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Method and System for Registration of 2D/2.5D Laparoscopic and Endoscopic

Image Data to 3D Volumetric Image Data

BACKGROUND OF THE INVENTION

[0001] The present invention relates to registration of laparoscopic or
endoscopic image data to 3D volumetric image data, and more particularly, to
registering intra-operative 2D/2.5D laparoscopic or endoscopic image data to
pre-operative 3D volumetric image data in order to overlay information from the
pre-operative 3D volumetric image data on the intra-operative laparoscopic or
endoscopic image data.

[0002] During minimally invasive surgical procedures, sequences of
laparoscopic or endoscopic images are acquired to guide the surgical procedures.
Multiple 2D images can be acquired and stitched together to reconstruct a 3D
intra-operative model of an observed organ of interest. This reconstructed
intra-operative model may then be fused with pre-operative or intra-operative
volumetric image data, such as magnetic resonance (MR), computed tomography (CT),
or positron emission tomography (PET), to provide additional guidance to a clinician
performing the surgical procedure. However, registration is challenging due to a large
parameter space and a lack of constraints on the registration problem. One strategy
for performing this registration is to attach the intra-operative camera to an optical or
electromagnetic external tracking system in order to establish the absolute pose of the
camera with respect to the patient. Such a tracker-based approach does help
establish an initial registration between the intra-operative image stream (video) and
the volumetric image data, but introduces the burden of additional hardware

components to the clinical workflow.

BRIEF SUMMARY OF THE INVENTION

[0003] The presentinvention provides a method and system for registration of
intra-operative images, such as laparoscopic or endoscopic images, with pre-operative
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volumetric image data. Embodiments of the present invention register a 3D volume to
2D/2.5D intra-operative images by simulating virtual projection images from the 3D
volume according to a viewpoint and direction of a virtual camera, and then calculate
registration parameters to match the simulated projection images to the real
intra-operative images while constraining the registration using relative orientation
measurements associated with the intra-operative images from orientation sensors,
such as gyroscopes or accelerometers, attached to the intra-operative camera.
Embodiments of the present invention further constrain the registration based on a
priori information of a surgical plan.

[0004] In one embodiment of the present invention, a plurality of 2D/2.5D
intra-operative images of a target organ and corresponding relative orientation
measurements for the intraoperative images are received. A 3D medical image
volume of the target organ is registered to the plurality of 2D/2.5D intra-operative
images by calculating pose parameters to match simulated projection images of the 3D
medical image volume to the plurality of 2D/2.5D intra-operative images, wherein the
registration is constrained by the relative orientation measurements for the
intra-operative images.

[0005] These and other advantages of the invention will be apparent to those
of ordinary skill in the art by reference to the following detailed description and the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG. 1 illustrates a method for registering a 3D pre-operative medical
image volume of a target anatomical object to 2D/2.5D intra-operative images of the
target anatomical object, according to an embodiment of the present invention;

[0007] FIG. 2 illustrates an example of matching simulated projection images
from a pre-operative 3D medical image volume to intra-operative images;

[0008] FIG. 3 illustrates a method for surgical planning and registration of a

3D pre-operative medical image volume of a target anatomical object to intra-operative
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images of the target anatomical object, according to an embodiment of the present
invention;

[0009] FIG. 4 illustrates exemplary constraints determined from a priori
knowledge resulting from a surgical plan; and

[0010] FIG. 5is a high-level block diagram of a computer capable of

implementing the present invention.

DETAILED DESCRIPTION

[0011] The present invention relates to a method and system for registering
intra-operative images, such as laparoscopic or endoscopic images, to 3D volumetric
medical images. Embodiments of the present invention are described herein to give a
visual understanding of the registration method. A digital image is often composed of
digital representations of one or more objects (or shapes). The digital representation
of an object is often described herein in terms of identifying and manipulating the
objects. Such manipulations are virtual manipulations accomplished in the memory or
other circuitry / hardware of a computer system. Accordingly, is to be understood that
embodiments of the present invention may be performed within a computer system
using data stored within the computer system.

[0012] The fusion of 3D medical image data with an intra-operative image
(e.q., frame of endoscopic or laparoscopic video) can be performed by first performing
an initial rigid alignment and then a more refined non-rigid alignment. Embodiments of
the present invention provide the rigid registration between the 3D volumetric medical
image data and the intra-operative image data using sparse relative orientation data
from an accelerometer or gyroscope attached to the intra-operative camera, as well as
surgical planning information, to constrain an optimization for registration parameters
which best align the observed intra-operative image data with simulated projections of
a 3D pre-operative medical image volume. Embodiments of the present invention
further provide an advantageous surgical planning workflow in which surgical planning
information can be used in a biomechanical model to predict motion of tissue in a

surgical plan, which is used to provide feedback to the user with respect to a predicted
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registration quality and guidance on what changes can be made to the surgical plan in
order to improve the registration.

[0013] Embodiments of the present invention perform co-registration of a 3D
pre-operative medical image volume and 2D intra-operative images, such as
laparoscopic or endoscopic images, having corresponding 2.5D depth information
associated with each image. Is to be understood that the terms “laparoscopic image”
and “endoscopic image” are used interchangeably herein and the term “intra-operative
image” refers to any medical image data acquired during a surgical procedure or
intervention, including laparoscopic images and endoscopic images.

[0014] FIG. 1 illustrates a method for registering a 3D pre-operative medical
image volume of a target anatomical object to 2D/2.5D intra-operative images of the
target anatomical object, according to an embodiment of the present invention. The
method of FIG. 1 transforms intra-operative image data representing a patient’s
anatomy to perform semantic segmentation of each frame of the intra-operative image
data and generate a 3D model of a target anatomical object. In an exemplary
embodiment, the method of FIG. 1 can be used to register a pre-operative 3D medical
image volume in which the liver has been segmented to frames of an intra-operative
image sequence of the liver for guidance of a surgical procedure on the liver, such as a
liver resection to remove a tumor or lesion from the liver.

[0015] Referring to FIG. 1, at step 102, a pre-operative 3D medical image
volume is received. The pre-operative 3D medical image volume is acquired prior to
the surgical procedure. The 3D medical image volume can be acquired using any
imaging modality, such as computed tomography (CT), magnetic resonance (MR), or
positron emission tomography (PET). The pre-operative 3D medical image volume
can be received directly from an image acquisition device, such as a CT scanner or MR
scanner, or can be received by loading a previously stored 3D medical image volume
from a memory or storage of a computer system. In a possible implementation, in a
pre-operative planning phase, the pre-operative 3D medical image volume can be
acquired using the image acquisition device and stored in the memory or storage of the
computer system. The pre-operative 3D medical image can then be loaded from the
memory or storage system during the surgical procedure.
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[0016] The pre-operative 3D medical image volume includes a target
anatomical object, such as a target organ. In an advantageous implementation, the
target organ can be the liver. The pre-operative volumetric imaging data can provide
for a more detailed view of the target anatomical object, as compared to intra-operative
images, such as laparoscopic and endoscopic images. The target anatomical object
and other anatomical objects can be segmented in the pre-operative 3D medical image
volume. Surface targets (e.g., liver), critical structures (e.g., portal vein, hepatic
system, biliary tract, and other targets (e.g., primary and metastatic tumors) may be
segmented from the pre-operative imaging data using any segmentation algorithm.
For example, the segmentation algorithm may be a machine learning based
segmentation algorithm. In one embodiment, a marginal space learning (MSL) based
framework may be employed, e.g., using the method described in United States Patent
No. 7,916,919, entitled “System and Method for Segmenting Chambers of a Heart in a
Three Dimensional Image,” which is incorporated herein by reference in its entirety. In
another embodiment, a semi-automatic segmentation technique, such as, e.g., graph
cut or random walker segmentation can be used.

[0017] Atstep 104, a sequence of intra-operative images is received along
with corresponding relative orientation measurements. The sequence of
intra-operative images can also be referred to as a video, with each intra-operative
image being a frame of the video. For example, the intra-operative image sequence
can be a laparoscopic image sequence acquired via a laparoscope or an endoscopic
image sequence acquired via an endoscope. According to an advantageous
embodiment, each frame of the intra-operative image sequence is a 2D/2.5D image.
That is each frame of the intra-operative image sequence includes a 2D image channel
that provides typical 2D image appearance information for each of a plurality of pixels
and a 2.5D depth channel that provides depth information corresponding to each of the
plurality of pixels in the 2D image channel. For example, each frame of the
intra-operative image sequence can include RGB-D (Red, Green, Blue + Depth) image
data, which includes an RGB image, in which each pixel has an RGB value, and a
depth image (depth map), in which the value of each pixel corresponds to a depth or
distance of the considered pixel from the camera center of the image acquisition
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device (e.g., laparoscope or endoscope). The intra-operative image acquisition device
(e.q., laparoscope or endoscope) used to acquire the intra-operative images can be
equipped with a camera or video camera to acquire the RGB image for each time
frame, as well as a time of flight or structured light sensor to acquire the depth
information for each time frame. The intra-operative image acquisition device can also
be equipped with an orientation sensor, such as an accelerometer or a gyroscope,
which provides a relative orientation measurement for each of the frames. The frames
of the intra-operative image sequence may be received directly from the image
acquisition device. For example, in an advantageous embodiment, the frames of the
intra-operative image sequence can be received in real-time as they are acquired by
the image acquisition device. Alternatively, the frames of the intra-operative image
sequence can be received by loading previously acquired intra-operative images
stored on a memory or storage of a computer system.

[0018] According to an embodiment of the present invention, the sequence of
intra-operative images can be acquired by a user (e.g., doctor, clinician, etc.)
performing a complete scan of the target organ using the image acquisition device
(e.q., laparoscope or endoscope). In this case the user moves the image acquisition
device while the image acquisition device continually acquires images (frames), so that
the frames of the intra-operative image sequence cover the complete surface of the
target organ. This may be performed at a beginning of a surgical procedure to obtain a
full picture of the target organ at a current deformation. A 3D stitching procedure may
be performed to stitch together the intra-operative images to form an intra-operative 3D
model of the target organ, such as the liver.

[0019] At step 106, the pre-operative 3D medical image volume is registered
to the 2D/2.5D intra-operative images using the relative orientation measurements of
the intra-operative images to constrain the registration. According to an embodiment
of the present invention, this registration is performed by simulating camera projections
from the pre-operative 3D volume using a parameters space defining the position and
orientation of a virtual camera (e.qg., virtual endoscope/laparoscope). The simulation of
the projection images from the pre-operative 3D volume can include photorealistic
rendering. The position and orientation parameters determine the appearance and
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well as the geometry of simulated 2D/2.5D projection images from the 3D medical
image volume, which are directly compared to the observed 2D/2.5D intra-operative
images via a similarity metric.

[0020] An optimization framework is used to select the pose parameters for
the virtual camera that maximize the similarity (or minimize the difference) between the
simulated projection images and the received intra-operative images. That is, the
optimization problem calculates position and orientation parameters that maximize a
total similarity (or minimizes a total difference) between each 2D/2.5 intra-operative
image and a corresponding simulated 2D/2.5D projection image from the pre-operative
3D volume over all of the intra-operative images. According to an embodiment of the
present invention, the similarity metric is calculated for the target organ in
intra-operative images and the corresponding simulated projection images. This
optimization problem can be performed using any similarity or difference metric and
can be solved using any optimization algorithm. For example, the similarity metric can
be cross correlation, mutual information, normalized mutual information, etc., and the
similarity metric may be combined with a geometry fitting term for fitting the simulated
2.5D depth data to the observed 2.5D depth data based on the geometry of the target
organ. As described above the orientation sensors mounted to the intra-operative
image acquisition device (e.g., endoscope/laparoscope) provide relative orientations
of the intra-operative images with respect to each other. These relative orientations
are used to constrain the optimization problem. In particular, the relative orientations
of the intra-operative images constrain the set of orientation parameters calculated for
the corresponding simulated projection images. Additionally, the scaling is known due
to metric 2.5D sensing, resulting in an optimization for pose refinement on the unit
sphere. The optimization may be further constrained based on other a priori
information from a known surgical plan used in the acquisition of the intra-operative
images, such as a position of the operating room table, position of the patient on the
operating room table, and a range of possible camera orientations.

[0021] FIG. 2 illustrates an example of matching simulated projection images
from a pre-operative 3D medical image volume to intra-operative images. As shownin

FIG. 2, image 202 shows a number of simulated 2D projections of the liver generated
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from a pre-operative 3D medical image volume in which the liver was segmented, and
image 204 shows an observed 2D projection of the liver in a laparoscopic image. The
registration procedure finds position and orientation parameters to best match a
simulated projection of the target organ to each observed projection of the target
organ.

[0022] Returning to FIG. 1, at step 108, the pre-operative 3D medical image
volume is overlaid on intra-operative images during the surgical procedure. The result
of the registration is a transformation matrix that can be applied to the pre-operative 3D
medical image volume to map a projection of the pre-operative 3D medical image
volume onto a given intra-operative image. This enables augmented reality overlays of
subsurface information from the pre-operative 3D medical image volume onto the
visual information from the intra-operative image acquisition device (e.g., endoscope
or laparoscope). In an advantageous embodiment, once the registration is performed
new frames of the intra-operative image sequence (video) are received and the
projection of the target organ from the pre-operative 3D medical image volume is
overlaid on each new frame based on the registration. Each frame including the
overlaid information from the pre-operative 3D medical image volume is displayed on a
display device to guide the surgical procedure. The overlay can be performed in
real-time as the intra-operative images are acquired, and the overlaid images can be
displayed on the display device as a video stream. As the registration described herein
is a rigid registration, in a possible implementation, a biomechanical model of the target
organ may be used to calculate non-rigid deformation of the target organ for each
frame. The calculation of the non-rigid deformation using the biomechanical model is
described in greater detail in International Patent Application No. PCT/US2015/28120,
entitled “System and Method for Guidance of Laparoscopic Surgical Procedures
through Anatomical Model Augmentation”, filed April 29, 2015, the disclosure of which
is incorporated herein by reference in its entirety.

[0023] FIG. 3 illustrates a method for surgical planning and registration of a
3D pre-operative medical image volume of a target anatomical object to intra-operative
images of the target anatomical object, according to an embodiment of the present
invention. The method of FIG. 3 utilizes a surgical planning module that can be
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implemented on a computer, such as a workstation in an operating room. At step 302,
a surgical plan is received. Using the surgical planning module, a user can designate a
region of the target organ corresponding to the anticipated intra-operative camera view.
For example a 3D surface rendering of the target organ may be shown on a computer
display with tools provided for the user to adjust the viewing angle and select structural
features of interest via a user input device, such as a mouse or touch screen. The 3D
surface rendering of the target organ can be automatically generated from the
segmentation of the target organ in the pre-operative 3D medical image volume.
Additionally, the anticipated location of the laparoscope entry port at the patient
surface may also be indicated. Other relevant intra-operative pose parameters, such
as the position of the patient on the operating table may also be gathered and recorded
in the surgical plan.

[0024] At step 304, deformation of the target organ is simulated using a
biomechanical model of the segmented organ. In particular, a 3D mesh of the target
organ can be generated from the segmented target organ in the pre-operative 3D
medical image volume, and a biomechanical model can be used to deform the 3D
mesh in order to simulate expected tissue motion of the target organ given the
conditions defined in the surgical plan. The biomechanical model calculates
displacements at various points of the 3D mesh based on mechanical properties of the
organ tissue and forces applied to the target organ due to the conditions of the surgical
plan. For example, one such force may be a force due to gas insufflation of the
abdomen in the surgical procedure. In a possible implementation, the biomechanical
model models the target organ as a homogeneous linear elastic solid whose motion is
governed by the elastodynamics equation. The biomechanical model may be
implemented as described in International Patent Application No. PCT/US2015/28120,
entitled “System and Method for Guidance of Laparoscopic Surgical Procedures
through Anatomical Model Augmentation”, filed April 29, 2015, or International
Publication No. WO 2014/127321 A2, entitled “Biomechanically Driven Registration of
Pre-Operative Image to Intra-Operative 3D Images for Laparoscopic Surgery”, the

disclosures of which are incorporated herein by reference in their entirety.
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[0025] At step 306, simulated intra-operative images for the surgical plan are
generated using the simulated deformed target organ. The simulated intra-operative
images are generated by extracting a plurality of virtual projection images of the
simulated deformed target organ based on the conditions of the surgical plan, such as
the designated portion of the organ to view, a range of possible orientations of the
intra-operative camera, and the location of the laparoscope entry point. At step 308,
rigid registration of the pre-operative 3D medical image volume to the simulated
intra-operative images is performed. In particular, the method of FIG. 1, described
above can be performed to register the pre-operative 3D medical image to the
simulated intra-operative images in order to predict the results of the registration using
intra-operative images acquired with the current surgical plan.

[0026] Atstep 310, a predicted registration quality measurement is calculated.
In a possible implementation a surface error for predicted registration. In particular, a
total surface error between the simulated projection images of the pre-operative 3D
volume and the simulated intra-operative images extracted from the simulated
deformed target organ can be calculated. In addition other metrics measuring the
extent and quality of organ structure features within the intra-operative camera field of
view for the current surgical plan can also be calculated. Atstep 312, it is determined if
the predicted registration quality is sufficient. If it is determined that the predicted
registration quality is not satisfactory, the method proceeds to step 314. Ifitis
determined that the predicted registration quality is satisfactory, the method proceeds
to step 316. In a possible implementation, it can be automatically determined if the
predicted registration quality is sufficient, for example by comparing the predicted
registration quality measurement (e.g., surface error) to a threshold value. In another
possible implementation, the surgical planning module can present the results to the
user and the user can decide whether the predicted registration quality is sufficient.
For example, the predicted registration quality measurement or multiple predicted
registration quality measurements, as well as the deformed target organ resulting from
the biomechanical simulation, can be displayed on a display device. In addition to
presenting the results of the biomechanical simulation and corresponding registration
to the user to help guide the planning process, the surgical planning module may also

10
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provide suggestions regarding parameters of the surgical plan, such as port placement
and patient orientation, to improve the registration results.

[0027] Atstep 314, if it is determined that the predicted registration quality is
not satisfactory, the surgical plan is refined. For example the surgical plan can be
refined by automatically adjusting parameters, such as port placement and patient
orientation, to improve the registration results, or the surgical plan can be refined by
the user manually changing parameters of the surgical plan via user input to the
surgical planning module. It is possible, that the user manually changes the
parameters of the surgical plan to incorporate suggested changes provided to the user
by the surgical planning module. The method then returns to step 304 and repeats
steps 304-312 to simulate the deformation of the organ and predict the registration
quality for the refined surgical plan.

[0028] Atstep 316, when it is determined that the predicted registration quality
for the surgical plan is sufficient, constrained rigid registration is perform using the
surgical plan. The registration method of FIG. 1, described above, is further
constrained based on a priori knowledge resulting from the surgical plan. In particular,
once the surgical plan is finalized, intra-operative images are acquired using the
surgical plan, the method of FIG. 1 is used to register the pre-operative 3D medical
image volume with the acquired intra-operative images, and the parameters of the
surgical plan, such as the patient pose on the operating table and the port placement
for laparoscopic images, provide further constraints for the registration.

[0029] FIG. 4 illustrates exemplary constraints determined from a priori
knowledge resulting from a surgical plan. As shown in FIG. 4, a location of the
operating room table 402 and a pose of the patient 404 relative to the table 402 are
known from the surgical plan. The simulated deformation of the target organ 406 and
the simulated projection images 408 (simulated intra-operative images) can provide
constraints angle and depth constraints 410 related to a range of angles and depths of
the simulated projection images 408 with respect the organ 406 and the patient 404.

[0030] The above-described methods for registering 3D volumetric image
data to intra-operative images and for surgical planning to improve such a registration

may be implemented on a computer using well-known computer processors, memory

11
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units, storage devices, computer software, and other components. A high-level block
diagram of such a computer is illustrated in FIG. 5. Computer 502 contains a
processor 504, which controls the overall operation of the computer 502 by executing
computer program instructions which define such operation. The computer program
instructions may be stored in a storage device 512 (e.g., magnetic disk) and loaded
into memory 510 when execution of the computer program instructions is desired.
Thus, the steps of the methods of FIGS. 1 and 3 may be defined by the computer
program instructions stored in the memory 510 and/or storage 512 and controlled by
the processor 504 executing the computer program instructions. Animage acquisition
device 520, such as a laparoscope, endoscope, CT scanner, MR scanner, PET
scanner, etc., can be connected to the computer 502 to input image data to the
computer 502. It is possible that the image acquisition device 520 and the computer
502 communicate wirelessly through a network. The computer 502 also includes one
or more network interfaces 506 for communicating with other devices via a network.
The computer 502 also includes other input/output devices 508 that enable user
interaction with the computer 502 (e.g., display, keyboard, mouse, speakers, buttons,
etc.). Such input/output devices 508 may be used in conjunction with a set of computer
programs as an annotation tool to annotate volumes received from the image
acquisition device 520. One skilled in the art will recognize that an implementation of
an actual computer could contain other components as well, and that FIG. 5 is a high
level representation of some of the components of such a computer for illustrative
purposes.

[0031] The foregoing Detailed Description is to be understood as being in
every respect illustrative and exemplary, but not restrictive, and the scope of the
invention disclosed herein is not to be determined from the Detailed Description, but
rather from the claims as interpreted according to the full breadth permitted by the
patent laws. It is to be understood that the embodiments shown and described herein
are only illustrative of the principles of the present invention and that various
modifications may be implemented by those skilled in the art without departing from the
scope and spirit of the invention. Those skilled in the art could implement various other
feature combinations without departing from the scope and spirit of the invention.

12
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CLAIMS:

1. A method for registering a 3D medical image volume of a target organ to
2D/2.5D intra-operative images of the target organ comprising:

receiving a plurality of 2D/2.5D intra-operative images of the target organ
and corresponding relative orientation measurements for the intraoperative
images; and

registering a 3D medical image volume of the target organ to the plurality of
2D/2.5D intra-operative images by calculating pose parameters to match
simulated projection images of the 3D medical image volume to the plurality of
2D/2.5D intra-operative images, wherein the registration is constrained by the

relative orientation measurements for the intra-operative images.

2. The method of claim 1, wherein registering a 3D medical image volume of
the target organ to the plurality of 2D/2.5D intra-operative images by calculating
pose parameters to match simulated projection images of the 3D medical image
volume to the plurality of 2D/2.5D intra-operative images, wherein the registration
is constrained by the relative orientation measurements for the intra-operative
images comprises:

optimizing pose parameters of the simulated projection images of the 3D
medical image volume to maximize a similarity metric between each of the plurality
of 2D/2.5D intra-operative images and a corresponding one of the simulated
projection images of the 3D medical image volume, wherein the pose parameters
of the simulated projection images of the 3D medical image volume are
constrained by the relative orientation measurements for the intra-operative

images.

3. The method of claim 2, wherein the relative orientation measurements are
received from an orientation sensor mounted to an intra-operative image
acquisition device used to acquire the plurality of intra-operative images, and the

relative orientation measurements represent a relative orientation of the

13
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intra-operative image acquisition device corresponding to each of the plurality of
intra-operative images, wherein the pose parameters of the simulated projection
images of the 3D medical image volume comprise virtual camera position and
orientation parameters for each of the simulated projection images, and wherein
the virtual camera orientation parameters for the simulated projection images are
constrained such that relative orientations of the virtual camera for the simulated
projection images matches the relative orientations of the plurality of

intra-operative images.

4, The method of claim 2, wherein each of the plurality of 2D/2.5D
intra-operative images includes 2D image data and corresponding 2.5D depth
data, each of the simulated projection images of the 3D medical image volume is a
2D/2.5D projection image including 2D image data and corresponding 2.5D depth
data, and optimizing pose parameters of the simulated projection images of the 3D
medical image volume to maximize a similarity metric between each of the plurality
of 2D/2.5D intra-operative images and a corresponding one of the simulated
projection images of the 3D medical image volume, wherein the pose parameters
of the simulated projection images of the 3D medical image volume are
constrained by the relative orientation measurements for the intra-operative
images comprises:

optimizing the pose parameters of the simulated projection images of the
3D medical image volume to maximize a cost function including an appearance
based similarity metric between the 2D image data in each of the plurality of 2D/2.5
intra-operative images and the corresponding one of the simulated projection
images and a geometry fitting metric between the 2.5D depth data in each of the
plurality of 2D/2.5D intra-operative images and the corresponding one of the

simulated projection images.

5. The method of claim 1, wherein the registration is further constrained based
on a priori information from a known surgical plan used to acquire the plurality of

2D/2.5D intra-operative images.
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0. The method of claim 5, wherein the a priori information comprises a pose of

a patient relative to an operating room table.

7. The method of claim 1, wherein receiving a plurality of 2D/2.5D
intra-operative images of the target organ and corresponding relative orientation
measurements for the intraoperative images comprises:

receiving the plurality of 2D/2.5D intra-operative images from an
intraoperative image acquisition device, wherein the intra-operative image
acquisition device is one of a laparoscope or an endoscope; and

receiving the corresponding relative orientation measurements for the
intra-operative images from an orientation sensor mounted to the intra-operative
image acquisition device, wherein the orientation sensor is one of a gyroscope or

an accelerometer.

8. The method of claim 1, further comprising:
prior to receiving the plurality of 2D/2.5D intra-operative images:

simulating deformation of the target organ based on a surgical plan
using a biomechanical model of the target organ;

generating simulated intra-operative images for the surgical plan
using the simulated deformation of the target organ;

registering the 3D medical image volume of the target organ to the
simulated intra-operative images; and

calculating a predicted registration quality measurement for surgical
plan based on the registration of the 3D medical image volume of the target organ

to the simulated intra-operative images.
9 The method of claim 8, further comprising:

prior to receiving the plurality of 2D/2.5D intra-operative images, refining

parameters of the surgical plan in response to a determination, based on the
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predicted registration quality measurement, that a predicted registration quality for

the surgical plan is insufficient.

10.  The method of claim 8, wherein receiving a plurality of 2D/2.5D
intra-operative images of the target organ and corresponding relative orientation
measurements for the intraoperative images comprises:

receiving the plurality of 2D/2.5D intra-operative images of the target organ
acquired using the surgical plan, wherein the registration is further constrained
based on one or more parameters of the surgical plan.

11.  The method of claim 10, wherein the one or more parameters of the surgical
plan comprise at least one of a pose of a patient relative to an operating table, a
location of a laparoscopic entry port, or a range of angles of an intra-operative
image acquisition device used to acquire the plurality of 2D/2.5D intra-operative

images.

12.  An apparatus for registering a 3D medical image volume of a target organ to
2D/2.5D intra-operative images of the target organ comprising:

means for receiving a plurality of 2D/2.5D intra-operative images of the
target organ and corresponding relative orientation measurements for the
intraoperative images; and

means for registering a 3D medical image volume of the target organ to the
plurality of 2D/2.5D intra-operative images by calculating pose parameters to
match simulated projection images of the 3D medical image volume to the plurality
of 2D/2.5D intra-operative images, wherein the registration is constrained by the

relative orientation measurements for the intra-operative images.
13.  The apparatus of claim 12, wherein the means for registering a 3D medical

image volume of the target organ to the plurality of 2D/2.5D intra-operative images

by calculating pose parameters to match simulated projection images of the 3D
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medical image volume to the plurality of 2D/2.5D intra-operative images
comprises:

means for optimizing pose parameters of the simulated projection images
of the 3D medical image volume to maximize a similarity metric between each of
the plurality of 2D/2.5D intra-operative images and a corresponding one of the
simulated projection images of the 3D medical image volume, wherein the pose
parameters of the simulated projection images of the 3D medical image volume
are constrained by the relative orientation measurements for the intra-operative

images.

14.  The apparatus of claim 13, wherein the relative orientation measurements
are received from an orientation sensor mounted to an intra-operative image
acquisition device used to acquire the plurality of intra-operative images, and the
relative orientation measurements represent a relative orientation of the
intra-operative image acquisition device corresponding to each of the plurality of
intra-operative images, wherein the pose parameters of the simulated projection
images of the 3D medical image volume comprise virtual camera position and
orientation parameters for each of the simulated projection images, and wherein
the virtual camera orientation parameters for the simulated projection images are
constrained such that relative orientations of the virtual camera for the simulated
projection images matches the relative orientations of the plurality of

intra-operative images.

15.  The apparatus of claim 13, wherein each of the plurality of 2D/2.5D
intra-operative images includes 2D image data and corresponding 2.5D depth
data, each of the simulated projection images of the 3D medical image volume is a
2D/2.5D projection image including 2D image data and corresponding 2.5D depth
data, and the means for optimizing pose parameters of the simulated projection
images of the 3D medical image volume to maximize a similarity metric between
each of the plurality of 2D/2.5D intra-operative images and a corresponding one of
the simulated projection images of the 3D medical image volume comprises:
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means for optimizing the pose parameters of the simulated projection
images of the 3D medical image volume to maximize a cost function including an
appearance based similarity metric between the 2D image data in each of the
plurality of 2D/2.5 intra-operative images and the corresponding one of the
simulated projection images and a geometry fitting metric between the 2.5D depth
data in each of the plurality of 2D/2.5D intra-operative images and the

corresponding one of the simulated projection images.

16.  The apparatus of claim 12, wherein the registration is further constrained
based on a priori information from a known surgical plan used to acquire the

plurality of 2D/2.5D intra-operative images.

17.  The apparatus of claim 12, further comprising:

means for simulating deformation of the target organ based on a surgical
plan using a biomechanical model of the target organ;

means for generating simulated intra-operative images for the surgical plan
using the simulated deformation of the target organ;

means for registering the 3D medical image volume of the target organ to
the simulated intra-operative images; and

means for calculating a predicted registration quality measurement for
surgical plan based on the registration of the 3D medical image volume of the

target organ to the simulated intra-operative images.

18.  The apparatus of claim 17, wherein the plurality of 2D/2.5D intra-operative
images of the target organ are acquired using the surgical plan, and the
registration is further constrained based on one or more parameters of the surgical

plan.

19.  The apparatus of claim 18, wherein the one or more parameters of the
surgical plan comprise at least one of a pose of a patient relative to an operating

table, a location of a laparoscopic entry port, or a range of angles of an
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intra-operative image acquisition device used to acquire the plurality of 2D/2.5D

intra-operative images.

20. A non-transitory computer readable medium storing computer program
instructions for registering a 3D medical image volume of a target organ to 2D/2.5D
intra-operative images of the target organ, the computer program instructions
when executed on a processor cause the processor to perform operations
comprising:

receiving a plurality of 2D/2.5D intra-operative images of the target organ
and corresponding relative orientation measurements for the intraoperative
images; and

registering a 3D medical image volume of the target organ to the plurality of
2D/2.5D intra-operative images by calculating pose parameters to match
simulated projection images of the 3D medical image volume to the plurality of
2D/2.5D intra-operative images, wherein the registration is constrained by the

relative orientation measurements for the intra-operative images.

21.  The non-transitory computer readable medium of claim 20, wherein
registering a 3D medical image volume of the target organ to the plurality of
2D/2.5D intra-operative images by calculating pose parameters to match
simulated projection images of the 3D medical image volume to the plurality of
2D/2.5D intra-operative images, wherein the registration is constrained by the
relative orientation measurements for the intra-operative images comprises:
optimizing pose parameters of the simulated projection images of the 3D
medical image volume to maximize a similarity metric between each of the plurality
of 2D/2.5D intra-operative images and a corresponding one of the simulated
projection images of the 3D medical image volume, wherein the pose parameters
of the simulated projection images of the 3D medical image volume are
constrained by the relative orientation measurements for the intra-operative

images.
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22.  The non-transitory computer readable medium of claim 21, wherein the
relative orientation measurements are received from an orientation sensor
mounted to an intra-operative image acquisition device used to acquire the
plurality of intra-operative images, and the relative orientation measurements
represent a relative orientation of the intra-operative image acquisition device
corresponding to each of the plurality of intra-operative images, wherein the pose
parameters of the simulated projection images of the 3D medical image volume
comprise virtual camera position and orientation parameters for each of the
simulated projection images, and wherein the virtual camera orientation
parameters for the simulated projection images are constrained such that relative
orientations of the virtual camera for the simulated projection images matches the

relative orientations of the plurality of intra-operative images.

23.  The non-transitory computer readable medium of claim 21, wherein each of
the plurality of 2D/2.5D intra-operative images includes 2D image data and
corresponding 2.5D depth data, each of the simulated projection images of the 3D
medical image volume is a 2D/2.5D projection image including 2D image data and
corresponding 2.5D depth data, and optimizing pose parameters of the simulated
projection images of the 3D medical image volume to maximize a similarity metric
between each of the plurality of 2D/2.5D intra-operative images and a
corresponding one of the simulated projection images of the 3D medical image
volume, wherein the pose parameters of the simulated projection images of the 3D
medical image volume are constrained by the relative orientation measurements
for the intra-operative images comprises:

optimizing the pose parameters of the simulated projection images of the
3D medical image volume to maximize a cost function including an appearance
based similarity metric between the 2D image data in each of the plurality of 2D/2.5
intra-operative images and the corresponding one of the simulated projection
images and a geometry fitting metric between the 2.5D depth data in each of the
plurality of 2D/2.5D intra-operative images and the corresponding one of the
simulated projection images.
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24.  The non-transitory computer readable medium of claim 20, wherein the
registration is further constrained based on a priori information from a known

surgical plan used to acquire the plurality of 2D/2.5D intra-operative images.

25.  The non-transitory computer readable medium of claim 20, wherein
receiving a plurality of 2D/2.5D intra-operative images of the target organ and
corresponding relative orientation measurements for the intraoperative images
comprises:

receiving the plurality of 2D/2.5D intra-operative images from an
intraoperative image acquisition device, wherein the intra-operative image
acquisition device is one of a laparoscope or an endoscope; and

receiving the corresponding relative orientation measurements for the
intra-operative images from an orientation sensor mounted to the intra-operative
image acquisition device, wherein the orientation sensor is one of a gyroscope or

an accelerometer.

26.  The non-transitory computer readable medium of claim 20, wherein the
operations further comprise:
prior to receiving the plurality of 2D/2.5D intra-operative images:

simulating deformation of the target organ based on a surgical plan
using a biomechanical model of the target organ;

generating simulated intra-operative images for the surgical plan
using the simulated deformation of the target organ;

registering the 3D medical image volume of the target organ to the
simulated intra-operative images; and

calculating a predicted registration quality measurement for surgical
plan based on the registration of the 3D medical image volume of the target organ
to the simulated intra-operative images.
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27.  The non-transitory computer readable medium of claim 26, wherein the
operations further comprise:

prior to receiving the plurality of 2D/2.5D intra-operative images, refining
parameters of the surgical plan in response to a determination, based on the
predicted registration quality measurement, that a predicted registration quality for
the surgical plan is insufficient.

28.  The non-transitory computer readable medium of claim 26, wherein
receiving a plurality of 2D/2.5D intra-operative images of the target organ and
corresponding relative orientation measurements for the intraoperative images
comprises:

receiving the plurality of 2D/2.5D intra-operative images of the target organ
acquired using the surgical plan, wherein the registration is further constrained

based on one or more parameters of the surgical plan.

29.  The non-transitory computer readable medium of claim 28, wherein the one
or more parameters of the surgical plan comprise at least one of a pose of a patient
relative to an operating table, a location of a laparoscopic entry port, or a range of
angles of an intra-operative image acquisition device used to acquire the plurality
of 2D/2.5D intra-operative images.

22



WO 2016/182550

FIG. 1

115

Receive Pre-Operative 3D Medical
image Volume

N

Receive Sequence of Intra-Operative
Images and Corresponding Relative
Orientation Measurements

Vv

Register Pre-Operative 3D Volume to
Intra-Operative Images Using
Relative Orientation Measurements to
Counstrain Registration

Y

Overlay Pre-Operative 3D Medical
Image Volume on Intra-Operative
Images

102

)4

H)6

HOR

PCT/US2015/030080



PCT/US2015/030080

WO 2016/182550

215

FiG. 2




WO 2016/182550 PCT/US2015/030080

FiG. 3

Receive Surgical Plan 302

y
Simulate Organ Deformation Using | 4 04
Biomechanical Model B

N
Generate Simulated Intra-Operative
Images for Surgicat Plan Using
Simulated Deformed Organ

306

Perform Registration of Pre-
Uperative 31 Volume and Simulated
Intra-Operative Images

Calculate Predicted Registration 316
Quality Measurement

314

Predicted

Registration
Quality
Satisfactory?

Refine Surgical
Plan

Perform Constrained Rigid 316
Registration Using Surgical Plan




PCT/US2015/030080

WO 2016/182550

415

FiIG. 4

F
,

&
%




WO 2016/182550 PCT/US2015/030080

515
FIG. 8
Network 506 502
. L[
Interface i
508
f — 504
VO Processor Storage
512
Memory P~ 510
— 520
Image Acquisition
Device




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2015/030080

A. CLASSIFICATION OF SUBJECT MATTER

INV. GO6T7/00
ADD.

According to International Patent Classification (IPC) or to both national classification and IPG

B. FIELDS SEARCHED

GO6T

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

KRUECKER JOC)

7 September 2012 (2012-09-07)
Y abstract

page 4

second full paragraph;

page 5

figure 2

first two full paragraphs;
page 16

X WO 2012/117381 Al (KONINKL PHILIPS
ELECTRONICS NV [NL]; KADOURY SAMUEL [US];

1-6,
12'169
20-24

8-11,
17-19,
26-29

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"Q" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

12 February 2016

Date of mailing of the international search report

23/02/2016

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswik

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Rusu, Alexandru

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 4




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2015/030080

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X ANTOINE LEROY ET AL: "Intensity-based
registration of freehand 3D ultrasound and
CT-scan images of the kidney",
INTERNATIONAL JOURNAL OF COMPUTER ASSISTED
RADIOLOGY AND SURGERY,

vol. 2, no. 1, 21 April 2007 (2007-04-21),
pages 31-41, XP055248413,

DE

ISSN: 1861-6410, DOI:
10.1007/s11548-007-0077-5

Y abstract

Section Overview of the Method, first two
paragraphs;

page 32, right-hand column

Section 2.5D Correlation Ratio;

page 37

Section Method, first paragraph;

page 35

X MICHAEL SCHEUERING ET AL: "Intraoperative
augmented reality for minimally invasive
liver interventions",

PROCEEDINGS OF SPIE,

vol. 5029, 30 May 2003 (2003-05-30),
XP055248421,

UsS

ISSN: 0277-786X, DOI: 10.1117/12.480212
ISBN: 978-1-62841-730-2

Y abstract

Section 4. Registration;

page 5

figure 4

X KUMAR ATUL ET AL: "Stereoscopic
visualization of laparoscope image using
depth information from 3D model",
COMPUTER METHODS AND PROGRAMS IN
BIOMEDICINE, ELSEVIER, AMSTERDAM, NL,
vol. 113, no. 3,

3 January 2014 (2014-01-03), pages
862-868, XP028665574,

1SSN: 0169-2607, DOI:
10.1016/J.CMPB.2013.12.013

Y abstract

figure 1

last paragraph;

page 864, left-hand column

1-4,
12-15,
20-23

8-11,
17-19,
26-29

1-7,
12-16,
20-25

8-11,
17-19,
26-29

1-4,7,
12-15,
20-23,25

8-11,
17-19,
26-29

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 4




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2015/030080

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X MIROTA DANIEL J ET AL: "High-accuracy 3D 1-4,7,
image-based registration of endoscopic 12-15,
video to C-arm cone-beam CT for 20-23,25
image-guided skull base surgery",

MEDICAL IMAGING 2011: VISUALIZATION,
IMAGE-GUIDED PROCEDURES, AND MODELING,
SPIE, 1000 20TH ST. BELLINGHAM WA
98225-6705 USA,

vol. 7964, no. 1,

3 March 2011 (2011-03-03), pages 1-10,
XP060008062,

DOI: 10.1117/12.877803

[retrieved on 2011-03-01]

Y abstract 8-11,
first full paragraph; 17-19,
page 2 26-29
page 2; figure 2

X US 20127069167 Al (LIU XIN [US] ET AL) 1-4,7,
22 March 2012 (2012-03-22) 12-15,

20-23,25

Y abstract 8-11,
figures 1-9 17-19,
paragraph [0014] - paragraph [0015] 26-29
paragraph [0040] - paragraph [0041]

X RAUL SAN JOSE ESTEPAR ET AL: "Towards 1-4,7,
scarless surgery: An endoscopic ultrasound 12-15,
navigation system for transgastric access 20-23,25
procedures",

COMPUTER AIDED SURGERY, TAYLOR & FRANCIS
INC., PHILADELPHIA, PA, US,

vol. 12, no. 6,

1 November 2007 (2007-11-01), pages
311-324, XP008153669,

ISSN: 1092-9088, DOI:
10.3109/10929080701746892

Y abstract 8-11,
figure 2 17-19,
Section Registration; 26-29
page 314

- / -

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 3 of 4




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2015/030080

C(Continuation).

DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

Y

FIGUEROA-GARCIA IVAN ET AL:

"Biomechanical kidney model for predicting
tumor displacement in the presence of
external pressure load",

2014 IEEE 11TH INTERNATIONAL SYMPOSIUM ON
BIOMEDICAL IMAGING (ISBI), IEEE,

29 April 2014 (2014-04-29), pages 810-813,
XP032779076,

DOI: 10.1109/ISBI.2014.6867994

[retrieved on 2014-07-29]

abstract

Section Biomechanical Simulation;

page 811

Section Error Analysis;

page 811

8-11,
17-19,
26-29

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 4 of 4




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2015/030080
Patent document Publication Patent family Publication
cited in search report date member(s) date
WO 2012117381 Al 07-09-2012 CN 103402453 A 20-11-2013
EP 2680778 Al 08-01-2014
US 2014193053 Al 10-07-2014
WO 2012117381 Al 07-09-2012
US 2012069167 Al 22-03-2012 CN 102428496 A 25-04-2012
EP 2433262 A2 28-03-2012
JP 5836267 B2 24-12-2015
JP 2012527286 A 08-11-2012
W 201108158 A 01-03-2011
US 2012069167 Al 22-03-2012
WO 2010133982 A2 25-11-2010

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - claims
	Page 15 - claims
	Page 16 - claims
	Page 17 - claims
	Page 18 - claims
	Page 19 - claims
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - wo-search-report
	Page 30 - wo-search-report
	Page 31 - wo-search-report
	Page 32 - wo-search-report
	Page 33 - wo-search-report

