise repeated biopsy, post-operative imaging and accu-
rate guidance during surgery. Small particles within the resec-
tion margin need to be resected with the tumor and hence
another use of PA imaging is to detect these markers after
resection to assure negative margins.

[0041] Three projected PA spots is sufficient for registra-
tion to stereo cameras, since the 3D locations of the PA spots
relative to the cameras may be found by triangulation and the
3D locations relative to ultrasound come directly from local-
ization in 3DUS. Registration to monoscopic cameras, such
as conventional endoscopes, may be accomplished by the use
of more points. For example, the well-known method of Bopp
and Krauss (H. Bopp and H. Krauss, “An Orientation and
Calibration Method for Non-Topographic Applications”,
Photogrammetric Engineering and Remote Sensing, vol.
44-9, pp. 1191-1196, September, 1978) may be used if five or
more spots are available. However, many other methods
known in the art may also be used instead. Another example
is the method of Tsai (R.Y. Tsai, “A Versatile Camera Cali-
bration Technique for High-Accuracy 3D Machine Vision
Metrology Using Off-the-Shelf TV Cameras and Lenses”,
IEEE Journal of Robotics and Automation, vol. RA-3-4, pp.
323-358, 1987.).

[0042] Some embodiments of the current invention can
include a safety system. In some embodiments, laser light is
delivered through optical fibers into the patient’s body for
laparoscopic surgery. It is desirable to ensure that no laser
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light escapes from the patient’s body, or at least below a safe
threshold. In an embodiment, additional light can be added to
the optical path, such as the optical fiber. The optical fiber can
be a multimode optical fiber, for example, to be able to trans-
mit a plurality of beams of light at relatively spaced wave-
lengths. (However, this does not preclude the use of single
mode optical fibers, other types of waveguides, and/or free
space illumination, depending on the particular application.)
For example, a low energy infrared light source from an LED
or laser may be used as sort of a guide channel, or safety
signal. Detectors placed outside the body can detect this
monitoring light even in cases when the higher power laser
used to create the PA effect is turned off. Safety circuits or
other safety monitoring devices can prevent the higher power
laser from being turned on if the monitoring light is detected
and/or a suitable warning signal such as an audible alarm can
be triggered. The monitoring light may be modulated at a
known frequency, or with other suitable modulation, and
matched to suitable detection circuits to increase sensitivity.
The use of infrared light is suitable for some applications
because its presence will not distract the surgeon. However,
visible or other wavelengths of light can be used is other
embodiments of the current invention. A similar system may
also be deployed within the laser system enclosure itself to
ensure that stray laser light does not escape from the enclo-
sure.

[0043] FIG. 2 provides a schematic illustration of an intra-
operative registration and tracking system 100 according to
an embodiment of the current invention. The intraoperative
registration and tracking system 100 includes an optical
source 102 configured to illuminate tissue 104 intraopera-
tively with electromagnetic radiation at a substantially local-
ized spot (e.g., 106) so as to provide a photoacoustic source at
the substantially localize spot, and an optical imaging system
108 configured to form an optical image of at least a portion
of the tissue 104 and to detect and determine a position of the
substantially localized spot (e.g., corresponding to 106) in the
optical image. The intraoperative registration and tracking
system 100 also includes an ultrasound imaging system 110
configured to form an ultrasound image of at least a portion of
the tissue 104 and to detect and determine a position of the
substantially localized spot (e.g., corresponding to 106) in the
ultrasound image; and a registration system 112 configured to
determine a coordinate transformation that registers the opti-
cal image with the ultrasound image based at least partially on
acorrespondence of the spotin the optical image with the spot
in the ultrasound image.

[0044] The optical source 102 can be configured to provide
pulsed radiation and/or continuous wave radiation in some
embodiments. The pulsed radiation can be provided by a
pulsed laser, as is illustrated in the example of FIG. 2. In some
embodiments, the optical source 102 can include one or more
pulsed lasers. However, the general concepts of the current
invention are not limited to only the use of lasers. In some
embodiments, a pulsed laser that is selectively frequency
double can be used. This can permit the selective use of two
different illuminating wavelengths. Some embodiments can
use two or more pulsed laser, each of which could be selec-
tively frequency double. In some embodiments, the optical
source 102 can include a tunable pulsed laser to permit greater
flexibility in selecting illumination wavelengths. The pulsed
radiation can be electromagnetic radiation at any suitable
wavelength for the particular application. In many applica-
tions, pulsed radiation within the visible, infrared and/or
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ultraviolet wavelength ranges is suitable. However, the broad
concepts of the current invention are not limited to pulsed
sources only in these ranges. As long as the radiation provides
photons that can be absorbed to provide an acoustic response
with a sufficiently small focus for the application, it could be
used in some embodiments.

[0045] Theoptical source 102 can include additional LEDS
and/or lasers in some embodiments. For example one or more
continuous wave (cw) laser can be included to provide illu-
mination for the optical imaging system 108 to form images
of the tissue. The cw laser, or lasers. can be within the visible,
infrared and/or ultraviolet wavelength ranges. In some
embodiments, the optical source 102 can also have a source of
light for a leakage detection system. This can be a dual use of
one of the cw lasers for both illuminating for imaging and
light leakage detection, or a separate source. In some embodi-
ments, an infrared laser is suitable for leakage detection.
[0046] Theoptical source 102 can further include an optical
fiber 114. Although one optical fiber is illustrated in FIG. 2,
two, three or more optical fibers can be used. The optical
source 102 can include optical components to selectively
couple light from the one or more lasers into the same optical
fiber and/or to selectable optical fibers from a plurality of
optical fibers. In some embodiments, the optical fiber 114,
and any additional optical fibers, can be a multimode optical
fiber to be able to transmit different wavelengths of light
either sequentially, or concurrently. In other words, multi-
plexing different wavelengths at the same time can be pro-
vided, but is not required in all embodiments. However, the
general concepts of the current invention do not preclude the
use of single mode optical fibers in some embodiments. In the
embodiment of FIG. 2, the optical fiber 114 is attached to a
structure containing pick-up elements of a video system. This
can be, but is not limited to, an endoscope, for example.
Alternatively, the optical fiber 114 could be attached to a
surgical tool, for example. In some embodiments, there can be
a plurality of optical fibers with one or groups attached to
different objects, such as, but not limited to, a plurality of
surgical tools including an endoscope. In some embodiments,
the optical source 102 can illuminate the tissue at two or more
spots, either in sequence, or at the same time. Optical com-
ponents can be included in the optical source 102 to scan the
illumination beam according to some embodiments, such as,
but not limited to a scanning mirror arrangement.

[0047] The registration system 112 is configured to deter-
mine a coordinate transformation that registers the optical
image with the ultrasound image based at least partially on a
correspondence of the spot in the optical image with the spot
in the ultrasound image. In general, the images and coordi-
nate transformations can be of any dimensions. For example,
they can be one-dimensional, two-dimensional and/or three-
dimensional images and coordinate transformations.

[0048] Theregistration system 112, as well as some or all of
the signal processing for the optical imaging system 108 and
ultrasound imaging system, can be implemented on a work
station as is illustrated in FIG. 2. These components can be
implemented through software by programming the worksta-
tion, for example. However, in other embodiments, one or
more of these components could be implemented on dedi-
cated hardware, such as, but not limited to, ASICs and/or
FPGAs. In addition, the workstation can have one or more
CPUs and/or GPUs. Preoperative data can also be registered
with the optical and ultrasound images in some embodiments.
This can be implemented on workstation 112 through soft-
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ware, or could be implemented through dedicated hardware.
A tracking system to track surgical tools and other objects can
also be implemented on workstation 112, either through soft-
ware, or hardware. In some embodiments, the registering of
optical images, ultrasound images and/or preoperative
images and/or tracking of objects can be done in real time
during an operation.

[0049] The intraoperative registration and tracking system
100 can include one or more displays 116, 118, according to
an embodiment of the current invention. The displays 116
and/or 118 can be display screens as illustrated in FIG. 2, or
any other suitable display. For example, in embodiments in
which the intraoperative registration and tracking system 100
is integrated into a robotic system, the displays can be the
stereo console displays.

[0050] The ultrasound imaging system 110 includes an
ultrasound probe 120 to at least operate as an ultrasound
receiver to receive signals from the PA sources. In some
embodiments, the ultrasound probe 120 may operate as both
an ultrasound receiver to receive signals from the PA sources,
and as a transmitter and receiver to supplement ultrasound
images obtained by the PA sources. In general, the ultrasound
imaging system 110 can be an imaging system of any dimen-
sion. For example, it can be a one-dimensional, two-dimen-
sional and/or three-dimensional ultrasound imaging system.
In the case of a one-dimensional system, it may be viewed as
a system that provides range information along a line.
[0051] FIGS. 3-5 provide a schematic illustration of a por-
tion of an intraoperative registration and tracking system 200
according to another embodiment of the current invention. In
this embodiment, a stereo camera 202 and a plurality of
optical fibers 204 for the optical source 206 are attached to a
turret 108. The turret can be part of a robotic system, or a
stand-alone system. It can also be configured for use in open
surgery, for example. FIGS. 4 and 5 also show the ultrasound
probe 210 and the tissue 212.

[0052] The following examples will describe some more
details of some embodiments of the current invention. How-
ever, the broad concepts of the current invention are not
limited only to these particular examples.

Example 1

[0053] Although the interventional PA techniques accord-
ing to some embodiments of the current invention are can be
broadly applicable, in the current example, we use laparo-
scopic partial nephrectomies (LPN) and RF ablation of
tumors in solid organs such as the liver and kidney. For the
LPN application a typical workflow would be as follows:
Preoperative CT would be used to plan the surgical resection.
Intraoperatively, the surgeon would position the kidney so
that the tumor is close to the surface facing the surgeon and a
3DUS probe would be placed on the opposite side of the
kidney in a position where the tumor, surrounding tissue, and
organ surface is visible in the ultrasound. PA-to-video regis-
tration would be performed continuously using a system
according to an embodiment of the current invention. 3DUS-
t0-CT registration would be performed and overlay images
would be generated on ultrasound and video images, showing
the segmented tumor and resection plan. Using this informa-
tion, the surgeon may use electrocautery to mark the borders
of the resection region. Using combined US and video over-
lay guidance, the surgeon will place several small fiducial
markers within the planned resection volume, and another
CT/A0US registration will be done. The markers can be
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located and tracked with PA imaging concurrently with PA-
video registration. The tracked markers can be used to main-
tain registration to the registered preoperative information
and to generate visualization overlays to assist the surgeon in
performing the resection. We note that many variations on this
workflow are possible. For example, if preoperative CT is not
available, PA-to-video registration may still be used to gen-
erate overlay images for guidance, so long as the fiducials and
organ surface remain visible to the US probe. After resection,
PA imaging may be used to detect any markers left behind,
thus indicating possible inadequate margins. Similarly, if pre-
operative biopsy is performed, then the surgeon may choose
to leave behind markers that may be used for intraoperative
targeting and tracking. A workflow for resection of liver
tumors would be similar.

[0054] ForRF ablation of tumors, PA-to-video registration
may be used to enable image overlays to assist in placing the
ablation probe. The targeted tumors may be located either in
3DUS or through 3DUS-to-CT registration. In the latter case,
small implanted fiducials may be used to assist in real time
tracking of tumor targets. Photoacoustic imaging would be
used to permit the surgeon to accurately visualize the small
tines of the ablation probe relative to the chosen ablation
target sites.

[0055] System Overview:

[0056] In this example, the system (FIG. 2) includes 1) a
laser illumination system; 2) a 3D ultrasound (3DUS) system;
and 3) a video camera system, all interfaced to a PC/GPU
workstation. Depending on the application, either stereo or
monoscopic video may be used. For the current example, we
use both stereo and monoscopic conventional camera setups
available in our lab. Alternatively, we could also use conven-
tional laparoscopes and the stereo endoscope from the
DaVinci robot system in our mock operating room lab, for
example. However, the general concepts of the current inven-
tion are not limited to these examples. The illumination sys-
tem can direct a pattern of high-energy laser pulses along with
co-located lower energy visible continuous wave (CW) laser
light onto the surface of an organ within the field of view of
the video system. The illumination system may be mounted
with the camera, as shown in the figure, or may be placed
independently, so long as it shines spots where they are visible
from the camera. Energy absorbed from the pulsed laser spots
will generate PA signals that may be imaged by the ultrasound
system, thus creating a pattern of “virtual” surface fiducial
markers. Since the co-located CW beams are visible at all
times in the video camera, the registration between video and
ultrasound coordinate systems can be performed. Since the
ultrasound images can concurrently locate implanted fidu-
cials or other structures within the target organ, registration
and tracking of preoperative images or other data relative to
the video coordinate system may likewise be accomplished.
Similarly, surgical tools or catheters can be illuminated to
generate PA signals that may be used to locate them relative to
ultrasound images and, hence, to the video coordinate system
as well.

[0057] Phantoms:

[0058] Forthese examples, we will adapt previous work [3]
to create an artificial kidney phantom shown schematically in
FIG. 6. The phantom body can be composed of PLASTI-
SOL™ (MF Manufacturing Co., Inc., Fort Worth, Tex.) with
ultrasonic scatterer materials. Into this, we can implant gel-
based fiducial spheres simulating tumors with diameters
ranging from 5 mm to 10 mm, doped to be readily visible in
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CT, x-ray, and conventional 3DUS images. Small, brightly
colored plastic spheres can be embedded on the surface of the
phantom so as to be easily located in 3DUS and video images.
Small photoacoustic marker objects can also be embedded in
the phantom near the tumors. To compare the contrast of PA
signals in a realistic model, we can produce similar phantoms
in which ex vivo pig kidneys. The livers are substituted for the
PLASTISOL body material and suitably doped alginate is
injected to provide the implanted tumors [52]. Additionally,
we can also introduce a small tube (INTRAMEDIC™, BD,
Franklin Lakes, N.JI.) filled with animal blood, placed near to
the surface and near to the PA markers to verify different
aspect of this embodiment of the current invention. These
phantoms can be CT scanned to provide an accurate “ground
truth” for validation experiments.

[0059] For accurate, real-time registration of video to 3D
ultrasound coordinate systems, there are three principal com-
ponents, as discussed below.

[0060] Laser Illumination System:

[0061] In this example, a fiber-based light delivery system
can be used, as illustrated schematically in FIG. 2. To facili-
tate localization of the laser spots in video images, the pulsed
laser light can be combined with low power continuous wave
(CW)light from a separate source and transmitted via optical
fiber to a beam splitter using standard optics techniques. Our
current Q-switched laser source has two main wavelength
outputs: 1064 nm and the frequency doubled 532 nm output.
The 532 nm laser light is green in color and can produce a
strong photoacoustic signal since it is strongly absorbed by
the soft tissues and blood [53, 54], typical of most surgeries
[47,53]. The 1064 nm light has greater penetration depth than
the 532 nm light. This is mainly because both Hb and HbO,
have less optical absorption coefficient at 1064 nm compared
to 532 nm [47, 53, 54]. For surface laser spots, we can inves-
tigate the use of both 532 nm and 1064 nm light. With our
recent PA experiments utilizing kidney, liver [1] and fat, we
have shown that 532 nm generates PA signals at the tissue-air
interface. It is known that fat tissue has a relatively higher
optical absorption coefficient at NIR range compared to 532
nm [55]. However, intraoperative fat is often covered with a
thin layer of blood or other material that is highly responsive
at 532 nm and since fat is not always present. However, we
can also use alternate strategies. such as using 1064 nm or
successive pulses of 532 and 1064 nm if fat is present. Alter-
natively, one can also make use of tunable wavelengths and
low-cost pulsed laser diodes (PLD). Some data indicate that
one can get usable PA surface images in phantoms with 2-16
W pulses, comparable to energy from available PLDs,
according to some embodiments of the current invention.
[0062] 3DUS and Photoacoustic Imaging:

[0063] We can draw upon our extensive experience and
systems infrastructure for interventional ultrasound research
(see, e.g., our lab web sites [56, 57] and papers [ 1, 2, 4, 20,22,
48, 49, 58, 59]). For this example, we have chosen to use 3D
10US, both because it is increasingly used in interventional
applications, and because some of the registration and track-
ing problems are more straightforward. We can use an exist-
ing Ultrasonix SonixRP (Ultrasonix, Vancouver, Calif.) sys-
tem, for example, along with two mechanical 3D ultrasound
probes: 1) a linear array with rotational actuation from Ver-
mon Inc. (5-10 MHz), and 2) a linear array with precise
translational actuation from NDK In¢. (5-10 MHz). We can
also use a compact phased 3D array from NDK (5-10 MHz
with 64*32 elements) that can permit rapid volume acquisi-
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tion, for example. We have demonstrated our ability to form
3D PA images of laser spots projected onto the surface of a
liver phantom (FIG. 7) [1, 2].

[0064] Video System and Video-US Registration:

[0065] We can work with both calibrated stereo and mono-
scopic camera setups and software libraries [60-63]. The
bright spots projected onto the target surface can be located in
video images and matched to corresponding bright spots in
3DPA images, whose positions relative to the 3DUS probe
has been determined as described above. In the case of stereo
video, standard methods can be used to determine the 3D
positions of the points relative to camera coordinates, and
standard 3D-3D registration methods (e.g., [64-67]) will be
used to compute the transformation F, . between ultrasound
and camera coordinates. For monoscopic cameras, standard
2D-3D photogrammetric methods (e.g., [68-70]) can be used.
The achievable bandwidth for measuring F .~ can be limited
initially by the 10 Hz pulse rate permitted by our laser system
and by the volume acquisition rate of our mechanically
scanned 3DUS system probes, which can acquire 60 2D
images per second. However, the laser pulses can easily be
time-multiplexed to 20 and 40 Hz to provide a greater band-
width. In alternative embodiments, one can make use of elec-
tronically scanned 2D array probes to provide 20-30 volumes
per second.

[0066]

[0067] We can evaluate our method on both artificial and ex
vivo phantoms and in a small in vivo study. We can assess the
accuracy of our registration by comparing the results IOUS to
those obtained using the physical surface fiducials described
earlier. We can locate these fiducials in conventional 3DUS
images and in the same video images as for the laser spots. We
can use the video-US registration methods to compute the
US-to-camera transformations F,, ./ and F,,.%, using the
photoacoustic laser spots and conventional surface fiducials,
respectively, along with the registration difference DF ;=
F 7 'F 7. The translational and rotational compo-

Parameter Optimization:

nents D F,,.* of may be represented by vectors ¢and a ,
respectively, and (for small errors)

DFFA YD + ¢
for any
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We can systematically vary the positions of the phantom,
cameras, and ultrasound probe, compute D F,,-* for each
position, and perform statistical analysis on the correspond-
ing 6 vectors
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in order to predict target registration error (TRE) [71, 72]
statistics for points within the IOUS volume. We can also
perform a leave-one-out analysis similar to [1] to estimate
error statistics for points on the organ surface and can use
these statistics to compute a separate estimate of volumetric
TRE. We can repeat these procedures on our artificial phan-
tom, on ex vivo phantoms with kidney, liver, and fat tissue,
and on a limited in vivo study on two pigs. In these examples,
we can systematically vary speed/resolution of the 3DUS
probe; the intensity, wavelength, and aperture size of the laser
pulses; and the imaging geometry in order to determine the
optimal values and performance sensitivity of these param-
eters for system design. For the in vivo study, we can also
determine the sensitivity to breathing artifacts. We can opti-
mize parameters in the first pig and use these parameters in
the second pig to estimate a 90% confidence “non-inferiority”
bound d such that M,<My+d where m and m are the TREs
for in vivo and ex vivo results.

Real-Time Tracking of Registered Preoperative Data

[0068] Intraoperative ultrasound has significant potential
as a “bridge” between preoperative data such as surgical plans
or CT and MRI images and intraoperative navigation and
visualization systems. In this example, real-time, continuous
tracking of registered preoperative models in 3DUS and
video camera coordinates can be provided. Since the example
above can provide accurate registration of 3DUS to video
coordinates, the remaining barrier is finding a way to deter-
mine the 3DUS coordinates of targets that may not be directly
visible in subsequent 3DUS images, once they have been
determined by an initial registration step. As is often the case
with tumors, we will assume that these targets and the imme-
diately surrounding tissue are not highly deformable, so that
their deformation may be modeled adequately by a rigid,
affine, or similar low degree-of-freedom transformation.
[0069] In prior work [3, 52], we demonstrated registration
of ultrasound elastography and conventional IOUS images to
preoperative CT images and resection plans for laparoscopic
partial nephrectomies. One significant challenge for this
application is maintaining registration of pertinent parts of
the preoperative model in the presence of large anatomic
changes during resection. Since the tumor and resection mar-
gin must remain intact, our approach in [3] was to implant
small EM markers into or near the tumor and to track those to
provide real time overlay for guiding the surgeon (FIG. 8).
Although successful, this approach introduces complications
in dealing with the wires, sterilization, calibration, unavoid-
able EM interference, and the size of the EM sensors.
[0070] According to an embodiment of the current inven-
tion, we replace the EM tracker sensors with small biocom-
patible metal fiducial objects that may be located readily in
PA images (much more easily than in conventional US).
These markers would be implanted in or near the target
anatomy and localized in 3DPA images taken concurrently
with the 3DUS images used for registration. For this tracking
embodiment, we can use 1064 nm wavelength pulses, for
example, to avoid high absorption by blood and tissue scat-
tering and to achieve deep penetration into the target. We can
use the phantom model to determine the point spread function
of the PA system due to the impulse excitation, wide angle
detection, and other system parameters. We can use standard
Radon transform and back projection methods to reconstruct
PA images and to determine the most effective system for this
particular application. However, the broad concepts of the
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current invention are not limited to this example. In prior
work [43, 44] we have demonstrated accurate, high-contrast
PA imaging and localization of brachytherapy seeds in ex
vivo dog prostate using 1064 nm laser pulses [4], and other
groups have reported similar results (e.g., [5, 47, 73]). Based
on our experience [4], we can construct 1 mm markers from
the same brachytherapy material.

[0071] Once an initial registration is performed, the tracked
positions of the markers can be used to continuously update
the coordinate transformation between the preoperative
model and 3DUS coordinates. The results from above can be
used to enable graphic overlays on the video images similar to
FIG. 9. For this example, we can implement rigid and simple
affine transformations, but we note that higher order deform-
able transformations are also possible, depending on the
application and number of markers.

[0072] As atest of an embodiment of the current invention,
we canimplant US-visible “tumors” and PA fiducials in phan-
toms and obtain initial 3DUS and 3DPA images. The 3DUS
images can be segmented to produce models of the tumors
relative to 3DUS coordinates. (Alternative: we can CT scan
the phantom, segment to produce models at poses F,“” in CT
coordinates, register CT to 3DUS coordinates, and compute
M,%=F ,-;M,“7, where F,,.,- is the registration transforma-
tion). The positions

@
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of the PA fiducials near each tumor can be determined in
3DUS coordinates from the 3DPA images. We can then sys-
tematically modify the imaging arrangement by moving the
3DUS probe and/or distorting the phantom by cutting into it
or stretching it and obtain new 3DUS and 3DPA images. The
tumors can be re-segmented to produce models M,”. The
positions
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of the PA fiducials can be determined and transformation
parameters
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We can

[0073]

(M i),

then compare M, to using standard measures of 3D-3D
registration accuracy, such as TREs, average surface dis-
tances, and DICE coefficients. We can perform the same
procedure in vivo on pig kidneys and livers. In addition, we
can create at least one phantom similar to that in FIG. 8,
generate graphic overlays, and compare the overlay with the
visible tumor.
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Example 2

[0150] In this example, we present direct 3D US to video
registration and demonstrate its feasibility on ex vivo tissue.
We use a 3D US transducer instead of a 2D US transducer to
detect the PA signal. Using a 3D transducer allows this reg-
istration method to function for a non-planar set of 3D points.
This can be a significant advantage for a laparoscopic envi-
ronment. Also, organ surfaces will rarely form a planar sur-
face. In addition to using a synthetic phantom with excellent
light absorption characteristics, we also use a piece of
resected ex vivo porcine liver tissue embedded in a gelatin
phanton to demonstrate this method in a practical environ-
ment for applications to laparoscopic tumor resections, for
example.

[0151] This example will detail the experimental procedure
and algorithms to validate this method on a synthetic phantom
and an ex vivo liver phantom using a 3D US transducer. We
will present target registration error (TRE) results.

Methods

[0152] To perform our experiment, we use a Q-switched
neodymium-doped yttrium aluminum garmet (Nd:YAG),
Brilliant (Quantel Laser, France) laser frequency doubled to
532 nm wavelength at approximately 6 mJ/cm? to generate a
PA effect on the synthetic phantom and approximately 19
ml/cm® on the ex vivo tissue phantom. At this wavelength,
most of the laser energy is absorbed at the superficial surface
of the tissue. However, there is slight penetration into the
tissue, creating a source of error that will be discussed. Our
stated energy is lower than the maximum permissible expo-
sure of 19.5 mJ/cm? as calculated from the IEC 60825-1 laser
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safety standard [14] based on a 0.25 s exposure time, a 4 ns
pulse width, and a frequency of 10 Hz. Alternate tests showed
that a lower energy was also able to generate a PA effect on ex
vivo tissue. We use a SonixCEP US system along with a
4D1.14-5/38 US transducer developed by Ultrasonix Medical
Corporation (Richmond, Canada) to scan the volume of inter-
est. The motor actuation of this transducer induces angular
movement around an internal pivot point. The Sonix DAQ
device, developed in collaboration between the University of
Hong Kong and Ultrasonix, and the MUSIiC toolkit [15] is
used to acquire pre-beamformed radiofrequency (RF) data
directly from the US machine. We use the k-wave toolbox[16]
in MATLAB (Mathworks Inc. Natick, Mass.) designed for
reconstructing PA images based on RF data. A custom-built
SC system containing two CMLN-13S2C cameras (Point
Grey Research, Richmond, Canada) isused to capture images
to be used for 3D triangulation. The synthetic phantom is
made using plastisol and black dye. The ex vivo liver phantom
is made using a gelatin solution and a freshly resected porcine
liver. The surface of the liver is partially exposed and not
covered by gelatin. Alternate tests with other surfaces such as
porcine kidney tissue and fat were also successful in gener-
ating a PA signal.

[0153] Our experiment can be split into a data collection
phase and a data processing phase. The data collection phase
outputs SC image pairs, five frames for each camera, and a 3D
RF US volume for each projected laser spot. The number of
frames is arbitrary. The data processing phase uses the data
and generates a coordinate transformation from the SC frame
to the US frame. FIG. 10A shows the experimental setup and
an overlay of a US image representation using the inverse of
the transformation.

[0154] FIG. 11A shows the workflow of the data collection
phase. First a laser spot is projected onto the exposed surface
of the ex vivo liver phantom. There will be inaccuracies in SC
spot triangulation if the laser spot is projected at or near the
liver gelatin interface because the laser spots become irregu-
larly shaped when projected onto clear materials. Second,
several images are taken for each camera. The laser spot
projected onto the phantom must be visible in at least one
image per camera for triangulation to be possible. Our cam-
eras have a faster capture rate than our laser’s repetition rate,
so some of the frames will be devoid of the laser signal. We
will exploit this during data processing. Steps 3 and 4 show
that the 3D US transducer motor actuation and RF data are
intermittently collected from the DAQ device to scan and
acquire the RF data of the volume of interest. The volume’s
field of view is 14.7° for the ex vivo tissue phantom, 19.6° for
the synthetic phantom and the motor step size is 0.49°. This
iterative process is manual, but an automatic process is in
development. This workflow is repeated for each of the thirty
laser spots.

[0155] The data processing phase involves the segmenta-
tion of the SC images into 3D SC points, the segmentation of
the 3D RF US volume data into 3D US points, and the com-
putation of the transformation from the SC frame to the US
frame.

[0156] FIG. 11B shows the workflow for SC segmentation.
For each camera, we pick a SC image with the laser spot and
without the laser spot. Next, the background images without
the laser spot are subtracted from the images with the laser
spot. This step makes it significantly easier to segment the
laser spot. We then apply an appropriate intensity and pixel
size thresholds such that the laser spot is segmented out.
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These thresholds are selected based on the laser beam diam-
eter and the phantom’s reflectance. Next, we fit an ellipse to
the segmented region and compute the intensity weighted
centroid. Calibration files for our specific SC allow us to
triangulate the segmented point from each camera and obtain
a single 3D point in the SC frame. This workflow is repeated
for each laser spot projection. We use thirty sets of SC images.
[0157] The workflow for the segmentation ofthe 3D RF US
volume is shown in FIG. 11C. First, for each slice ofa 3D RF
US volume, the RF data is beamformed using the k-wave
toolbox[16] in MATLAB. The dynamic range of the image is
normalized with respect to the volume to decrease the size of
the PA signal seen in each volume. FIG. 10B shows the
k-wave beamformed PA signal image. Next, we project the
volume onto the lateral-elevational plane by taking the mean
along each axial ray. An appropriate intensity and pixel size
threshold is then applied to this image. An ellipse is fitted on
the segmented region and an intensity-weighted centroid is
computed resulting in lateral and elevational coordinates. As
described earlier, the PA signal originates from the surface
and any penetration into the surface. Since air cannot generate
a PA signal in our setup, we can exploit that the high intensity
pixels farthest away in the axial direction are from the surface.
Thus, we obtain the axial coordinate corresponding with a
lateral-elevational coordinate as the axial-most high intensity
pixel. This step is particularly important because the penetra-
tion of the laser pulse is much deeper for the ex vivo tissue
phantom than the penetration for the synthetic phantom. We
use bilinear interpolation to obtain axial coordinates between
sampled points. These three coordinates are converted to 3D
US coordinates based on transducer specifications. This
workflow is repeated for each of our thirty 3D RF US vol-
umes.

[0158] The transformation from the SC frame to the US
frame can be computed with the 3D SC and 3D US point sets.
Any registration method for computing the transformation
between two 3D point sets can be used. We use the coherent
point drift algorithm [17] in our experiment. One of the main
reasons for using coherent point drift is that it allows for data
points to be missing from either dataset. An assumption that
we have made is that each laser spot will be visible in the SC
images and each PA signal will be visible in the US volume.
This assumption is valid for our experiment, but may not hold
in the surgical setting due to SC or transducer movement. The
coherent point drift registration algorithm allows us to
acquire a registration as long as there are enough correspond-
ing points in the SC images and the US volume.

[0159] The transformation from the SC frame to the US
frame is used to transform the 3D SC points to the US frame
for validation. The inverse transformation is used to display a
representation of an US image into the SC frame as shown in
FIG. 10A.

Results

[0160] Theresults of our experiment on the synthetic phan-
tom and on the ex vivo tissue phantom are validated using the
target registration error (TRE) metric defined in equation 1.
Fec us 1s the transformation from the SC frame to the US
frame and is computed with all of SC and US points except for
one. The TRE is the resulting difference between the actual
US test point and the transformed SC test point in the US
frame.

TRE * EE test” ng test (1)

=Fsc_uvs
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[0161] Twenty-nine of the thirty points are used to compute
the transformation from the SC frame to the US frame. The
remaining point is used as a test point to compute the TRE.
This computation is repeated with each of the thirty points as
test points. Table 1 shows the average and standard deviation
of the TRE results for the thirty cases in the synthetic phantom
and the ex vivo tissue phantom experiment respectively.

TABLE 1

Average TRE Results for Leave One Out Registration Experiments

Ex vivo Tissue

n=30 Synthetic Phantom Phantom

Lateral (mm) 0.21+£0.17 0.22 £0.16
Axial (mm) 0.21+0.13 0.24 £0.15
Elevational (mm) 0.41 +£0.31 0.18 £ 0.10
Euclidean Norm (mm) 0.56 +0.28 0.42 £0.15

Discussion

[0162] There are several considerations when discussing
this system’s deployment in applications of laparoscopic
tumor resections. The first is the placement of the transducer.
In our experiments, we use a relatively large 3D US trans-
ducer that would be near impossible to put inside the body
during a laparoscopic procedure. However, the transducer is
often placed externally [3], [8] in these procedures, so the size
of the probe is not an issue. Naturally, there are disadvantages
of placing the transducer externally and farther from the
region or organ of interest. The quality of ultrasound images
degrades as the depth increases, which would likely lead to
errors in localizing fiducials or, in our case, the PA signal.
However, since the PA signal only has to travel in one direc-
tion, as opposed to traditional US, our PA images will have
better quality than US images of equivalent depth.

[0163] Another issue with our 3D US transducer is the
acquisition speed. There are certain applications where an
acquisition speed of a volume per several seconds is suffi-
cient, but a real-time implementation would require a higher
acquisition rate. In some embodiments, 2D array US trans-
ducers for a real-time implementation can be used. These
transducers can provide an acquisition rate on the order of
twenty volumes per second. The 2D array transducer can also
be miniaturized and placed closer to the region of interest.
[0164] A third issue deals with the laser delivery system. As
shown in our experimental setup, a laser would have to be
fired at the organ in free space. This occurrence is unlikely in
practical situations. A fiber delivery tool can be used that will
allow us to safely guide the laser beam into the patient’s body.
This tool can also be able to project concurrent laser spots,
greatly enhancing our registration acquisition rate.

[0165] Atthelevel oferror measurements shown in Table 1,
itis likely that the calibration of the SC system is a significant
contributor. They are able to locate point sources at sub-
millimeteraccuracy [6], [ 7]. This error is usually negligible in
comparison with the 3 mm errors from calibration. Since our
results are 0.56 mm and 0.42 mm errors respectively, the SC
system’s error becomes significant. We use a custom SC
system, so its errors are likely greater than a finely tuned
commercial SC system.

[0166] The experimental results in Table 1 show that our
system achieves sub-millimeter TRE measurements for both
the synthetic phantom and the ex vivo tissue phantom. There
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is a slight difference in the results, and it is entirely due to the
elevational error. This is likely due to the larger field of view
in the synthetic phantom experiment as well as normal varia-
tion across experiments.

[0167] There are a couple of factors that affect these errors
as we move from a bench-top setup to in vivo. When our SC
system is replaced with a stereo endoscopic camera, the errors
may increase. This is because our SC system has a larger
disparity than standard stereo endoscopic cameras. Also, the
errors are reported based on surface points. Since the region
of interest is often subsurface, our reported TRE will be
biased for subsurface target errors. We believe that the bias
will be fairly small since the PA spots are being detected in the
same modality as any subsurface regions.
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Exaniple 3

[0185] In this example we refine and evaluate the registra-
tion required to bring the preoperative prostate MRI model
into the da Vinci visualization system. To achieve this goal we
perform the following three tasks to be executed in the fol-
lowing order:

[0186] Task I:

[0187] 3DUS B-mode and PA-mode reconstruction
[0188] Rationale:

[0189] Volumetric intraoperative ultrasound is used to fuse

the pre-operative MRI model to the surgical scene. In general,
3DUS data can be acquired using two different approaches.
One approach is to utilize a 2D ultrasound array to directly
provide 3DUS B-mode data. Unfortunately, these 2D arrays
are not widely available and to the best of our knowledge,
there is no 2D TRUS array. Alternatively, there are a number
of mechanical probes that provide 3DUS data by wobbling a
1D array, but these are relatively slow and need customization
to synchronize with a PA imaging system. The second
approach is to track a conventional 1D TRUS probe using
mechanical, optical or electromagnetic tracking devices. In
our previous work, we integrated an EM tracker into a lap-
aroscopic and robotic environment to guide partial nephrec-
tomy procedures [Stolka-2009, -2010] and faced the follow-
ing challenges: 1) the need for calibration between the US
image reference frame and the tracking sensor reference
frame; 2) interference with EM trackers (or line-of-sight
issues with optical trackers), especially in the robotic envi-
ronment; 3) the intrusiveness and bulkiness of these trackers
as we need to integrate a base station (field generator for EM
or cameras for optical); and 4) an overall navigation accuracy
of 3-5 mm, which is not sufficient to navigate critical struc-
tures in prostatectomy procedures.

[0190] Our approach is to utilize a readily available dual-
array TRUS probe [Ultrasonix BPC8-4/10 or BCPL9-5/55].
These arrays provide two orthogonal views in real-time: a
linear array provides a longitudinal section and convex array
provides a transverse section, as shown in FIG. 12. We recon-
struct a 3DUS volume by rotating the probe around its main
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axis and incrementally collecting images from the linear (lon-
gitudinal) array. In this motion scenario, the convex (trans-
verse) array images will exhibit in-plane motion (3 degrees of
freedom) that tracks rotational sweep. It is important to note
that both arrays can be utilized for recovering tracking infor-
mation. If a small translational motion is introduced while
rotating the probe about its axis, the convex array will not
detect out-of-plane motion. However, the linear array image
sequence will easily detect it.

[0191] Methodology:

[0192] Forany given image from the convex array, the first
step is to find a few “leading points” or feature points inside
the image. Given two images, a cost function is defined for
specific in-plane degrees of freedom (lateral translation, axial
translation, and elevational rotation). These are all global
motion parameters defined as a scalar for the whole image. To
compute the cost function, a simple block matching using
NCC can be performed. The key is that the block matching
only happens for the selected leading point and not for the
whole image, which makes it fast and robust. The incoming
images are matched with a reference image that does not
change until the rotation/translation in the image reaches a
certain threshold. At this point, the reference is switched to a
new image. If the tracking is lost, the algorithm goes to a
recovery mode which down-samples the images and searches
the whole image to match the images. Because of down-
sampling it is not accurate, but accuracy is restored when the
algorithm switches back to normal tracking mode. The JHU
group has recently demonstrated a similar method to stitch
US images to compose a panoramic view for an entire fore-
arm. In this application, we do not expect this extreme
motion.

[0193] With freehand acquisition, the probe motion will be
more than one rotational degree-of-freedom. The proposed
image-based approach can still handle this complex motion
by extending our tracking algorithm to utilize both orthogo-
nal arrays’ imaging data. Our team has extensive experience
in dealing with probe tracking using a single probe/array and
relying on fully-developed speckle features. We do not expect
to face this problem here because the frechand acquisition
will be guided by a stage similar to the one shown in F1G. 12.
Alternatively, we can easily track 6 DoF motion by utilizing
the PA-based tracking approach described in Task 2.

[0194] Task 2:

[0195] Multi-modality fusion utilizing photoacoustic
imaging data

[0196] Rationale:

[0197] Transrectal ultrasound (TRUS) has emerged as the

intra-operative imaging modality of choice for radical pros-
tatectomy. Studies have demonstrated that it can help identify
prostate margins. An AR navigation system that directly fuses
stereo video with tracked 3D TRUS volume has been pro-
posed for prostatectomy. By directly utilizing the intra-opera-
tive imaging modality, the system avoids the complication of
deformable registration. But, due to its relatively low resolu-
tion and signal-to-noise ratio, TRUS is not ideal for detecting
critical detailed surrounding anatomies such as the neurovas-
cular bundles. On the other hand, MR scans provide clear
delineation of intraprostatic and surrounding anatomies, but
become deregistered immediately after the patient is removed
from the MR scan table. By extracting detailed MR models
and aligning them with intra-operative TRUS that is tracked
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within the da Vinci system, we can overlay the models on top
of the live stereo video and provide surgeons with an X-ray
vision of critical anatomies.

[0198] Methodology:

[0199] Before we describe our registration approach, we
will detail our intraoperative data acquisition. Task 1
describes the ability to acquire 3DUS data using an available
bi-plane TRUS probe. These data include conventional
B-mode imaging, which is essential to reveal prostate
anatomy and boundary, and PA-mode imaging, which can
reveal small vascular structures that cannot be recovered
using conventional Doppler imaging. Both prostate anatomy
and vascular structures are essential to perform reliable
deformable registration with pre-operative MR1. PA imaging
is developed based on the photoacoustic effect, originally
described by Alexander Graham Bell who showed that thin
discs produced sound when exposed to an interrupted beam of
sunlight. In PA imaging an object is usually irradiated by a
short-pulsed, non-ionizing laser beam. Some of the delivered
energy is absorbed, according to optical absorption propetties
of biological tissue, and converted into heat, leading to tran-
sient thermoelastic expansion and thus wideband ultrasonic
emission. The generated ultrasonic waves are detected by
ultrasonic transducers to form images. It is known that optical
absorption is closely associated with physiological proper-
ties, such as hemoglobin concentration and oxygen satura-
tion. As a result, the magnitude of the ultrasonic emission (i.e.
photoacoustic signal), which is proportional to the local
energy deposition, reveals physiologically specific optical
absorption contrast.

[0200] We have demonstrated the use of the photoacoustic
(PA) effect to register 3D ultrasound images to 3D video
images (see FIG. 13). Dr. Boctor has also conducted experi-
ments to detect Brachytherapy seeds based on PA imaging.
This has demonstrated accurate, high-contrast PA imaging
and localization of brachytherapy seeds in ex-vivo dog pros-
tate using 1064 nm laser pulses (see FIG. 14). The system
(FIG. 15) includes: 1) a laser illumination system; 2) a dual-
array TRUS probe; and 3) a da Vinei endoscope. The illumi-
nation system will direct a “Z” or “N” pattern of laser pulses
onto the surface of prostate organ within the field of view of
the endoscope. It may be mounted with the camera or may be
held by one of the da Vinci instruments, so long as it shines
these patterns where they are visible from the endoscope. The
pattern can be produced through the following design alter-
natives: a) multiple optical fibers to shape the pattern; b) a
relatively large fiber (1-2 mm in diameter) with a lens and
aperture to produce the pattern; and 3) a single small fiber
(200 um diameter) that can be actuated by small motors to
produce the pattern. Energy absorbed from the pulsed laser
spots will generate PA signals that may be imaged by the
ultrasound system, thus creating a pattern of “virtual” surface
“Z” fiducial marker. Because the selected wavelength (532
nm) of these laser patterns is visible at all times in the endo-
scope, the registration between video and ultrasound coordi-
nate systems is a straightforward process [Cheng-2012].
Since the ultrasound images can concurrently locate prostate
anatomy, registration and tracking of preoperative MRI
images relative to the video coordinate system may likewise
be accomplished. The laser illumination system can target a
relatively larger field-of-view with wavelengths (700-800
nm) to generate PA images of the neuro-vascular bundle
which will be utilized, with the B-mode information, to per-
form multimodality registration.
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[0201] Our current Q-switched laser has two main wave-
length outputs (1064 nm and the frequency doubled 532 nm
output) and tunable output from the OPO unit (690-950 nm).
The 532 nm laser light is green in color and can produce a
strong photoacoustic signal since it is strongly absorbed by
the soft tissues and blood, typical of most surgeries. 1064 nm
light has greater penetration depth than the 532 nm light. This
is mainly because both Hb and HbO2 have less optical
absorption coefficient at 1064 nm compared to 532 nm. In
fact, Hb compared to HbO2 has a relatively higher optical
absorption coefficient in the range of 650 nm-750 nm. For
surface laser spots and for tracking tasks we will use 532 nm.
With our recent PA experiments utilizing kidney, liver
[Cheng-2012] and fat, we have shown that 532 nm generates
PA signals at the tissue-air interface. For PA vascular imaging
and for initial multi-modality fusion of US/PA with preop-
erative MRI, we will investigate the use of the following
wavelength 532 nm and the range of 690-750 nm. We will
also explore and investigate the use of low-cost pulsed laser
diodes (PLD). Some results indicate that we can get usable PA
surface images in phantoms with 2-16 uJ pulses, comparable
to energy from available PLDs.

[0202] Other embodiments are not limited to the examples
and embodiments described above. For example, in another
embodiment of this invention, a single “one dimensional”
ultrasound sensor may be deployed on the end of a catheter or
probe inserted into an organ and used to determine the dis-
tances to multiple spots on the surface of the organ. This
information may be used to determine the 3D position of the
sensor relative to the spots and hence to the optical imaging
system.

[0203] Inanother embodiment, optical illumination and the
generated pattern can be two separate events. As described
above, photoacoustic tracking according to some embodi-
ments of the current invention is to generate several fiducial
landmarks (spots or patterns) that can be observed by the
camera (single, stereo, or more than two) and also can be
detected by the ultrasound sensing system. Hence, a spatial
relationship between the ultrasound sensor and the camera
system canbe calculated from matching these features in both
spaces. These features or patterns can be generated by the
same illumination system. For example, one can use multiple
fibers to generate a random pattern of several non-collinear
spots as shown in [Cheng-2012] and FIG. 2, for example. This
pattern can also be of “Z” or “N” shape, where the ultrasound
image can intersect in few points—typically three across this
“Z” shape. In addition, the pattern can be generated physi-
cally. This means that the surgeon can paint a pattern right on
top of the surgical site or suture a random “small” material to
the surface to be cut. In this case, the illumination system can
be simplified to generate enough flux to cover the area of
interest. The physical paint or sutured fiducial marks can be
made of materials that are sensitive to specific wavelength
and also can provide better transduction coefficient (i.e. con-
version ratio from light to sound energy). These materials can
be made of black paint; or made of Polydimethylsiloxane
(PDMS) mixed with Carbon black that has a coefficient of
310%107%/K, more than ten times higher than common met-
als.

[0204] 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
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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 othet-
wise than as specifically described.

1. An intraoperative registration and tracking system, com-
prising:

an optical source configured to illuminate tissue intraop-

eratively with electromagnetic radiation at a substan-
tially localized spot so as to provide a photoacoustic
source at said substantially localize spot;

an optical imaging system configured to form an optical

image of at least a portion of said tissue and to detect and
determine a position of said substantially localized spot
in said optical image;
an ultrasound imaging system configured to form an ultra-
sound image of at least a portion of said tissue and to
detect and determine a position of said substantially
localized spot in said ultrasound image; and

aregistration system configured to determine a coordinate
transformation that registers said optical image with said
ultrasound image based at least partially on a correspon-
dence of said spot in said optical image with said spot in
said ultrasound image.

2. An intraoperative registration and tracking system
according to claim 1, wherein said optical source is config-
ured to illuminate said tissue intraoperatively with electro-
magnetic radiation at a plurality of substantially localized
spots so as to provide a plurality of photoacoustic sources
corresponding to said plurality of substantially localize spots,

wherein said optical imaging system is further configured

to detect and determine a position of each of said plu-
rality of substantially localized spots in said optical
image,

wherein said ultrasound imaging system is further config-

ured to detect and determine a position of each of said
plurality of substantially localized spots in said ultra-
sound image, and

wherein said registration system is further configured to
determine said coordinate transformation that registers
said optical image with said ultrasound image based at
least partially on a correspondence of at least some of
said plurality of spots in said optical image with corre-
sponding spots in said ultrasound image.

3. An intraoperative registration and tracking system
according to claim 2, wherein said registration system is
configured to perform a coherent point drift algorithm for
determining said coordinate transformation that registers said
optical image with said ultrasound image.

4. An intraoperative registration and tracking system
according to claim 2, wherein said optical source comprises a
plurality of optical waveguides to selectively provide said
plurality of substantially localized spots.

5. An intraoperative registration and tracking system
according to claim 2, wherein said optical source comprises
steerable optical components to selectively provide said plu-
rality of substantially localized spots.

6. An intraoperative registration and tracking system
according to claim 1, wherein said optical imaging system
comprises a stereo video camera.
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7. An intraoperative registration and tracking system
according to claim 1, wherein said optical source comprises a
pulsed laser.

8. An intraoperative registration and tracking system
according to claim 7, wherein said pulsed laser is configured
to selectively emitat a primary wavelength and at a frequency
doubled wavelength.

9. An intraoperative registration and tracking system
according to claim 7, wherein said optical source comprises
an optical fiber rigidly attached relative to said optical imag-
ing system, and

wherein at least a portion of said optical imaging system

and said optical fiber are configured to be inserted at
least one of interstitially or laparoscopically.

10. An intraoperative registration and tracking system
according to claim 9, wherein said optical source further
comprises at least a second optical fiber rigidly attached rela-
tiveto a surgical tool to be at least one of registered or tracked
by said intraoperative registration and tracking system.

11. An intraoperative registration and tracking system
according to claim 1, further comprising a turret upon which
at least a portion of said optical source and said optical imag-
ing system are attached,

wherein at least one of a position and orientation of at least

a portion of said turret can be adjusted during a surgical
procedure.

12. An intraoperative registration and tracking system
according to claim 1, wherein said ultrasound imaging system
comprises an ultrasound transducer that is configured to
receive ultrasound signals from said photoacoustic source,
and

wherein said ultrasound imaging system is configured to

form said ultrasound image based on said ultrasound
signals from said photoacoustic source.

13. An intraoperative registration and tracking system
according to claim 1, wherein said ultrasound imaging system
comprises an ultrasound transducer that is configured to
receive ultrasound signals from said photoacoustic source
and to transmit ultrasound signals, and

wherein said ultrasound imaging system is configured to

form said ultrasound image based on at least one of said
ultrasound signals from said photoacoustic source and
ultrasound signals that return to said ultrasound trans-
ducer after being emitted from said ultrasound trans-
ducer.

14. An intraoperative registration and tracking system
according to claim 1, further comprising a tracking system
configured to identify an object in a plurality of registered
optical and ultrasound images at a corresponding plurality of
times to thereby track positions of said object at each of said
plurality of times.

15. An intraoperative registration and tracking system
according to claim 1, wherein said optical source is further
configured to provide continuous illumination to illuminate at
least a portion of said tissue intraoperatively with light to be
detected by said optical imaging system.

16. An intraoperative registration and tracking system
according to claim 15, wherein said optical source comprises
a continuous wave laser.

17. An intraoperative registration and tracking system
according to claim 1, wherein said registration system is
further configured to register preoperative images with said
optical and ultrasound images based on fiducial markers in
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said tissue that are locatable in at least one of said optical
image and said ultrasound image.

18. An intraoperative registration and tracking system
according to claim 15, wherein said registration system is
further configured to register preoperative images with said
optical and ultrasound images based on fiducial markers in
said tissue that are locatable in at least one of said optical
image and said ultrasound image.

19. An intraoperative registration and tracking system
according to claim 1, wherein said optical source is further
configured to provide a safety beam of light.

20. An intraoperative registration and tracking system
according to claim 19, further comprising a light leakage
detector arranged to detect levels of said safety light outside
of selected illumination zones.

21. An intraoperative registration and tracking system
according to claim 20, wherein said safety beam of light is
infrared light.
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22. An intraoperative registration and tracking system
according to claim 20, wherein said safety beam of light is
modulated to provide a detection signature.

23. An intraoperative registration and tracking system
according to claim 20, wherein said optical source is further
configured to disable illumination of said tissue intraopera-
tively with said electromagnetic radiation at said substantially
localized spot responsive to signals from said light leakage
detector.

24. An intraoperative registration and tracking system
according to claim 1, wherein said optical imaging system
comprises a stereo video camera.

25. An intraoperative registration and tracking system
according to claim 1, wherein said optical source comprises a
pulsed laser.
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