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SYSTEM AND METHOD FOR REAL-TIME
ULTRASOUND GUIDED PROSTATE NEEDLE
BIOPSIES USING A COMPLIANT ROBOTIC
ARM

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present patent document claims the benefit of
U.S. Patent Application No. 62/013,850, filed on Jun. 18,
2014, which is hereby incorporated by reference.

BACKGROUND

[0002] Itiscommon to diagnose prostate cancer using tran-
srectal ultrasonography (TRUS) guided needle biopsy proce-
dures. A TRUS guided needle biopsy is often prescribed as a
result of an elevated prostate-specific antigen (PSA) level or
upon detecting a palpable nodule during a digital rectal exam.
Introduction of ultrasound (US) image-guided prostate biop-
sies substantially increases the accuracy of a prostate biopsy
over performing a blind biopsy, thus TRUS guidance has
become a universally accepted method for prostate biopsy.
While TRUS guided prostate biopsies are a clinically
accepted method, the procedures retain a low sensitivity of
approximately 60% and positive predictive value of only
approximately 25%. Consequently, repeat biopsies are often
required. For example, in over 20% of the cancer studies,
more than one biopsy session is required for a physician to
reach a diagnosis decision.

[0003] Three-dimensional visualization applications, such
as magnetic resonance imaging (MRI), can clearly depict the
prostate gland and prostate substructures, including the cen-
tral, transitional, and peripheral zones. For example,
T2-weighted images can depict nodules in the peripheral
zone. Localizing a tumor foci and the peripheral zone with
MRI before a prostate biopsy may increase the overall cancer
detection rate and the biopsy yield. Additionally, functional
information acquired from various MRI techniques, such as
diffusion weighted imaging (DWI), dynamic contrast-en-
hanced (DCE) imaging or chemical shift imaging (CSI), may
be used to further characterize the prostatic tumor tissue.
Using this functional information during the ultrasound
guided biopsy may substantially improve the sensitivity of
the biopsy procedure.

[0004] For example, endorectal MRI images and findings
for suspected tumor foci may be used to manually guide the
placement of needles during TRUS guided biopsy. By local-
izing biopsy to suspected tumor lesions and other targets
identified on the endorectal MRI image, the physician may
visually correlate the locations in the endorectal MRI image
with ultrasound images during a subsequent TRUS guided
biopsy, increasing the accuracy of the TRUS guided biopsy to
approximately 67%, as demonstrated in a study of 33
patients. However, correlating locations using an MRI image
requires a tedious visual inspection.

[0005] Robotic arms have been developed for handling
ultrasound probes. For example, the robotic arms may alle-
viate physician fatigue during scanning procedures. In a
robotic system, a physician’s grasp and input to the ultra-
sound probe may be detected, such as by a 6-axis force sensor,
and multiple detected parameters may be used for compliance
control and self-weight compensation of the ultrasound probe
as the probe is moved and adjusted by the physician.
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SUMMARY

[0006] The present embodiments relate to real-time ultra-
sound guided prostate needle biopsies using a compliant
robotic arm. By way of introduction, one or more of the
present embodiments include systems and methods for uti-
lizing an MRI image and real-time ultrasound images to
guide and/or restrict the movement of an ultrasound probe in
position for collecting a biopsy core. A real-time ultrasound
image is acquired and fused with a pre-operative imaging
modality, such as an MRI image, to provide a three-dimen-
sional model of the prostate. A multi-link robotic arm is
provided with an end-effector and an ultrasound probe
mounted thereto. Sensor information is used to track the
ultrasound probe position with respect to the 3D model. The
robotic arm allows for the implementation of a virtual remote
center of motion (VRCM) about the transrectal probe tip, an
adjustable compliant mode for the physician triggered move-
ment of probe, a restrictive trajectory of joints of the robotic
arm and active locking for stationary imaging of the prostate.

[0007] In a first aspect, a method for ultrasound guided
prostate needle biopsies using a compliant user-driven
robotic arm is provided. A three-dimensional image of a
prostate is received and a three-dimensional model of the
prostate is generated using the three-dimensional image.
Using the compliant user-driven robotic arm, an ultrasound
probe is guided into a position for a three-dimensional ultra-
sound sweep of the prostate and the three-dimensional ultra-
sound sweep of the prostate is performed using the ultrasound
probe in the position. The three-dimensional model of the
prostate is updated using image data from the three-dimen-
sional ultrasound sweep. Based on the updated three-dimen-
sional model of the prostate, a three-dimensional location is
identified in the prostate for collecting a biopsy core, where a
location from the three-dimensional diagnostic image is
mapped to corresponding location from the image data from
the three-dimensional ultrasound sweep. The ultrasound
probe is guided into a position to collect the biopsy core with
the robotic arm by restricting the trajectory of the robotic arm
based on the identified three-dimensional location in the pros-
tate and displaying the identified location.

[0008] In a second aspect, a system for ultrasound guided
prostate needle biopsies using a robotic arm is provided. A
processor is configured to receive a three-dimensional image
of a prostate, wherein the processor generates a three-dimen-
sional model of the prostate based on the received image. A
multi-link robotic arm includes a plurality of joints, an end-
effector attached to one of the plurality of joints and an
ultrasound probe attached to the end-effector. The ultrasound
probe is operably connected to the processor in order to
capture an ultrasound image, wherein the processor updates
the three-dimensional model of the patient based on the cap-
tured ultrasound image. A position sensor is provided for at
least one of the plurality of joints. The position sensor is
operably connected to the processor to map the position of the
ultrasound probe with the updated three-dimensional model.
A force sensor is operably connected to the processor. The
force sensor is configured to detect input forces to the end-
effector. The present invention is defined by the following
claims, and nothing in this section should be taken as a limi-
tation on those claims. Further aspects and advantages of the
invention are discussed below in conjunction with the pre-
ferred embodiments and may be later claimed independently
or in combination.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The components and the figures are not necessarily
to scale, emphasis instead being placed upon illustrating the
principles of the embodiments. Moreover, in the figures, like
reference numerals designate corresponding parts throughout
the different views.

[0010] FIG. 1 illustrates an embodiment of a system for
ultrasound guided prostate needle biopsies using a robotic
arm.

[0011] FIGS. 2A-C depict examples of prostate deforma-
tion caused by an ultrasound probe.

[0012] FIGS. 3A-B depict examples of a prostate seg-
mented in an MRI image and an ultrasound image.

[0013] FIG. 41llustrates a flowchart of an embodiment ofa
method for ultrasound guided prostate needle biopsies using
a robaotic arm.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

[0014] Current prostate biopsy procedures are performed
systematically under ultrasound imaging guidance and often
lack sensitivity in detecting malignant lesions. The present
embodiments may increase the precision of prostate biopsy
procedures used to detect cancer. To enhance sensitivity, a
high quality three-dimensional scan, such as preoperative
MRI data, is used during an ultrasound guided biopsy proce-
dure. Information from the preoperative MRI data is used to
determine an optimal placement of the biopsy needle cores in
order to take accurate pathological samples, thus increasing
the detection yields of the biopsy. For example, a real-time
ultrasound image is fused with an MRI image to better target
lesions within the prostate that are identified on the MRI
image. An active compliant robotic arm is then used to track
the position of the ultrasound probe attached to the end effec-
tor of the robotic arm. The user controls motion of the ultra-
sound probe by holding the probe handles, and the system
detects the input force provided by the user measured by a
decoder on the handle. The system also tracks the position of
the ultrasound probe and the joints of the robotic arm in
three-dimensions. The information received from of the ultra-
sound probe and the robotic arm allow for an active compliant
and restrictive motion schemas for the robotic arm imple-
mented within the control loop of the robot using the kine-
matics of the system. Further, a locking mechanism is pro-
vided that prevents all movement of the ultrasound probe and
the robotic arm.

[0015] The disclosed embodiments may address chal-
lenges in fusion-based prostate biopsy by minimizing scan-
ning variability, by addressing the effects of prostate defor-
mation, by increasing ease of use and by increasing the
precision in transferring MRI localized targets onto a real-
time ultrasound sequence for guidance of the ultrasound
probe. In doing so, a control loop allows the robotic arm to
passively or actively manipulate the ultrasound probe held by
the user using the real-time ultrasound images fused with
pre-operative imaging modalities.

[0016] As such, one or more of the present embodiments
provide an active compliant schema and restrictive motion,
such as the trajectory of the robotic arm. For example, the
trajectory of the robotic arm may be restricted by a virtual
remote center of motion (VRCM or RCM) about the ultra-
sound probe tip. Further, automatic probe movement and
scanning may be provided via the remote center of motion, or
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compliant movement that only allows the user to move the
ultrasound probe in a specified manner (e.g., to maintain
coupling pressure on the rectal wall). In another example,
image analysis and feature tracking automatically adjusts the
coupled pressure of the probe on the rectal wall and/or moves
the probe to target an image-based location in the prostate. In
another example, adjustable compliance of the robotic arm is
provided. For example, compliance during any mode of
operation, such as a “complaint” or “automatic” mode,
restricts movement of the robotic arm based on a specific
trajectory using a three-dimensional model of the prostate
and/or a virtual remote center of motion of the probe.

[0017] FIG. 1 illustrates an embodiment of a system for
ultrasound guided prostate needle biopsies using a robotic
arm. The system 100 includes a multi-link robotic arm 101
and a workstation 109. The multi-link robotic arm 101
includes a plurality of joints 103, an end-effector 105 and an
ultrasound probe 107. The robotic arm 101 is attached to an
ultrasound machine, such as the workstation 109, or is free-
standing, allowing the robotic arm 101 to be freely positioned
by the user for better patient access. The end-effector 105 is
attached to one of the plurality of joints 103, and the ultra-
sound probe 107 is attached to the end-effector. The multi-
link robotic arm 101 also includes force sensors, position
encoders, optical decoders and/or other sensors (not depicted
in FIG. 1) provided at one or more of the plurality of joints
103. The workstation 109 includes a computer 111, a user
interface 113 and a display 115. Additional, different, or
fewer components may be provided.

[0018] The computer 111 is a computer platform having
hardware such as one or more central processing units (CPU),
asystem memory, a random access memory (RAM), a graph-
ics processor unit (GPU) and input/output (I/O) interface(s).
Additional, different or fewer components may be provided.
For example, the computer 111 may be implemented on one
or more servers. In another example, workstation 109
includes a controller for controlling the robotic arm in addi-
tion to computer 111. In another example, the computer 111
is separate from or not part of the workstation 109.

[0019] The computer 111, or a processor therein, is config-
ured to receive a three-dimensional representation of a pros-
tate, such as preoperative or diagnostic MRI image or data. As
used herein, the MRI image may be data from a scan prior to
display, so may include a three-dimensional representation.
Based on the three-dimensional image, the computer 111 is
further configured to generate a three-dimensional model of
the prostate. The three-dimensional model may utilize bio-
mechanical properties of the prostate determined (i.e.,
Young’s modulus and the Poisson’s ratio) using nominal
values reported from literature, or from personalized values
extracted from elastography scans of the patient. Using the
three-dimensional image and/or the generated three-dimen-
sional model of the prostate, one or more biopsy cores are
identified manually or automatically. The computer 111, or a
processor therein, is further configured to receive one or more
real-time ultrasound images captured by the ultrasound probe
107 operably connected therewith. Using the real-time ultra-
sound image, the computer 111, or a processor therein, is
configured to generate an updated three-dimensional model.
Forexample, the ultrasound probe 107 captures an ultrasound
sweep of the prostate, and the three-dimensional model is
updated to account for prostate deformation caused by the
ultrasound probe. Further, feature locations identified using
the preoperative MRI are updated in the updated three-dimen-
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sional model to account for the effects of the prostate defor-
mation. In this example, one or more biopsy cores are iden-
tified using the updated three-dimensional model of the
prostate.

[0020] The computer 111, or a processor therein, is config-
ured to track the location and movement of the joints of the
multi-line robotic arm 101, the end-effector 105 and/or the
ultrasound probe 107. For example, a position sensor (not
depicted in FIG. 1), such as an optical decoder or a position
encoder, is attached to each of the plurality of joints 103 and
is operably connected to the computer 111. The computer 111
is configured to map the position of the ultrasound probe,
such as with respect to the updated three-dimensional model
of the prostate. Using sensors or calibration, the position of
the robotic arm 101 in the coordinate space of the MR or other
preoperative system is known. Further, the computer 111, or
a processor therein, is configured to receive user inputs at the
end-effector 105 and/or the ultrasound probe 107. For
example, a force sensor (not depicted in FIG. 1) is provided in
close proximity to the joint 103 where the handle of the
ultrasound probe 107 is attached to the end effector 105. In
another example, the force sensor is attached to the handle of
the ultrasound probe.

[0021] As discussed above, the position encoders at the
joints 103 detect the kinematics of the robotic arm, allowing
for real-time sensing of the ultrasound probe 107 location at
all times during the procedure. An ultrasound calibration
process is performed, with or without a phantom, to deter-
mine a transformation used to map ultrasound image points to
a fixed coordinate system based on the location of the joints
103 of the robotic arm and the ultrasound probe 107 location.
The real-time sensing of the joint 103 and the ultrasound
probe 107 locations facilitate active or passive control over
the robotic arm 101, and ultimately, the ultrasound probe 107.
Forexample, the end-effector 105 or the ultrasound probe 107
includes a handle allowing the user to freely move the probe
as required within the space allowable by the robotic arm’s
kinematics.

[0022] Therobotic arm 101 is configured, via the computer
111, to operate in a plurality of operating modes to control the
movement ofthe joints 103 and the ultrasound probe 107. For
example, the robotic arm 101 operates in freestyle mode,
active compliant mode, locking mode, RCM mode, automatic
mode or a combination thereof. In freestyle mode, motion of
the robotic arm is triggered by a user input and the motion is
only limited by the structure of the joints (e.g.. the mechanical
design of the robotic arm).

[0023] Inactive compliant mode, motion of the robotic arm
is triggered by a user input sensed by the force sensor and the
robotic arm facilitates “weightless” movement of the end-
effector. Further, the active compliant mode facilitates con-
straints on movement, such as restricting movement of the
robotic arm to a specific trajectory or with respect to a par-
ticular location, such as a trajectory to perform a task or to
avoid collision with another object in the room. For example,
the control loop for the robotic arm senses a user input and
assists the user in moving the robotic arm in the direction of
the input (e.g., passively guiding movement of the robotic
arm). As soon as the user input ceases, the robotic arm main-
tains its current position until another user input initiated.

[0024] In alocking mode, the joints 103 of the robotic arm
101 actively maintain their positions (i.e., restrict all motion
of the robotic arm). In an example, the locking mode resists
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motion up to a certain threshold of exerted force on the
end-effector 105, the handle of the ultrasound probe 107
and/or the joints 103.

[0025] In an RCM mode, motion of the robotic arm is
restricted to movement about a fixed point, such as the distal
end of the ultrasound probe. For example, the user manually
performs a three-dimensional ultrasound sweep of a prostate
by moving the ultrasound probe about a fixed point. In this
example, the robotic arm restricts movement of the tip of the
ultrasound probe, by keeping the tip of the probe in a fixed
location, and allows the user to rotate the ultrasound probe
about the tip to perform the ultrasound sweep. Thus, the
robotic arm is passively guides the ultrasound probe by
restricting the user’s ability to manipulate the probe about the
fixed location.

[0026] In an automatic mode, the ultrasound probe is
moved automatically by the robotic arm. For example, the
robotic arm automatically performs a three-dimensional
ultrasound sweep of a prostate by moving the ultrasound
probe about a distal end of the probe while capturing ultra-
sound images (e.g., actively guiding movement the robotic
arm via a remote center of motion). The computer 111 or
other processor controls the movement without user input
other than activation. In another example, the robotic arm
automatically moves the ultrasound probe into position to
collect a biopsy core. The robotic arm automatically moves
the ultrasound probe based on the detected ultrasound probe
location, the detected robotic arm joint locations, the three-
dimensional model of the prostate, the preoperative three-
dimensional scan and/or the capture ultrasound images.
[0027] Additional, different or fewer modes and/or con-
straints on movement may be provided. For example, addi-
tional constraints may be included in any of the above men-
tioned modes, such as to avoid self-collision, collision with
ultrasound machine, patient discomfort, and other constraints
related to the prostate biopsy procedures. In another example,
the robotic arm is restricted based on analysis of captured
ultrasound images. The modes are user selectable. For
example, the locking mode is triggered by a push button.
Alternatively, the modes are automatically selected based on
a system state or a workflow.

[0028] For example, in one or more modes discussed
above, movement of the ultrasound probe is guided, con-
strained and/or restricted to maintain pressure on the prostate.
For example, the robotic arm passively or actively guides the
ultrasound probe to maintain consistent couple pressure of
the ultrasound probe with the rectal wall in compliant mode,
RCM mode and automatic mode. An ultrasound probe
requires adequate coupling pressure to capture an ultrasound
image, however, limited and uniform prostate deformation is
also preferred and results in accurate ultrasound images. For
example, FIGS. 2A-C depict examples of prostate deforma-
tion caused by an ultrasound probe. FIGS. 2A-B depict two
positions of freehand sweep for biopsy cores (e.g., in a fre-
estyle mode). As the ultrasound probe sweeps from the posi-
tion in FIG. 2A to the position in 2B, the prostate is deformed
differently, resulting in inconsistent ultrasound images of the
prostate. The deformation caused by different positioning
and/or pressure may cause the lesion or region to be biopsied
to alter position with the prostate and/or relative to the probe.
Conversely, F1G. 2C depicts an ultrasound sweep (e.g, in the
complaint, RCM or automatic mode) minimizing prostate
deformation variation between various probe positions. In
addition to RCM mode, for example, coupling pressure and
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prostate deformation can be controlled by monitoring the
captured ultrasound images (e.g., by monitoring de-correla-
tion between consecutively captured ultrasound images, by
monitoring a difference in a strain on prostate tissue between
consecutively captured ultrasound images, by generating an
image confidence map based on consecutively captured ultra-
sound images, or a combination thereof).

[0029] One or more of the above embodiments is provided
by a control loop for the robotic arm. For example, the control
loop can passively guide the ultrasound probe by receiving a
user input and restricting the trajectory of the robotic arm
based on constraints provided in the control loop. In another
example, the robotic arm actively guides the ultrasound
probe. In these example, image based constraint driven con-
trol of the robotic arm is provided by the control loop, such as
by controlling the trajectory of the robotic arm. The image
based constraints are derived by acquiring and fusing real-
time ultrasound data with a pre-operative data modality, and
mapping image-based constraints derived from the fused data
to the coordinate space of the robotic arm. Constraint driven
control in robotics provides constraints on the movement of
the robotics, such as on the range of motion of a robotic arm.
For example, constraint driven control can be used to apply
constraints in order to perform specific tasks (e.g., task based
constraints). For example, a remote center of motion is a task
based constraint. One or more of the present embodiments
implement image-based constraints in a control loop schema
for a robotic arm.

[0030] The image-based constraints used in a control loop
can be implemented using various implementations. The fol-
lowing equations and other mathematical representations are
provided for illustrative purposes. Other implementations,
equations and mathematical representations may be used.
[0031] For example, a constrained control schema for a
robotic arm can be written as equation 1:

Ag= minz gi(Ag, AxdY; st cj(Ag, Ax)) =0 (Eq. 1)
Aq

where Aq is the incremental motion of the joints ofthe robotic
arm (e.g., if the robotic arm has three joints, then Aq is
includes three vectors representing the incremental motion of
the joints). The joint velocities of the robotic arm are linear-
ized using the derivative Aq/At=q, where { is joint velocities.
Incremental Cartesian motion of the end-effector is linearized
as Ax, and Ax;, and functions g, and c, relate the incremental
Cartesian motion of the end-effector to the incremental joint
motion (e.g., relationships between end-effector motion and
joint motion). Using the minimization of equation 1, a desired
trajectory of the end-effector and joints of the robot is
achieved taking into account the current end-effector and
joint orientation and speed, and subject to one or more con-
straints placed on the movement. The same notation can be
extended for an image based constrained control schema.

[0032] An image based Jacobian matrix can be applied to
the constraint control schema to provide a linearized relation-
ship between image features and the change in position of the
end-effector and joints of the robotic arm. Using the image
based Jacobian matrix, constraints are derived from image
features in the image space, such as an RCM point or an
identified biopsy location. Alternatively, an ultrasound probe
based image Jacobian matrix can be applied to the constraint
control schema to provide a linearized relationship between

Dec. 24,2015

Cartesian features and the change in position of the end-
effector and joints of the robotic arm. Using the ultrasound
probe based Jacobian matrix, Cartesian based constraints
from the Cartesian space are derived from features in the
Cartesian space, such as the patient table and other equipment
in the Cartesian space. Features in the Cartesian space are
identified during calibration and are used for collision avoid-
ance constraints. In an embodiment, constraints from the
image space and the Cartesian space are applied in restricted
space (i.e., areas where image based and/or Cartesian based
feature constraints have been derived), restricting and/or
guiding motion of the end-effector and joints of the robotic
arm. In the unrestricted image and Cartesian space (e.g., areas
where no constraints have been derived), movement of the
robotic arm by the user is unconstrained (e.g., in a freestyle or
complaint mode).

[0033] In an embodiment, applying image-based con-
straints, fis a set of observed features in the image space that
are included in a vectorization of an entire image, and Afis the
corresponding vector of rate of change of image features. An
image Jacobian is used to perform a linear mapping from the
tangent space of x;, (e.g., the Cartesian position of the end-
effector, or any other arbitrary coordinate frame attached to
the robot) to the tangent space of the image features (e.g., Af),
written as equation 2:

A=TAX, (Eg. 2)

Applying the manipulator Jacobian to equation 2 provides the
linearized relationship between Cartesian position of the k
coordinate frame to the rate of change of joints of the robotic
arm, written as equations 3 and 4:

Af=TTAq (Eq. 3)
where, Ax,=T,Aq

[0034] Using the image Jacobian from equations 2-4, equa-
tion 1 is rewritten, as provided in equation 5:

(Eq. 4)

N Eq. 5)
Ag=minjAx] - J:Agl + )" |AX - J ;] + a'sy + B,
Ag =

st Ay —JiJiAgh se +siVk=1... M

|Av; - JAgl, <&+ 5,¥1=1 ... P

where J;, I, J; and ], are manipulator Jacobians for frames k,
t,1andj, respectively, where J,is theimage Jacobian. Ax,, Ax,,
Ax,and Ax; are the incremental Cartesian positions for frames
k, t,1, and j, respectively. The superscripts d and o refer to the
desired incremental position of the ultrasound probe or
handle i and the objective to be met j, respectively. In equation
5, there are P task based constraints, M image based con-
straints and N objectives. The task based constraints (e.g,,
RCM), image based constraints (e.g., constraints based on the
ultrasound image and/or the preoperative MRI image) and the
objectives (e.g., constraints based on the mechanical limits of
the robotic arm) are met in addition to facilitating the desired
movement of the ultrasound probe. Slack variables s; and s,
may be included to relax the constraints, wherein the degree
of slackness is controlled by parameters c. and 3, respectively.
[0035] Previously, the aforementioned constraints were
either expressed as linear or nonlinear constraints. For
example, constraint linearization has been accomplished by
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approximating a non-linear feasible data set approximating a
closed polygon with n-sides. Nonlinear constraints have been
solved using feasible sequential quadratic programs that con-
vert the nonlinear constraints into a series of iterative qua-
dratic equations while ensuring that the solutions remain
within the feasible set. In these approaches, a trade-off
between speed (e.g., via linear constraint methods) and accu-
racy (e.g., non-linear constraints) was made.

[0036] Trade-offs between speed and accuracy may not be
required where no constraint linearization is performed. In an
embodiment, a second-order cone programming (SOCP) is
solved directly. For example, an objective can be expressed as
any convex form of L1, L.2 or L2 norm squared. Because each
convex form has the same minimum associated therewith, the
convex forms can be substituted for one another. The SOCP
can be solved by algorithms such as an embedded conic
solver (ECOS), which uses interior point methods for SOCP.
As a result, it may be possible to solve this problem in the
rates required for robot control (e.g., typically in less than 10
milliseconds).

[0037] In one or more embodiments, one or more of the
following illustrative constraints are provided for ultrasound
guided prostate biopsy with a robotic arm. For example,
constraints are implemented using equation 5 with the SOCP
solved directly. Additional, different or fewer constraints may
be proved. For example, one or more constraints may be
implemented unrestricted (e.g., allowing the robotic arm to be
moved freely), as a soft constraint (e.g., resisting motion of
the robotic arm in a specified way) or a hard restraint (e.g.,
preventing all motion of the robotic arm in a specified way).
[0038] Compliant adjustment and locking of the robotic
arm may be helpful to the user to assist accurate movement of
the ultrasound probe and to limit fatigue associated with
ultrasound procedures. In an embodiment, compliant adjust-
ment and locking of the robotic arm is provided. For example,
compliant control of the robotic arm is provided using imped-
ance control (e.g, via the relationship between force and
position) or admittance control (e.g., the inverse of imped-
ance control) of the robotic arm. For example, using admit-
tance control (or pseudo admittance control), a lower level
controller may be used, such as a proportional-integral-de-
rivative (PID) controller that can drive the robotic arm to set
an orientation and/or velocity of the robotic arm. In this
example, a sensor is attached to the handle of the ultrasound
probe, such as a force senor or an optical encoder capable of
generating a signal proportional to user input. Therefore, if T
is the 6D user input from this sensor (e.g., force and torque
measurements in thee Cartesian coordinates), then the
desired incremental position of the ultrasound probe can be
mapped using equation 6:

Axd = Kt (Eg. 6)

i

where K is a 6x6 scaling matrix. In compliant mode, the
robotic arm receives a user input via the sensor and assists the
user in moving therobotic arm, such as allowing “weightless”
motion in response to an input. Further, for a locking mode, ©
or the scaling matrix K are set to zero upon triggering the
locking mode (e.g., when the system receives no user inputs
or the locking mode is initiated by the system and/or user).

[0039] Virtual remote center of motion (VRCM or RCM) is
auseful constraint of a medical robot control, such as to limit
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inconsistent prostate deformation. In an embodiment, a RCM
for the robotic arm is provided. For example, the system or
user directly selects the RCM point based on an image fea-
ture. For instance, the user can select a feature in the ultra-
sound image, the MRI image and/or a three-dimensional
model, such as the apex of a prostate in the ultrasound image.
A Jacobian is then computed for the selected feature with
respect to joints of the robotic arm to implement the RCM
about the selected feature set as the constraint. Therefore, if X,
is the 3D coordinates of the desired RCM point in image
space, then the RCM constraint can be written as equation 7:

bx, +Ax,~Jr T Aqlyse; (Eq. 7

Unlike earlier RCM approaches, it may not be required that
the RCM point be known to the system in Cartesian coordi-
nates with respect to the end-effector of the robot or the
ultrasound probe. Further, as discussed above, solving conic
problems with interior point methods allows equation 7 to be
solved directly instead of solving a linearized form or a
locally linear solution. This is important if the tolerance of the
RCM is crucial, such as in prostate TRUS procedures. For
example, if the ultrasound probe tip moves too far away from
the RCM point varies prostate deformation, causing a poten-
tial error in the needle guidance.

[0040] Further, it may be desirable to swiftly acquire a three
dimensional volume of the prostate by compounding 2D US
images by performing an ultrasound sweep. It may also be
desirable limit prostate deformation during ultrasound sweep
acquisition. In one or more embodiments, the pressure or
force applied to the rectal wall is controlled and kept uniform
across an ultrasound sweep. For example, referring back to
FIGS. 2A-C, prostate deformation in FIG. 2C is minimized
throughout an ultrasound sweep and consistent between posi-
tions of the ultrasound probe when compared to FIGS. 2A-B.
Traditionally in robaotics, end-effector force is measured and
controlled using a force or pressure sensor mounted on the
end-effector or the attached tool. However, this solution may
not be practical for TRUS procedures due to limitations in
available acoustically translucent force sensors, sensor size
and cost implications. In this embodiment, image constraints
are used as a substitute for a force or pressure sensor. For
example, image derived features can be used to determine the
pressure or force applied to the rectal wall, such as image
correlation, image strain correlation and/or using an image
confidence map based on comparison or differences between
data for sequential scans.

[0041] In an embodiment, the pressure or force applied to
the rectal wall is controlled and kept uniform by measuring
the angular displacement between two consecutive ultra-
sound images to determine image correlation. For example,
when the angular displacement between two consecutive
positions is small, then the captured image are highly correla-
tive. Therefore, if the pressure or force applied to the rectal
wall changes between consecutive images, then the consecu-
tively captured images will not be as correlated. By monitor-
ing changes in correlation (or de-correlation) between con-
secutively captured images, the position of the ultrasound
probe can be adjusted during the ultrasound sweep to main-
tain consistent pressure on the rectal wall.

[0042] In another embodiment, the pressure or force
applied to the rectal wall is controlled and kept uniform by
measuring image strain. For example, strain images use ultra-
sound shear waves and/or acoustic radiation force imaging to
provide an estimate of strain on the tissue. Correlation in
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image strain between two consecutively captured images
should be similar (e.g., between images captured before and
after a small change in probe position). Metrics, such as
cosine similarity, mutual information or other information
theory metrics independent of image magnitude, are used to
determine correlation between strain images. By monitoring
changes in correlation (or de-correlation) between consecu-
tively captured images, the position of the ultrasound probe
can be adjusted during the ultrasound sweep to maintain
consistent pressure on the rectal wall.

[0043] In yet another embodiment, the pressure or force
applied to the rectal wall is controlled and kept uniform using
an image confidence map. For example, an image confidence
map is a learning model based on a probability map thatlabels
each pixel in the image with a value between zero and one
(e.g., 0to 1). The learning model is used to identify acoustic
shadows in an ultrasound image and/or an impedance mis-
match between the ultrasound image and scanned surface.
For example, acoustic shadows at the far edge of the image
(e.g., the edge opposite the ultrasound probe) indicate that
contact pressure is insufficient. Thus, when acoustic shadows
in a confidence probability map are indicative of insufficient
applied pressure, the position of the ultrasound probe can be
adjusted during the ultrasound sweep to maintain adequate
pressure on the rectal wall.

[0044] In an embodiment, the pressure or force applied to
the rectal wall is measured using image correlation, image
strain correlation and/or using an image confidence map,
either independently or in combination. Applied pressure or
force is computed on a patch, or portion, of an ultrasound
image. Forexample, a portion of the image is computed in any
pixel size (e.g., a portion that is w pixels by w pixels), and
each patch returns a scalar value. Scalar values from
N-patches are concatenated to generate a ND feature vector.
Mapping between the tangent space of the ND feature vector
and the Cartesian space is provided using the image Jacobian
J,. Using the image Jacobian, the desired constraint to be
implemented is a small rate of change of the ND feature
vector, written as equation 8:

JrJiAgl ze; (Eq. 8)

where n=1, 2. For example, an L1 norm squared computes
each patch independently and does not allow any patch to
deviate beyond the specified tolerance. In another example,
an L2 norm squared treats each patch with equal weight. The
feature vector is be scaled by a diagonal matrix W, with
diagonal elements representing the relative importance of
each patch, as expressed in equation 9:

WI; T Aql, =€,

[0045] FIG. 4illustrates a flowchart of an embodiment of a
method for ultrasound guided prostate needle biopsies using
a robotic arm. The method is implemented by the system of
FIG. 1 and/or a different system. A processor, such as a
processor of an imaging system, performs acts 401, 403, 405,
409, 411, and 413. The imaging system, using a probe guided
by the processor, performs act 407. A user may assist or
perform acts 405 and/or 413.

[0046] Additional, different or fewer acts may be provided.
For example, acts 409-413 are not performed. As another
example, act 409 is not provided. In yet another example, acts
401-409 are not provided. In other examples, acts for config-
uring for imaging, calibrating, activating and/or imaging are
provided.

(Ea. 9)
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[0047] The method is provided in the order shown. Other
orders may be provided, and acts may be repeated.

[0048] At act401, a three-dimensional image of a prostate
is received, such as a preoperative MRI image. The three-
dimensional image is received from a three-dimensional
imaging system prior to the ultrasound procedure. Alterna-
tively, a three-dimensional image of the prostate may be
captured initially by scanning the patient in another act.
[0049] The data is received by scanning. Alternatively, the
data is received by loading from memory or transfer over a
network.

[0050] At act 403, a three-dimensional model of the pros-
tate is generated using the three-dimensional image. For
example, during preoperative planning, an automatic seg-
mentation is performed on the three-dimensional image data
(e.g., MRI map), and a patient specific anatomical model of
prostate is generated. Further, the biomechanical properties
of the prostate may be determined (i.e., Young’s modulus and
the Poisson’s ratio) using nominal values reported from lit-
erature, or the personalized values extracted from elastogra-
phy scans of the patient are used. Any modeling may be used.
The model is a three-dimensional representation of the pros-
tate with or without surrounding tissues. Rather than a purely
voxel intensity representation, other information, such as tis-
sue properties, bio-mechanical properties or relationships,
scale, orientation, or other information, may be included in
the model.

[0051] At act 405, the ultrasound probe is guided into a
position for a three-dimensional ultrasound sweep of the
prostate. For example, the user selects an operating mode for
the robotic arm allowing the user to move the ultrasound
probe into position for the sweep. In one embodiment, the
user selects a freestyle mode that allows the user to move the
probe freely, only restricted by the mechanical limits of the
robotic arm. Alternatively, or in addition to the freestyle
mode, a compliant mode may be selected by the user to allow
weightless movement of the ultrasound probe.

[0052] Atact407, athree-dimensional ultrasound sweep of
the prostate is performed. For example, when the user has
localized the prostate, the user manually or automatically
acquires a three-dimensional sweep of the prostate. For
example, the user selects an operating mode for the robotic
arm allowing the user to manually perform the three-dimen-
sional sweep, or enables the system to automatically perform
the prostate sweep. In one embodiment, an RCM mode is
selected by the user to restrict the motion of the ultrasound
probe about a fixed point on the ultrasound probe, such as a
distal end or tip of the ultrasound probe. The user then con-
trols movement ofthe probe as constrained in the RCM mode.
Alternatively, an “auto sweep” mode is selected to automati-
cally guide the ultrasound probe through the three-dimen-
sional ultrasound sweep of the prostate. The system tracks the
ultrasound images to rotate the probe automatically based on
prostate image information. In another example, the system
tracks the ultrasound images in RCM mode and/or “auto
sweep” mode to maintain consistent and adequate pressure by
the ultrasound probe.

[0053] Atact409, the three-dimensional model of the pros-
tate is updated using image data from the three-dimensional
ultrasound prostate sweep. For example, the three-dimen-
sional ultrasound image is automatically segmented and an
updated three-dimensional model of the prostate is generated
based on the ultrasound image. For example, the three-dimen-
sional model is updated to account for prostate deformation
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caused by the ultrasound probe. Further, feature locations
identified using the preoperative MRI are updated in the
updated three-dimensional model, accounting for the effects
of the prostate deformation by updating feature locations in
the three-dimensional model. For example, FIGS. 3A-B
depict examples of a prostate segmented in an MR1 image and
an ultrasound image. FIG. 3A depicts a preoperative MRI
image with a prostate outline 301 identified from the MRI
image and a prostate outline 303 from a corresponding ultra-
sound image (i.e., FIG. 3B). FIG. 3B depicts a real-time
ultrasound image with the prostate outline 301 identified
from the preoperative MRI image (i.e., FIG. 3A) and a pros-
tate outline 303 from the ultrasound image. As such, changes
to the three-dimensional model are made to account for the
change in shape of the prostate during the ultrasound proce-
dure. In an example, registration between the preoperative
MRI data and the real-time ultrasound data is established
using the anatomical probe orientation. For example, loca-
tions from the three-dimensional preoperative or diagnostic
image are mapped with corresponding locations from the
three-dimensional ultrasound image. The probe orientation
and position is determined, and in combination with the ultra-
sound scandata, is used to determine the orientation, position,
and scale of the ultrasound data relative to the MR data.
Further refinement, such as warping, may be used. The
updated three-dimensional model is generated using preop-
erative MRI data and the real-time ultrasound data to deter-
mine known feature boundaries and may be enhanced using
the nominal or personalized biomechanical properties of the
patient.

[0054] The three-dimensional image data is fused and pro-
vided to the user real-time. An image is generated from both
data sets or separate images are generated from the separate
data sets. The images show the same anatomy form a same
perspective, providing information from both types of imag-
ing. The ultrasound information provides representation in
real-time or during the procedure. The MR information may
provide greater detail and/or additional information.

[0055] At act411, a three-dimensional location in the pros-
tate is identified as a target for collecting a biopsy core. For
example, the location is identified based onthe updated three-
dimensional model of the prostate. The location and size are
determined using the fused information.

[0056] Atact413,aneedle guide on the ultrasound probe is
guided into a position to collect the biopsy core, based on the
identified three-dimensional location in the prostate. For
example, the user selects an operating mode for the robotic
arm. For example, the user selects the RCM mode, restricting
movement of the ultrasound probe about the tip of the probe.
The user then manually moves the ultrasound probe into
position to collect the biopsy core, passively guided by the
robotic arm. Thus, based on the three-dimensional model, the
user aligns the probe so the biopsy needle guide is in position
to target the biopsy core identified in the three-dimensional
model. In another example, the user selects an automatic
mode where in the robotic arm automatically moves the ultra-
sound probe into position to collect the biopsy core. In this
example, the user marks a target location in the three-dimen-
sional model, and the robotic arm is automatically moved
(e.g., following RCM principles) to align the needle guide to
the location in the prostate corresponding to the marked loca-
tion in the three-dimensional model.

[0057] When the needle guide is aligned with the desired
biopsy core location, the user selects the lock mode. The lock
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mode maintains the position of ultrasound probe with respect
to the target location, and restricts all movement of the ultra-
sound probe. Acts 411 and 413 are repeated to take multiple
biopsy core samples.

[0058] Additionally, in one or more embodiments, a cali-
bration act is performed. For example, the robotic arm is
calibrated for the handle and tip of the ultrasound probe with
respect to coordinate system for the joints of the robotic arm.
Further, the system is calibrated for other object coordinates,
such as the ultrasound machine itself, the patient table, etc., to
be used for collision avoidance constraints. Other calibration
may be used to align the preoperative data coordinate system
with the robotic or ultrasound coordinate system.

[0059] Various improvements described herein may be
used together or separately. Although illustrative embodi-
ments of the present invention have been described herein
with reference to the accompanying drawings, it is to be
understood that the invention is not limited to those precise
embodiments, and that various other changes and modifica-
tions may be affected therein by one skilled in the art without
departing from the scope or spirit of the invention.

We claim:

1. A method for ultrasound guided prostate needle biopsies
using a compliant user-driven robotic arm, the method com-
prising:

receiving a three-dimensional diagnostic image of a pros-

tate;

generating a three-dimensional model of the prostate using

the three-dimensional diagnostic image;

guiding, with the compliant user-driven robotic arm, an

ultrasound probe into a position for a three-dimensional
ultrasound sweep of the prostate;

performing, with the compliant user-driven robotic arm,

the three-dimensional ultrasound sweep of the prostate
using the ultrasound probe in the position;

updating the three-dimensional model of the prostate using

image data from the three-dimensional ultrasound
sweep;

identifying, based on the updated three-dimensional model

of the prostate, a three-dimensional location in the pros-
tate for collecting a biopsy core, wherein a location from
the three-dimensional diagnostic image is mapped to
corresponding location from the image data from the
three-dimensional ultrasound sweep; and

guiding, by restricting the trajectory of the robotic arm

based on the identified three-dimensional location in the
prostate and displaying the identified location, the ultra-
sound probe into a position to collect the biopsy core.

2. The method of claim 1 wherein guiding the ultrasound
probe into the position for the three-dimensional ultrasound
sweep comprises selecting a one of a plurality of modes for
the compliant user-driven robotic arm, wherein the selected
mode restricts movement of the ultrasound probe by impos-
ing restrictions on movements of the compliant user-driven
robotic arm.

3. The method of claim 1 wherein performing the three-
dimensional ultrasound sweep of the prostate comprises
selecting a one of a plurality of modes for the compliant
user-driven robotic arm, wherein the selected mode restricts
movement of the ultrasound probe about a fixed point on the
ultrasound probe.

4. The method of claim 3 wherein the selected mode forthe
compliant user-driven robotic arm restricts movement of the
ultrasound probe about a distal end of the ultrasound probe.
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5. The method of claim 3 wherein the selected mode for the
compliant user-driven robotic arm further comprises auto-
matically guiding the ultrasound probe through the three-
dimensional ultrasound sweep of the prostate.

6. The method of claim 1 wherein guiding the ultrasound
probe in the position to collect the biopsy core comprises
selecting one of a plurality of modes for the compliant user-
driven robotic arm, wherein the selected mode passively
guides the ultrasound probe into the position to collect the
biopsy core.

7. The method of claim 1 wherein guiding the ultrasound
probe in the position to collect the biopsy core comprises
selecting one of a plurality of modes for the compliant user-
driven robotic arm, wherein the selected mode assistsa userin
guiding the ultrasound probe into the position to collect the
biopsy core.

8. The method of claim 6 wherein the selected mode for the
compliant user-driven robotic arm further comprises restrict-
ing movement of the ultrasound probe about a distal end of the
ultrasound probe.

9. The method of claim 1 wherein after guiding the ultra-
sound probe into the position to collect the biopsy core, the
compliant user-driven robotic arm restricts all movement of
the ultrasound probe.

10. A system for ultrasound guided prostate needle biop-
sies using a robotic arm, the system comprising:

a processor configured to receive a three-dimensional
image of a prostate, wherein the processor is further
configured to generate a three-dimensional model of the
prostate based on the received image;

a multi-link robotic arm comprising:

a plurality of joints;

an end-effector attached to one of the plurality of joints;

an ultrasound probe attached to the end-effector,
wherein the ultrasound probe is operably connected to
the processor to capture an ultrasound image, wherein
the processor updates the three-dimensional model of
the patient based on the captured ultrasound image;

aposition sensor for at least one of the plurality of joints,
the position sensor operably connected to the proces-
sor to map the position of the ultrasound probe with
the updated three-dimensional model; and

a force sensor operably connected to the processor,
wherein the force sensor is configured to detect input
forces to the end-effector.

11. The system of claim 10 wherein the force sensor is
attached to a handle of the ultrasound probe.
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12. The system of claim 11 wherein the robotic arm is
configured to operate in a plurality of operating modes to
restrict movement of the ultrasound probe, the plurality of
operating modes comprising:

a first operating mode restricting movement of the ultra-

sound probe by mechanical limits of the robotic arm;
asecond operating mode restricting movement of the ultra-
sound probe about a fixed point on the ultrasound probe;

a third operating mode passively guiding movement of the

ultrasound probe into a position to collect a biopsy core;

a fourth operating mode restricting all movement of the

ultrasound probe; and

a fifth operating mode restricting movement of the ultra-

sound probe based on analysis of captured ultrasound
images.

13. The system of claim 12 wherein the second operating
mode automatically performs a three-dimensional ultrasound
sweep of a prostate.

14. The system of claim 12 wherein the second operating
mode for the robotic arm restricts movement of the ultrasound
probe about a distal end of the ultrasound probe.

15. The system of claim 12 wherein the processor is con-
figured to identify a biopsy core based on the received three-
dimensional image of the prostate and the captured ultra-
sound image of the prostate.

16. The system of claim 14 wherein the second operating
mode restricts the movement of a distal end of the ultrasound
probe to maintain pressure on the prostate.

17. The system of claim 17 wherein the distal end of the
ultrasound probe maintains pressure on the prostate based on
the captured ultrasound image.

18. The system of claim 18 wherein the distal end of the
ultrasound probe maintains pressure on the prostate based on
de-correlation between consecutively captured ultrasound
images.

19. The system of claim 18 wherein the distal end of the
ultrasound probe maintains pressure on the prostate based on
a difference in a strain on prostate tissue between consecu-
tively captured ultrasound images.

20. The system of claim 18 wherein the distal end of the
ultrasound probe maintains pressure on the prostate based an
image confidence map generated based on consecutively cap-
tured ultrasound images.

21. The system of claim 18 wherein the distal end of the
ultrasound probe maintains pressure on the prostate based
de-correlation, strain on prostate tissue and an image confi-
dence map generated based on consecutively captured ultra-
sound images.
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