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(7) ABSTRACT

An intra-operative ultrasound probe for use with a robotic and
laparoscopic surgical systems that allows for direct surgeon
control over the position and orientation of the ultrasound
image is presented. The transducer is designed to interface
with the laparoscopic grasper so that it is easy to pick up ina
locking, self-aligning and repeatable manner. The transducer
is tracked in space using either forward kinematics or elec-
tromagnetic sensing, allowing multiple 2D images to be com-
bined in order to create 3D ultrasound volumes. The 3D
volumes can be further processed and displayed on the sur-
geon’s console, or used to register and display acquired pre-
operative images at the correct spatial location within the
patient.
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ULTRASOUND PROBE FOR LAPAROSCOPY

FIELD OF THE INVENTION

[0001] The present invention relates to the integration of
ultrasound into a surgical robotic system, and is useful during
minimally invasive procedures.

BACKGROUND OF THE INVENTION

[0002] Minimally invasive surgery (“MIS”) minimizes the
overall trauma of a surgery by performing the procedure
through small incisions in the abdominal wall. In comparison
to traditional open surgical techniques, MIS offers the patient
minimal tissue damage, reduced recovering time and quicker
return to normal activities.

[0003] One type of MIS is laparoscopy, in which the sur-
geon performs the operation through small incisions into the
abdominal, thoracic or pelvic cavities. Long instruments and
a camera are inserted through these incisions and grant the
surgeon access to the patient’s internal organs with much
reduced trauma to the body. An absorbable gas, such as car-
bon dioxide is used to distend the patient’s cavity and provide
a larger working space. Many types of surgical procedures
can be performed with this method, including nephrectomy,
prostatectomy and hysterectomy.

[0004] The introduction of robotic laparoscopic techniques
has allowed surgeons greater dexterity by increasing the num-
ber of degrees of freedom available inside the body. Some
robotic systems also include a stereo camera system, meaning
the surgeon can see his/her tools and the anatomy in three
dimensions, thus regaining depth perception. During robotic
surgery, though, the operating surgeon is further separated
from the patient and must rely on assistants to interact with
the patient. Assistants perform such tasks as passing in suture,
controlling suction or controlling an external laparoscopic
ultrasound transducer.

[0005] Ultrasound is currently used during liver resection
to localize and stage the lesions as well as determine the
extent of the resection required. Similarly, ultrasound is used
during partial nephrectomy to determine the resection mar-
gins and identify proper blood flow through the kidney after
the tumour is removed. There have also been reports of theuse
of ultrasound for prostate surgery.

[0006] Ultrasound is a user dependent imaging modality,
meaning that more experienced ultrasonographers are often
able to create better, more informative images than those
created by a less experienced user, because the positioning of
the transducer imaging region is crucial to the understanding
of the underlying anatomy. In addition, hand-eye coordina-
tion allows the person holding the ultrasound transducer to
better correlate the image shown on the machine with its
location in relation to the patient and other anatomy. Unfor-
tunately, during laparoscopic surgical procedures and in par-
ticular during robotic laparoscopic procedures, the ultra-
sound transducer is often controlled by an assistant. This
causes additional confusion as the ultrasound operator must
position the ultrasound transducer to image tissue that is
manipulated (retracted, cauterized, cut, sutured etc.) by the
surgeon, and must follow the surgeon’s verbal instructions or
anticipate the surgeon’s needs. This is clearly difficult and
limits the use of intra-operative ultrasound.

[0007] With more advanced laparoscopic ultrasound tech-
niques, ultrasound could be used more extensively in more
procedures, increasing the amount of information available to
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the surgeon. This additional information could increase the
surgeon’s efficacy and efficiency as well as the patient’s
safety.

BRIEF SUMMARY OF THE INVENTION

[0008] This patent application describes an intra-operative
ultrasound transducer for use during robotic and laparoscopic
procedures.

[0009] The invention consists of the ultrasound transducer
with an approximately cylindrical body containing the ultra-
sound transducer array and a mechanical interface located on
its proximal end. The interface is designed to create a repeat-
able, lockable and self-aligning relationship with a robotic or
laparoscopic grasping instrument. In some embodiments of
the invention, the grasping interface is detachable.

[0010] Inthis embodiment of the mechanical interface, the
grasper is oriented such that its jaws close over the probe, on
the proximal side of the probe, nearest to the cable connec-
tion. The jaws of the grasper interact with mechanical stops
on the grasping interlace, which, once engaged, prevent the
grasper from dropping the probe.

[0011] In various embodiments of the probe, it can be
tracked in physical space using robotic forward kinematics,
electromagnetic sensors contained within the probe housing,
or optical markers visible to a camera on the external surface
of the probe housing.

[0012] In various embodiments of the invention, the col-
lected three dimensional ultrasound data can be displayed to
the surgeon in to the correct position and orientation with
respect to the probe housing, either as a two dimensional
image, panorama image or a volume. The data can be recon-
structed into a volume that can be displayed to the surgeon
using standard rendering techniques. Displays could include
B-mode, Doppler, or segmented features.

[0013] The information displayed to the surgeon may con-
tain register pre-operative images and volumes, such as com-
puted tomography scans or magnetic resonance scans.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Inthe accompanying drawings, which illustrate one
or more exemplary embodiments:

[0015] FIG. 1illustrates the main sections of the probe in a
side view
[0016] FIG. 2illustrates several detailed views of the grasp-

ing interface. FIG. 2A is a side view of the grasping interface
with a grasping angle of 90 degrees. FIG. 2B is a side view of
the grasping interface with a grasping interface of greater than
90 degrees but less than 160 degrees. FIG. 2C is a cross-
sectional view of the interface with the grasper engaged.
[0017] FIG. 3A is an axial cross-sectional view of the inter-
face with the grasper in the unlocked position. FIG. 3B is an
isometric view of the interface with grasper engaged in the
‘locked’ position.

[0018] FIG. 4A illustrates the exterior probe housing in
detail. FIG. 4B is a longitudinal cross-section showing one
embodiment of possible embedded electromagnetic tracking
Sensor.

[0019] FIG. 5illustrates one type of tool that can be used to
grasp the probe.

[0020] FIG. 6 illustrates the optional attachment to the
probe housing.
[0021] FIG. 7 is a general operating set-up, including

robotic system, patient and ultrasound probe.
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[0022] FIG. 8 illustrates one possible visualization of the
ultrasound image and 3D reconstructed volume.

DETAILED DESCRIPTION OF THE
EMBODIMENTS OF THE INVENTION

[0023] Detailed descriptions of embodiment of the inven-
tion are provided herein. It is to be understood, however, that
the present invention may be embodied in various forms.
Therefore, the specific details disclosed herein are not to be
interpreted as limiting, but rather as a representative basis for
teaching one skilled in the art how to employ the present
invention in virtually any detailed system, structure, or man-
ner. Prior disclosure of descriptions of the embodiment of the
invention was made in the publication Caitlin Schneider,
Julian Guerrero, Christopher Y. Nguan, Robert Rohling, Sep-
timiu E. Salcudean: Intra-operative “Pick-Up” Ultrasound for
Robot Assisted Surgery with Vessel Extraction and Registra-
tion: A Feasibility Study”, was made in the 2"/ International
Conference on Information Processing in Computed Assisted
Interventions”, page 122-132, Jun. 22, 2011, the entirety of
which is hereby incorporated by reference.

[0024] FIG.1 shows a side view of an intra-operative ultra-
sound probe 100. There are three main sections of the ultra-
sound probe 100 including as shown an probe housing 101, a
grasping interface 102, and a cable 103. For simplicity, a
ultrasound linear transducer is shown, but it is possible to
apply this idea to curvilinear or phased array transducers. The
elongated shape of the probe housing 101, is selected for it to
be easily inserted through a small incision into the body, and
the cylindrical shape shown is only for illustration purposes
and illustrative of a preferred embodiment. Any other shape
that has a small cross-section can be used for the probe hous-
ing 101, The grasping interface 102 is preferably placed at the
proximal end of the probe housing, where proximal refers to
the direction closer to the cable 103, and distal refers to the
direction away from the cable 103.

[0025] The cable 103 conveys the electrical signals to and
from the ultrasound probe 100. In the embodiment shown, the
longitudinal axis 110 of the ultrasound probe is parallel to the
ultrasound probe transducer array 105 that is imaging a region
of interest 104 and is parallel to the direction of the cable 103
as it connects to the probe housing 101 through the grasping
interface 102.

[0026] The placement of the grasping interface 102 at the
proximal end of the probe housing 101 reduces the torque
needed to overcome the weight and pull of the cable 103 while
moving the ultrasound probe 100.

[0027] In one embodiment of the invention, the grasping
interface 102 is 140 meant to be used with a grasping instru-
ment such as the one shown in F1G. 5. The grasping interface
102 allows for the ultrasound probe 100 to be grasped by a
robotic or laparoscopic grasping tool 500, where a grasping
tool 500 is defined as having a first and second grasping jaws
503, 504 in an opposed facing relationship, with a variable
grasping angle 550 between the grasping jaws 503, 504. The
grasper shown schematically in FIG. 5 is similar to Intuitive
Surgical’s Pro-Grasp™ surgical instrument. It is desirable,
although not required, for the grasping interface 102 to have
no aspects that protrude past the outer diameter of the probe
housing. This provides the most safety for the patient, as the
ultrasound probe will not be able to catch on tissue while in
use in the body.

[0028] The grasping interface 102 has two important func-
tions which are enabled by this invention. The first function is
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to enable easy pick-up and release of the ultrasound probe 100
by a grasping instrument such as the instrument 500. The
second function is to provide a single self-aligning configu-
ration of the ultrasound probe 100 and therefore transducer
image 104 with respect to the grasping instrument 500 as the
grasping instrument 500 doses, so that the position and ori-
entation between the grasper 500 and the grasper interface
102 is pre-defined to one and only one configuration once the
grasping interface 102 is grasped by the grasper 500. Because
the ultrasound array 105 is in a fixed spatial location (by
location of one object with respect to the other we mean both
position and orientation) relative to the grasping interface
102, once the grasper interface 102 is in its pre-defined loca-
tion, then the ultrasound transducer image 104 is also in a
pre-defined location relative to the grasping interface 102 and
the grasper 500. The location of the ultrasound transducer
image 104 relative to the grasping interface can be calibrated
by known techniques such as those presented by [Mercier, L.
et al., “A Review of Calibration Techniques for Freehand 3D
Ultrasound Systems . Ultrasound in Medicine and Biology,
vol. 31, pp 143-165 (2005)], such that the transformation
between the grasper location and the ultrasound image loca-
tion is constant and known at all times while the ultrasound
probe 100 is being grasped by the grasper 500 using the
grasping interface 102. The manner in which the easy pick-up
and release functions and the self-aligning function are
insured by this invention will be described next.

[0029] In one embodiment of the invention, as shown in
FIG. 2A, a grasping interface 102 is shown that is orthogonal
to the longitudinal axis 110 of the ultrasound probe 100, near
the proximal end of the ultrasound probe 100. In order to
grasp the grasping interface 102, the surgeon approaches the
grasping interface 102 with the grasper 500 so that its grasp-
ing jaws 503, 504 are open to a large or maximum angle and
such that the plane formed by the grasping jaws 503, 504, is
roughly orthogonal to the axis 110 of the ultrasound probe.
This approach direction can be seen in HG 3A, which shows
a cross-section through plane 250 (FIG. 2A) of the grasping
interface 102 as it is being approached by the grasper 500 and
its grasper jaws 503 and 504, with FIG. 3B showing the
grasper 500 with grasping jaws 503, 504, fully locked to the
grasping interface 102, in a manner that will be described
below.

[0030] FIG. 2A, FIG. 2C, FIG. 3A and FIG. 3B show the
grasping interface to have a grasping plane 250 that is
orthogonal to the longitudinal axis 110 of the ultrasound
probe 100, as shown in FIG. 2C. However, it is also possible
for the grasping interface to be slanted, so that the approach
by the grasper 500 to grasp the interface 102 will be with the
grasping jaws 503, 504 in a plane that is at an angle with
respect to the ultrasound transducer longitudinal axis 110.
The orthogonal orientation of the grasper interface shown in
FIG. 2 has certain advantages. These include the large orien-
tation range that can be achieved by the ultrasound transducer
axis without mechanical interference with the grasper sup-
porting shaft 501. For example, with wristed instruments such
as Intuitive Surgical’s ProGrasp™ graspers, the orthogonal
orientation of the grasping interface 102 allows the surgeon to
rotate the ultrasound probe 100 with the full range of motion
ofthe wrist joint 507, while preventing inadvertent damage to
the transducer array 105. This joint typically rotates the plane
formed by the grasper jaws 503, 504. This orthogonal orien-
tation also provides an easy method for grasping. Indeed, as
the grasper 500 attempts to grasp the grasping interface 102,
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there will be a reaction force due to the ultrasound probe 100
lying on the tissue from where it needs to be picked-up. This
reaction force helps push the grasper interface 102 against the
open grasper jaws 503, 504, as the grasper closes. The grasper
500 envisioned for use with this ultrasound probe allows for
approximately 90 degrees of motion in the pitch and yaw
directions. With the grasping jaw 503, 504 orthogonal to the
longitudinal axis 110 of the ultrasound probe 100 and cable
103, the maximum range of motion of the grasper 500 is
possible before there is interference between the grasper 500
and the cable 103.

[0031] FIG.2A,FIG.3A and FIG. 3B illustrate an embodi-
ment of the grasping interface which has two channels 203
and 204, which are designed to mate with the grasper jaws
503 and 504, respectively. By designed to mate, we mean that
the channel 203 matches grasper jaw 503 within a small
tolerance such that, when grasper jaw 503 is fully bottomed
out in channel 203, grasper jaw 503 can slide along the
channel direction but cannot rotate in the channel because of
the channel constraints. The same holds for the channel 204
grasper jaw 504 pair. Furthermore, the two channels 203 and
204 can be designed to “jointly mate” with the grasper jaws
503 and 504 when the variable angle 550 between the grasper
jaws of the grasper 500 is equal to the fixed or “locking angle”
320 between the channels 203 and 204. When the grasper
variable angle 550 is equal to the locking angle 320, then by
pushing the grasper towards the channels, with the grasper
oriented in such a manner that the grasp jaw 503 faces channel
203 and grasper jaw 504 faces channel 204, then the grasper
500 and the grasping interface 102 can be mated so that each
grasper jaw 503, 504 matches respective channels 203, 204,
and the only motion that can exist between the grasper 500
and the grasping interface 102 is a translation as a result of the
grasper “pinching” away the V-channel made by the two
channels 203 and 204.

[0032] To prevent such pinching motion, a locking mecha-
nism can be devised so that the pinching motion is prevented,
Le. so that the sliding between the channels 203 and 204 and
the grasper jaws 503, 504 is stopped. One embodiment of
such a locking mechanism is shown in FIG. 2A, FIG. 2B and
FIG. 3A, FIG. 3B, and makes use of central slots 512 in jaws
503, 504. As the grasper jaws 503 and 504 close into the
channels 203, 204, the mechanical stops 303, 304 fit inside
the central grasper jaw slots 512, preventing the grasper jaws
from sliding off the grasping interface 102. Clearly the
mechanical stops 203, 204 must be narrower than the central
jaw slot 512 width. A round peg is shown in this embodiment
to match the shape of rounded grasper tip 510.

[0033] The channels 203 and 204 have directions that span
a plane which we have called the locking plane, and which is
shown as 250 in FIG. 2A and FIG. 3B.

[0034] The mechanism by which a surgeon would
approach the grasping interface 102 with the grasper 500 is by
aligning the plane of the grasper jaws 503, 504 with the
grasping plane of channels 203, 204, approaching the V
formed by the two channels with the open grasper, pushing
the grasper past the limits stops, the fully closing the grasper
jaws 503 and 504 over the matching channels 203, 204. As the
grasper closes, the grasping interface is pinched outwards
from the grasper 500 and the limits stops of the channels
engage the slots of the grasping jaw. When the channel
mechanical stops 303 and 304 have bottomed out, then the
grasper will be at the locking angle, therefore each grasper
jaws 503, 504 will be bottomed out into the channels 203,
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204. This perfectly jointly matched configuration between the
grasper jaws and the channels do not allow any motion of the
grasper interface 102 relative to the grasper jaws 503, 504.
Indeed, grasper translation along the ultrasound transducer
axis 110 is blocked by the channel edges, translation in the
plane orthogonal to this axis is locked by the grasper pinching
motion against the mechanical limit stops 303, 304, rotation
about the transducer axis 110 is blocked by the pinching of the
channels 203, 204 with the grasper 500, and rotation about
axes orthogonal to the ultrasound transducer axis are blocked
by the fitting match between the grasper jaws 503, 504 and the
channels 203, 204. Therefore pinching action of the grasper
jaws 503, 504 over opposed outwardly facing channels 203,
204 with limit stops 303, 304, results in a pre-defined position
and orientation of the grasper 500 with respect to the grasper
interface 102.

[0035] By choice of the channel and channel wall geom-
etry, it is clear that even if the V formed by the matching
channels 203 and 204 is not oriented to perfectly match the
grasper angle of approach in the grasping plane, the grasping
motion will align this V to match the grasper even when
substantial angular misalignment exists. The effect of other
misalignment errors can be mitigated by designing the chan-
nels 203, 204 to have tapered walls 208, 209, shown in the
cross section of the channel 203 in FIG. 2C.

[0036] Preferably,inorder to combine the robustness of the
grasping interface to misalignment with the ability to grasp
the grasping interface with very little play between the two,
the channel cross-section profile can be made to have a low-
profile portion 240 that tightly matches the cross-section
width ofthe grasper jaws 503,504 when they are approaching
the locking angle or when they bottom out, together with
wider and smaller angle tapered channel 245 that has the role
of “capturing” the grasper jaws as they close towards their
matching channels.

[0037] The tapered walls 208, 209 improve self alignment
properties of the grasping interface 102, but also allow the
ultrasound probe 100 to be easily released. In the event that
both 208 and 209 and were vertical, the grasping jaws 503,
504 would have a tendency to jam in between the walls, or
else they are too loose to hold the ultrasound probe 100 tight.
The one short less tapered wall 205 does help hold the ultra-
sound probe against the interface when torque is applied to
the probe housing 101.

[0038] Inonepreferred embodiment, the grasping interface
102 is made of a hardened material such as hardened stainless
steel with the dual goal of protecting the ultrasound probe 100
from the grasping jaws 503,504, but allows the grasping jaws
503,504 to slip on the channel bottom 203 and help the
grasper 500 to be placed correctly in the grasping interface
102. The probe housing 101 can be made from many standard
plastics, and both materials can be sterilized.

[0039] When used with a robotic laparoscopic system, the
grasper 500 that picks up the ultrasound probe 100 will allow
the surgeon greater dexterity in controlling the motion of the
ultrasound probe 100 as well as placing it in the appropriate
place to achieve the most informative image possible. Advan-
tageously, the surgeon will be able to control the ultrasound
probe 100 him or herself, increasing the effectiveness of the
imaging by allowing direct hand-eye-coordination, rather
than directing an assistant.

[0040] The locked orientation of the ultrasound probe 100
and grasper 500 allows for a method of tracking using the
kinematics of a robot manipulator. Because the transforma-
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tion between the tool position and the ultrasound image has
been previously calibrated, the ultrasound image position can
be known. In addition to using the robot kinematics for track-
ing, electromagnetic (‘“EM”) sensing can be employed. An
EM sensor 470 is embedded in the probe housing 101 which
allows it to be tracked relative to an electromagnetic trans-
mitter outside of the patient’s body 750. This becomes impor-
tant if, during the procedure the ultrasound probe 100 cannot
be easily seen in the laparoscope 720. The EM sensor 470 can
be used to determine the ultrasound probe location to prevent
the surgeon spending time finding a ‘lost” instrument.
[0041] FIGS. 3A and 3B illustrates the grasping interface
102, in cross sectional view and an isometric view respec-
tively. The view in FIG. 3A looks in the proximal direction,
towards the cable 103. The central cable lumen 306 can be
seen as a conduit for the connections between the cable 103
and the transducer array 105. The grasper 500 in this figure is
in the unlocked position, such that it is poised to grab the
grasping interface 102. FIG. 3B illustrates the grasper 500
and grasping interface 102 in the locked position, in which the
tool jaws 503, 504 are engaged with the channel 203, 204 and
the mechanical stops 303, 304.

[0042] The angle between the channels 203, 204 on each
side of the grasping interface 102, is determined by the tool
jaw 503 length.

[0043] Although the embodiment shown in the figures uses
a rounded tip grasper with a planar grasping jaw, the various
embodiments of the invention may include grasping inter-
faces that can be used with graspers not of the exact shape
shown in FIG. 5. Other such graspers could have curved
grasping jaw, curved either in towards each other, creating
pincher like graspers, or curved in the direction normal to the
opposing jaws, creating angled graspers. The grasping inter-
face 102 could also include different methods of limit stop
implementation. In the figures, a round peg is depicted, but
the limit stop is any method of stopping the graspers from
sliding in the channels 203, 204 of the grasping interface 102.
Such other limit stops may include short protrusions from the
channel bottom that hold the side of the jaw closest to the
hinge from slipping out of the interface. Alternatively, the
channel floor, could be shaped to hold the grasping jaw using
slight depressions, or in the case of a curved pincher like
grasper, be curved to match the approximate curvature of the
grasping jaw.

[0044] The grasping interface 102 can also be detachable,
not permanently mounted to the probe housing 101. A set
screw can be used to hold the grasping interface 102 to the
probehousing 101. In this way. the grasping interface 102 can
be removed and replaced, Alternatively, the grasping inter-
face 102 does not entirely encircle the cable 103, allowing
easier removal. In the event that the section of the grasping
interface 102 collinear with the transducer array is open, the
interface can be removed from the ultrasound probe 100 and
replaced with one designed for a different set of graspers.
[0045] FIG. 4A illustrates in detail the probe housing 101.
The probe housing 101 is approximately cylindrical with a
rounded front end 412. Two attachment landings 401 are cut
into the housing 101 at angles approximately equal to those of
the channels 203, 204 of the grasping interface 102. On the
lower side of the landing 401, close to the transducer array
105, a narrow groove 405 for the attachment 600 is cut hori-
zontally inward. These grooves 405 (one on each side of the
probehousing 101) and attachment landings 401 are designed
to fit with an attachment 600 such as that seen in FIG. 6. This
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type of attachment could be used for the placement of visible
markers used for image based tracking techniques, or alter-
native grasping sites for tools that do not match the general
description of the grasper 500, or an assistants tool.

[0046] FIG. 4B shows a cross-sectional view of the probe
housing 101, as defined by the plane 450. The embedded EM
sensor 470 can be visualized.

[0047] The probe housing 101 is attached to the grasping
interface 102 by means of a cable lumen connection 410.
[0048] FIG. 6 illustrates an example of an attachment 600
to fit over the probe housing 101. The skies of the attachment
602 mimic the angle between the attachment landings 401 of
the probe housing 101. The lip of the attachment 601 on the
open side of the attachment 600 will fit in to the narrow
groove 405 on the probe housing 101.

[0049] FIG. 7 demonstrates the general operational set-up
for this invention. The patient 750 would typically be lying on
an operating room table 752. The patient’s abdomen is insuf-
flated to create an operating space in the abdominal cavity
751, this involves creating positive pressure in the patient’s
abdominal cavity by filling the cavity with an inert gas, typi-
cally carbon dioxide. Several incisions are made in the
abdominal wall 753, through which a cannula 710 is placed.
A cannula is a long hollow tube through which instruments
such as a grasper 500 or a laparoscope 720 can be passed. The
laparoscope 720 is the camera that is used in laparoscopic
minimally invasive surgery to allow the surgeon to see inside
the patient’s abdominal cavity 751. In various embodiments
of the invention, the laparoscope 720 can be monocular or
stereoscopic. The ultrasound probe 100 will be placed
through an incision but outside the cannula lumen. This
means thatno extra incision is needed in the patient’s abdomi-
nal wall 753, but the ultrasound probe 100 can be available to
the surgeon throughout the entire procedure. In some embodi-
ments of the invention, the ultrasound probe 100 can be
passed through the cannula 710. The probe is grasped and can
be moved throughout any area of the patient’s abdominal
cavity 751 that can be reached by the grasper 500. When in
use the surgeon will press the probe 100 against the target
organ 755, such as the kidney, liver or prostate. When good
acoustic coupling is achieved between the probe 100 and the
target organ 755, and ultrasound image 104 can be created
from the electric signals from the transducer array 105.
[0050] The cable 103 leaves the ultrasound probe 100 and
connects to the ultrasound machine 701. The ultrasound
machine 701 is capable of processing the electrical signals
from the transducer array 105 and collecting the ultrasound
data which can be processed in different ways to produce
several image types, including B-mode images, Doppler
images and continuous wave Doppler audio. The cable 103
carries two sets of wire, one carrying the ultrasound trans-
ducer array signals 702 and one carrying the electromagnetic
position sensor signals 703.

[0051] Because the ultrasound probe 100 can be tracked, it
is possible to display the ultrasound data, such a B-mode
ultrasound image 104 to the surgeon in its correct spatial
location with respect to the ultrasound probe 100. It is also
possible to combine a sequence of ultrasound data into 3D
volumes. These volumes can be visualized by the surgeon
through conventional rendering techniques. In some embodi-
ment of the invention, this visualization could be accom-
plished through stereographic video systems and displayed
through a robotic surgeon’s console. The object that is visu-
alized can be a segmented B-mode ultrasound, to show the
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organ surface, or a strictly Doppler segmentation, to show a
skeleton structure of the vessels. This can allow the surgeon to
see past the surface of the tissue and understand the underly-
ing anatomy during the surgical procedure.

[0052] Visualization of pre-operative images, such as CT or
MRI volumes, canalso be provided with this invention. When
the intra-operative ultrasound images 104 provided from the
ultrasound probe 100 are registered to pre-operative images,
such as CT or MRI, the pre-operative images can be displayed
in their correct spatial location with respect to the ultrasound
probe 100 and surgeons view through the laparoscope 720.
Often time multiple modalities are able to highlight different
features of the anatomy or the disease. For example, although
prostate cancer can be identified in magnetic resonance scans,
it is often difficult to identify in ultrasound scans. Thus the
combination of multiple modalities is beneficial to surgical
navigation. Unfortunately, the issue of multi-modality regis-
tration is non-trivial. We present examples from the literature
below as possible methods to complete this registration prob-
lem.

[0053] Image registration techniques can be applied to
match the areas of interest such as the target organ 755, which
are being scanned with the ultrasound probe 100, with that of
the CT or MR scan. Once such method of registration
described in [Schneider, C. M. et al., “Intra-operative “Pick-
Up” Ultrasound for Robot Assisted Surgery with Vessel
Extraction and Registration: A Feasibility Study”, Proc.
IPCAI LNCS 6689, pp. 122-432] employs segmented vessels
around the volume of interest. The vessels of the CT scan are
segmented pre-operatively, such that a surface mesh is cre-
ated. During the procedure, the vessels walls are segmented
from the ultrasound image in real-time and the approximate
center of the vessel in each slice was calculated. The two
representations of the vessel structure are aligned with each
other using point based matching such that the centers of the
tube structures align. Another approach to multimodality
image registration involving ultrasound uses a method of
ultrasound simulation [Wein, W. et al,, “Automatic CT-ultra-
sound registration for diagnostic imaging and image-guided
intervention.” Medical Image Anaylsis. Vol. 12, pp 577-585,
2008]. Here ultrasound simulation is used to create an ultra-
sound image based on the information from the CT scan. The
real-time ultrasound image and the simulated ultrasound
image can then be registered more reliably with correlation
based methods, since it is now a single modality registration.

[0054] FIG. 8 shows an example image of what a surgeon
might see during use of this invention. The grasping interface
102 is being grasped by the grasper 500. The probe housing
101 and thus the plane of the ultrasound image 104 is moved
through space in a direction of motion 801. The ultrasound
image 104 can be overlaid on the surgical image, to show the
surgeon in the image in its proper orientation with respect to
the probe housing 101. The image can be tracked through the
use of the embedded EM sensor 470, optical sensing of the
probe with the stereo laparoscope, or forward robot kinemat-
ics, given the known position of the grasper 500, The ultra-
sound images 104 can be stitched together to make a 3D
volume along the direction of travel 801 if the motion is in the
elevation direction (out-of-plane), or a 2D panorama image in
the motion is in the lateral or axial directions (in-plane) with
respect to the 2D ultrasound image 104. In both cases, the
surgeon is presented with a wider view, or additional features
then what would be available from a single 2D ultrasound
image. In this representation, the Doppler signal was
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extracted from each image 802, which in this example was the
cross-section of a vessel. The Doppler components of the
images can be used to create a depiction of the vessel tree §03.
This entire structure can be displayed to the surgeon, giving
him or her a much better understanding of the underlying
structures.

[0055] Moreover, while the invention has been described in
connection with the above embodiment, it is not intended to
limit the scope of the invention to the particular forms set
forth, but on the contrary, it is intended to cover such alterna-
tives, modifications and equivalents as may be included
within the scope of the invention. Further, the scope of the
present invention fully encompasses other embodiments that
may become obvious to those skilled in the art and scope of
the present invention is limited only by the appended claims.

What is claimed as the invention is:

1. An ultrasound probe that can be picked up and released
by a grasper having first and second grasping elements in an
opposed facing relationship with a variable grasping angle
between the grasping elements, comprising

an ultrasound imaging array in a housing with a cable at its

proximal end,

a grasping interface at said proximal end of said housing,

comprising
first and second channels facing away from each other in
opposed facing relationship to the grasping elements,
and jointly mating to the first and second grasping ele-
ments, respectively, when the grasping angle between
the first and second grasping element is closed to a
pre-defined locking angle, thus locking the grasping
interface to the grasper in a pre-defined position and
orientation when the grasper is at its locking angle

said first and second channels, in combination with said
first and second grasping elements, comprising limit
stops preventing the grasping elements from closing
beyond the locking angle and slipping from their respec-
tive channels when said first and second channels are
mated with said first and second elements, respectively,
as the grasper is closing onto the grasping interface, and

said first and second channels comprising tapered walls to
gradually constrain said first and second grasping ele-
ments to the grasper interface first and second channels
as the angle between the grasping elements is closed
towards the locking angle.

2. An ultrasound probe as in claim 1 wherein said first
channel and said second channels span a plane that crosses
said transducer cable.

3. An ultrasound probe as in claim 1 wherein said grasping
interface is detachable from and lockable to said housing in
order to allow graspers of different sizes or designs to be
locked in a pre-defined position and orientation with respect
to said probe housing

4. An ultrasound probe as in claim 1, further comprising an
electromagnetic sensor within the probe housing to indepen-
dently sense the position and orientation of the probe housing
with respect to a fixed coordinate system.

5. An ultrasound probe as in claim 1, further comprising
optical markers on the exterior surface of the probe housing
that that can be localized by an endoscopic camera.

6. An ultrasound probe as in claim 1, wherein said probe
housing further comprises a landing and groove to which an
attachment can be detachably mounted in a stable and repeat-
able manner.
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7. Anultrasound probe as in claim 1, wherein said grasping
interface is made of hardened stainless steel.

8. A method of acquiring spatially localized ultrasound
images inside a patient’s body during a surgical procedure,
the method comprising picking up an ultrasound probe as in
claim 1 within the body, scanning the tissue with it, sensing
the location of the ultrasound probe with respect to a coordi-
nate system, said sensing comprising using one or more sens-
ing methods from the group consisting of:

a) computing the location ofa robotic grasper and therefore
that of the grasping interface locked to it from the joint
angles of the robot arm holding the grasper and using
robot forward kinematics,

b) identifying the visible markers displayed on the ultra-
sound transducer in camera images and computing their
coordinates with respect to a camera coordinate system,

¢) locating the transmitter of an electromagnetic sensor
within the ultrasound transducer with respect to a
receiver coordinate system;
and further comprising computing spatially localized

ultrasound imaging data from said location of the
ultrasound transducer with respect to a coordinate
system.
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9. A method in which the spatially localized ultrasound
imaging data collected as in claim 8 are further processed to
extract features and displaying the features on the surgeons
console at the correct three dimensional location.

10. A method as inclaim 9 in which the ultrasound imaging
data consists of a panoramic 2D image.

11. A method as inclaim 9 in which the ultrasound imaging
data consists of'a 3D volume

12. A method as in claim 9 where the extracted features are
segmented blood vessels.

13. A method of displaying pre-operative patient imaging
on the surgeons console, the method comprising picking up
an ultrasound probe as in claim 1 within the body, scanning
the tissue with it, obtaining spatially localized ultrasound
imaging data as in claim 8 processing the spatially localized
ultrasound data as in claim 9, registering said features to said
pre-operative images and displaying said pre-operative
images in said surgeon’s console at the correct three dimen-
sional location.
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