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ROBOTIC SURGERY SYSTEMS AND SURGICAL GUIDANCE METHODS
THEREOF

CROSS-REFERENCES TO RELATED APPLICATIONS

[0001] This application claims priority to Indian provisional patent application no.
201841048137 entitled Method for utilizing a navigation system in tandem with

traditionally used intra-operative imaging in orthopaedic surgery filed on 19.12.2018.

FIELD OF THE INVENTION

[0002] The disclosure relates generally to image guided surgery and in particular to

providing surgical guidance and targeting in robotic surgery systems.

DESCRIPTION OF THE RELATED ART

[0003] Robotic surgery is an emerging technology that performs minimally invasive
surgeries. The step involved in robotic surgery includes obtaining preoperative images of
a region to be operated on a patient, transforming the preoperative image data to a
coordinate system employed by the robot. Plans are made in the pre-operative image
coordinate system and subsequently a medical tool is controlled robotically based on
information in the preoperative image. One of the important requirements in robotic
surgery is enabling the robot to navigate the surgical tool based on the preoperative
image data. Navigating the surgical tool accurately relies on precise registration between

the preoperative data set and the coordinate system of the surgical robot.

[0004] Registration accuracy is limited by the resolution of cach of the different
coordinate systems, and the measurement precision of the navigation system. Further
registration is desynchronized by intra-operative disturbance of each coordinate system,
manual handling, physical movements due to forces being applied at the surgical site,

relocation and reintroduction of mobile tools and imaging systems. Further, there are
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limitations in the acquisition, modality and protocol brought into each coordinate system.
For example the pre-operative image might have captured the patient in the supine
position, whereas intra-operatively the patient could be in the prone position, therefore
registration involves computing a non-trivial relationship. The navigation system is
limited by line of sight, whereas the pre-operative image has subcutaneous information
and does not suffer occlusion. The intra-operative imaging modality such as fluoroscopy
permits high resolution cross-sectional or projective views, but reduced to 2D, and

mapping to 3D is underdetermined and non-unique.

[0005] The patent US7010080B2 discloses method and apparatus for automatic marker-
free registration of a pre-operative 3d image with intra-operative fluoroscopic 3d
reconstruction. The patent US8010177B2 discloses a method in which the reference
marker might be moved and re-planted at different positions of the spine in order to
remain close to the surgical site “Standardized evaluation methodology for 2-D-3-D
registration”, van de Kraats et al (2005), registration. IEEE Trans. Med. Imag. 24 (9),
1177-1189, relates to an evaluation methodology that uses the calibrated geometry of a
3-D rotational X-ray (3DRX) imaging system in combination with image-based 3-D-3-D
registration for attaining a highly accurate gold standard for 2-D X-ray to 3-D
MR/CT/3DRX registration. “Geometric calibration of a mobile C-arm for intraoperative
cone-beam CT,” M. J. Daly et al (2008) Med Phys, vol. 35, no. 5, pp. 2124-2136
describes a geometric calibration method that determines a complete description of
source-detector geometry adapted to a mobile C-arm for cone-beam computed

tomography.

[0006] System and methods are disclosed that provides surgical guidance and targeting

in robotic surgery systems.
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SUMMARY OF THE INVENTION

[0007] In various embodiments a method of providing surgical guidance and targeting
in robotic surgery systems is disclosed. The robotic surgery systems include an imager
that has a source, a detector having a marker and a navigation system that has a tracker.
The method includes the steps of capturing by an imaging system pre-operative image
data of a patient at predetermined positions and orientations. A 3D pre-operative image
data is reconstructed from the captured pre-operative image data using a processing
system. 2D intra-operative image data of the patient are captured at the predetermined
positions and orientations of the imager during a surgical procedure. The 2D intra-
operative image data and the navigation system data in real time during the surgical
procedure are registered to track the position of one or more navigated or robotically
articulated surgical tools. Further the 2D intra-operative image data are registered with
the 3D pre-operative image data. In various embodiments the method augments intra-
operative image data with a rendering of the 3D pre-operative image data that is in

registration with the real time intra-operative 2D image data.

[0008] In various embodiments registering the 2D intra-operative image data with the
3D pre-operative image data includes calibrating one or more intrinsic parameters of the
imager. Extrinsic calibration of the imager is performed to localize the detector image
plane in 3D with respect to a surgical site. In various embodiments the calibration
includes the steps of capturing two or more images of a space calibration object placed
on an operating surface, using the imager. The detector is positioned at two or more
predetermined locations and orientations. The object includes a spiral arrangement of
reference indices embedded around a radio transparent cylindrical structure and arranged
around a camera axis. The position and displacement of the detector is recorded by a
tracker attached to the detector, for cach image capture. The location of the reference

indices is identified in each capture.
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[0009] In various embodiments a projection is computed iteratively from a spiral
canonical 3d coordinate system to cach of the captured images and an Euler rotation for
cach image is obtained. A transform that links the computed projections and the tracker
recorded positions and displacements of the detector are further obtained. In various
embodiments the pre-operative image data is positioned in the spiral canonical 3D
coordinate system and one or more digital radiographic re-projections (DRR) are applied
to obtain a 2D projection of the preoperative volume that is aligned with the 2D intra-

operative images.

[0010] In various embodiments the space calibration object is a cylindrical object and is
placed with a first reference index kept proximal to the tracker. In various embodiments
the cylindrical object has a reference marker placed proximal to the first reference index.
In various embodiments identifying the location of the reference indices is based on

image processing techniques selected from thresholding or Hough transform.

[0011] In various embodiments the projection is done by iterative optimization
techniques selected from steepest descent, least-squares minimization, or Frobenius-
norm minimization. In various embodiments the positioning of the pre-operative volume
in the spiral canonical 3D coordinate system and applying one or more digital

radiographic re-projections (DRR) does not require placement of markers on the patient.

[0012] In various embodiments the imaging system is a C-arm apparatus comprising x-
ray modality or ultrasound or both. In various embodiments the imaging system includes
a pre-operative volumetric imaging modality and is selected from CT scan or MRI scan.
In various embodiments the navigation system is an optical navigation system or an

electro-magnetic system.

[0013] In various embodiments robotic surgery system is disclosed. The system

includes an imaging system, a navigator system, computing system and a display system.
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The imaging system includes an imaging modality that is configured to capture pre-
operative 2D images of a patient at predetermined positions and orientations and
reconstruct a 3D pre-operative image from the obtained 2D images. An imager having a
source, a detector and a marker attached to the detector. In various embodiments the
imager is configured to be fixed at one or more positions and orientations and may
capture 2D intra-operative image data of a patient during a surgical procedure. The
system includes a navigator system that had a tracker and is configured to obtain
navigator data that includes position information of one or more navigated or robotically
articulated surgical tools. The computing system includes a memory module and a
processing module coupled to the memory module. The processing module is configured
to register the 2D intra-operative image data and the navigation system data in real time
during the surgical procedure to track the position of tools. The 2D intra-operative image
data is registered with the 3D pre-operative image and the 2D intra-operative image data
is augmented with a rendering of the 3D pre-operative image data that is in registration
with the real time intra-operative 2D image data. In various embodiments the display
device is configured to display the rendering of the 3D pre-operative image data that is in

registration with the real time intra-operative 2D image data and the position of the tools.

[0014] In various embodiments to register the 2D intra-operative image data with the
3D pre-operative image data, the processing module is configured to calibrate one or
more intrinsic parameters of the imager and perform extrinsic calibration of the imager to
localize the detector image plane in 3D with respect to a surgical site. Further two or
more images of the patient is obtained using the imager with the detector positioned at
the predetermined locations and orientations.. In various embodiments the pre-operative
volume is aligned in the spiral canonical 3D coordinate system and one or more digital
radiographic re-projections (DRR) is applied to obtain a 2D projection of the

preoperative volume that is aligned with the 2D intra-operative images .
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[0015] In various embodiments to perform extrinsic calibration of the imager the
processing module is configured to capture two or more images of a space calibration
object placed on a surface. The detector is positioned at two or more predetermined
locations and orientations. The object includes a spiral arrangement of reference indices
embedded around a radio transparent cylindrical structure and arranged around a camera
axis. In various embodiments the position and displacement of the detector are recorded
by a tracker for each image capture. The location of the reference indices are identified
in each capture. A projection is computed iteratively from a spiral canonical 3d
coordinate system to each of the captured images and an Euler rotation for each image is
obtained. In various embodiments a transform that links the computed projections and

the tracker recorded positions and displacements of the detector are obtained.

[0016] In various embodiments the space calibration object is a cylindrical object and is
placed with a first reference index kept proximal to the tracker. In various embodiments
the cylindrical object has a reference marker near the first reference index. In various
embodiments to identify the location of the reference indices the processing module is
configured to apply image processing techniques selected from thresholding or Hough

transform.

[0017] In various embodiments to compute a projection the processing module is
configured to apply iterative optimization techniques selected from steepest descent,
least-squares minimization, or Frobenius-norm minimization. In various embodiments
the imager is a C-arm apparatus comprising x-ray modality or ultrasound or both. In
various embodiments the imaging modality is selected from CT scan or MRI scan. In
various embodiments the navigation system is an optical navigation system or an electro-

magnetic system.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The invention has other advantages and features which will be more readily
apparent from the following detailed description of the invention and the appended
claims, when taken in conjunction with the accompanying drawings, in which:

[0019] FIG. 1 illustrates a method of providing surgical guidance and targeting in
robotic surgery systems.

[0020] FIG. 2A illustrates the method performing extrinsic calibration of the imager
with a cylindrical space calibration object.

[0021] FIG. 2B shows fluoroscopy shots of the spiral object showing the radio-opaque
reference indices.

[0022] FIG. 3A illustrates the robotic surgery system.

[0023] FIG. 3B illustrates the computing system in the robotic surgery system.

[0024] FIG. 4A illustrates shots appearing as 2D projections of the spiral object when
taken at roughly equi-spaced poses with this object placed stationary under the c-arm
[0025] FIG. 4B illustrates registration between the intra-operative imaging and
navigation system data.

[0026] FIG. 5A illustrates the AP (anterio-posterior) imager shot of a lumbar spine
phantom.

[0027] FIG. 5B illustrates the AP image, and the corresponding computed DRR of the
3d pre-operative volume for a isocentric C-arm.

[0028] FIG. 6A illustrates the lateral imager shot of a lumbar spine phantom.

[0029] FIG. 6B illustrates the lateral image, and the corresponding computed DRR of
the 3d pre-operative volume for a isocentric C-arm.

[0030] FIG. 7A illustrates the AP (anterio-posterior) imager shot of a lumbar spine
phantom for a non-isocentric C-arm.

[0031] FIG. 7B illustrates the AP image, and the corresponding computed DRR of the

3d pre-operative volume for a non-isocentric C-arm.
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DETAILED DESCRIPTION

[0032] While the invention has been disclosed with reference to certain embodiments, it
will be understood by those skilled in the art that various changes may be made and
equivalents may be substituted without departing from the scope of the invention. In
addition, many modifications may be made to adapt to a particular situation or material

to the teachings of the invention without departing from its scope.

[0033] Throughout the specification and claims, the following terms take the meanings
explicitly associated herein unless the context clearly dictates otherwise. The meaning of
"a", "an", and "the" include plural references. The meaning of "in" includes "in" and
"on." Referring to the drawings, like numbers indicate like parts throughout the views.

Additionally, a reference to the singular includes a reference to the plural unless

otherwise stated or inconsistent with the disclosure herein.

[0034] The invention in its various embodiments relates to a method of providing
surgical guidance and targeting in robotic surgery systems. The method utilizes data
from a navigation system in tandem with 2-dimensional (2D) intra-operative imaging
data. In various embodiments the method includes superimposing the 2D intra-operative
image data with a pre-operative 3-dimensional (3D) image and surgery plans made in the
pre-operative image coordinate system. The superimposition augments real-time
intraoperative navigation for achieving image guided surgery in robotic surgery systems.
Also, a robotic surgery system that incorporates the method of providing surgical

guidance and targeting is disclosed.

[0035] In various embodiments a method 100 for providing surgical guidance and
targeting in robotic surgery systems is disclosed. The robotic surgery system includes an
imager that may be positioned at any position and orientation. The imager includes a
source and a detector that has a marker attached to it. The robotic system also includes a

navigation system that has a tracker, and a processing system. In various embodiments
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the method 100 includes capturing pre-operative image data of a patient in step 101. The
pre-operative image data is obtained at predetermined positions and orientations of an
imaging system. In one embodiment the imaging system for capturing the pre-operative
image data may include an imaging device that can be moved and fixed at predetermined
positions and orientations. In another embodiment the imaging system may include a
plurality of imaging devices that may be fixed at predetermined positions and
orientations or can be moved to the predetermined positions and orientations. In step 102
a 3D pre-operative image data is reconstructed from the captured pre-operative image
data using a processing system that receives the inputs from the imaging devices or
plurality of imaging devices. The 3D pre-operative image data are the pre-operative

volumetric data that is required for registration purposes.

[0036] In various embodiments in step 103, the method includes capturing 2D intra-
operative image data of the patient lying on the operating table during a surgical
procedure. The imager is positioned at the predetermined positions and orientations to
capture the 2D images of the patient. In step 104 the 2D intra-operative image data of the
patient and the navigation system data is registered in real time during the surgical
procedure. This is done to track the position of one or more navigated or robotically
articulated surgical tool involved in the surgical procedure. In step 105 the 2D intra-
operative image data is registered with the 3D pre-operative image data of the patient. In
step 106 the intra-operative image data is augmented with a rendering of the 3D pre-
operative image data that is in registration with the real time intra-operative 2D image

data.

[0037] In various embodiments the method of registering the 2D intra-operative image
data with the 3D pre-operative image data includes calibrating one or more intrinsic
parameters of the imager. The intrinsic parameters may include the image center, and the
focal length of the imager. The available parameters of the imager are the source-

detector distance, and the pixel spacing. The objective of performing intrinsic calibration
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of the c-arm is to establish invariant parameters that may interplay with extrinsic
(positioning-dependent) parameters to obtain the scene projections. In various
embodiments extrinsic calibration of the imager is performed. This is done to localize the
detector image plane in 3D with respect to the surgical site. The method further includes
performing extrinsic calibration. The objective of extrinsic calibration is to localize the
detector image plane in 3d with respect to the surgical site. This depicts the plane
projecting upon which would produce the imaged shot. This plane is given by the
composition of the intrinsic parameter matrix and an Euler transform operating on the
virtual camera plane [I|0], and rotating it to the set position. In various embodiments
extrinsic calibration is performed by capturing two or more images of a space calibration
object placed on a surface as shown in FIG. 2A. The detoctor 268 of the imager is
postiioned  at two or more predetormined localions and onentations. In various
embodiments the space calibration object 207 is a spiral arrangement of reference indices
209 that are embedded around a radio transparent cylindrical structure 213 and is
arranged around a camera axis. The object by its design produces a canonical coordinate
system by the location and orientation of the imager, where the i-th reference index has

the coordinate

x; = rcos(6;)

y; = —rsin(6;)

Z; =hxl-—5

with h being the vertical spacing between the reference indices, and L the length of the
cylinder. In various embodiments the reference indices wind around the z-axis and the
centroid of the location of the reference indices is the origin. In various embodiments the
direction cosines of the space set up by this object are as follows: y-axis, vertical
downward, z-axis that coincides with the spiral axis, x-axis that represents right to left in

the head-first prone orientation of a patient, with head facing the tracker.
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[0038] For cach image capture the position and displacement of the detector 205 are
recorded by the tracker. The captured images appear as 2D projections of the object as
shown in FIG. 2B. The location of the reference indices 209 are identified in ecach
capture. Projection from a spiral canonical 3D coordinate system to the imaged 2D
locations of the reference indices is computed iteratively to each of the captured images,
. that may be expressed by the equation x=PX, P is a 3x4 matrix which is a composition
of the imaging device intrinsics 3x3 matrix, the extrinsics 3x4 matrix and an Euler
transform 4x4 matrix. In some embodiments P has n number of degrees of freedom that
requires a minimum of m correspondences in 3D. In various embodiments an Euler
rotation for each image is obtained. In various embodiments a transform that links the
computed projections and the tracker recorded positions and displacements of the

detector are obtamed.

[0039] In various embodiments the pre-operative volumetric data is aligned in the spiral
canonical 3D coordinate system and one or more digital radiographic re-projections
(DRR) are applied on the 3D data to obtain a 2D projection of the preoperative volume

that is aligned with the 2D intra-operative images.

[0040] In various embodiments the location of the reference indices is identified based
on image processing techniques selected from thresholding or Hough transform. In
various embodiments iterative optimization techniques are used to compute a projection
from a spiral canonical 3d coordinate system to cach of the captured images. The
iterative optimization techniques are selected from steepest descent, least-squares

minimization, or Frobenius-norm minimization.

[0041] In various embodiments the positioning the pre-operative volume in the spiral
canonical 3D coordinate system and applying one or more digital radiographic re-
projections (DRR) is a non-invasive procedure. In various embodiments the non-invasive

procedure does not require placing markers, pins, passive or active trackers or fiducials
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on the patient body. In some embodiments the imaging system is a C-arm apparatus
comprising x-ray modality or ultrasound or both. In various embodiments the imaging
system includes a pre-operative volumetric imaging modality. In one embodiment the
imaging modality is CT scan. In another embodiment the imaging modality is MRI scan.
In various embodiments the navigation system is an optical navigation system or an

electro-magnetic system.

[0042] In various embodiments the method achieves positioning a robotic end effector,
translating a virtual plan made in image space, to physical actuation, by directing a

multi-axis surgical robotic arm.

[0043] In various embodiments a robotic surgery system is disclosed. The system
includes an imaging system configured to capture pre-operative images of a patient, an
imager, a navigator system and a computing system. The imaging system has an imaging
modality and a processor. The imaging modality is configured to capture pre-operative
Z2i¥ images of a patient at predetornuned positions and oriendations. The processor is
configured to reconstruct a 3D pre-operative irnage from the obtained 2D images. In
various embodiments the imager 301 as shown in FIG. 3 includes a source 303, and a
detector 305. In various embodiments a marker is attached to the detector. The imager
303 is fixed at one or more positions and orientations. The imager is configured to
capture 2D mitra-operative image data of a patient during a surgical procedure at each
position and orientation. In various embodiments the navigator system 313 has a tracker
and is configured to obtain navigation system data that includes the position information

of tools.

[0044] In various embodiments the computing system 330 includes a memory module
332 and a processing module 334 coupled to the memory module 332. The processing
module 334 receives input data from the imager and the navigator system. In various

embodiments the pre-operative image data is stored in the memory module 332. In



WO 2020/129034 PCT/IB2019/061459
13

various embodiments the processing module 334 is configured to register the 2D intra-
operative image data and the navigation system data in real time during the surgical
procedure to track the position of tools. In various embodiments the processing module
then registers the 2D intra-operative image data with the 3D pre-operative image. In
various embodiments the processing module augments the 2D intra-operative image data
with a rendering of the 3D pre-operative image data that is in registration with the real
time intra-operative 2D image data. In various embodiments the display device 340 is
configured to display the rendering of the 3D pre-operative image data that is in

registration with the real time intra-operative 2D image data and the position of the tools.

[0045] In various embodiments to register the 2D intra-operative image data with the
3D pre-operative image data, the processing module is configured to initially calibrate
on¢ or more intrinsic parameters of the imager. Extrinsic calibration of the imager is
performed to localize the detector image plane in 3D with respect to a surgical site. In
various embodiments the processing module is configured to receive two or more image
data of the patient that is captured using the imager. The images are obtained by
positioning the detector at the predetermined locations and orientations. In various
embodiments the processing module is configured to register a pre-operative volume by
reconstructing a 3D image from the obtained two or more images and position the pre-
operative volume in the spiral canonical 3D coordinate system. Further the module
applies one or more digital radiographic re-projections (DRR) to the registered data to
obtain a 2D projection of the preoperative volume that is aligned with the 2D intra-

operative images.

[0046] in various ermbodiments the svstent uses a space calibration object as described
carlier to perform extrinsic calibration of the imager. In various embodiments the space
calibration object is a cylindrical object. In various embodiments the imager is a C-arm
apparatus comprising x-ray modality or ultrasound or both. In one embodiment when the

intra-operative imaging modality is ultrasound, registration is done by positioning the
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ultrasound plane into the pre-operative volume. The method of registration is selected
from manual landmark registration, modality simulation, coarse registration followed by
matching of surfaces or objects, or other methods used for registering ultrasound to CT
volume. This is more suited for minimally invasive and epidural surgical and pain
management procedures. In various embodiments the imaging modality is selected from
CT scan or MRI scan. The navigation system is an optical navigation system or an

electro-magnetic system.

[0047] The advantages of the disclosed method include minimizing radiation
exposure to the patient. This is achieved by avoiding intra-operative volumetric imaging.
The method do not include placing markers, pins, passive or active trackers or fiducials
on the patient body. Also, the method permits mobility of tools, imager and robot in and
out of the operating space, without the need for re-calibration, and relaxing the need for
repeating precise imaging positions. Also, the invention achieves adequate precision in
sensing of patient coordinates using potentially imprecise manually handling of imager
(c-arm), with potential repositioning, avoiding the need for robotic actuation of the

imager.

[0048] EXAMPLE

[0049] Example. 1: Surgical guidance method in robotic surgery performed at the

lumbar spine region

[0050] The source of the intra-operative mobile C-arm was kept under the table. The
position of the C-arm is tracked using an optical marker attached to the detector. The c-
arm was calibrated for its intrinsic parameters — specifically the image center, and the
focal lengths, assuming the model of a standard pinhole projective camera. The available
parameters of the c-arm are the source-detector distance (which is typically in the order
of 1000 mm), and the pixel spacing in mm (typically 0.2 to 0.8 mm, image intensifier

magnification-dependent).
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[0051] Extrinsic calibration of the imager was performed. The objective of extrinsic
calibration is to localize the detector image plane in 3D with respect to the surgical site.
The extrinsic calibration depict the plane projecting upon which would produce the
imaged shot. This plane is given by the composition of the intrinsic parameter matrix and
an Euler transform operating on the virtual camera plane [I|0], and rotating it to the set
position. To perform this calibration from multiple views requires a known space
calibration object to be placed in the scene. The space calibration object has a specific
spiral arrangement of ball bearings, to ensure unique traceability of each ball bearing
across various detector poses. The spiral arrangement was made with 10 ball bearings
wound counter-clockwise from -90 degree (as seen from the tracker), going around the
camera axis and away from the camera. The object was placed on the surgical table, with
the spiral axis along the cranio-caudal axis with ball-1 placed close to the tracker. The
spiral was embedded around a radio-transparent cylindrical structure. A reference marker

was placed close to the face of the cylinder close to ball-1.

[0052] Shots were taken at roughly equi-spaced poses with this object placed stationary
under the c-arm, and also recording the tracker position of the detector and
corresponding to each shot. The shots appeared as 2D projections of the spiral object as
shown in FIG. 4A. The location of the balls in each shot was found. Image processing
techniques were used to automatically detect the location of the balls. The ball locations
thus found in pixels were represented in mm by knowing the spacing and scale as set

during imaging.

[0053] A projection from the canonical spiral-established 3D coordinate system to each
of the shots was computed next. This may be done by one of a few common ways. The
specific setup that was achieved was a correspondence between a canonical 3D point set
to the imaged 2D locations of the balls, that is expressed by the equation x=PX ; in
homogeneous coordinates, P is a 3x4 matrix which is a composition of the camera

intrinsic (3x3) the 3x4 matrix [I|0] and an Euler transform (4x4). P has 11 degrees of
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freedom, and requires minimum of 4 correspondences in 3D. The setup has up to 10
correspondences and provided an over-determined system of equations that was solved

using iterative optimization approach.

[0054] Having solved for each pose independently, the intrinsic parameters was
factored out to obtain the Euler rotation to each pose and matched with the tracker
information of the pose of the detector. The reference marker being attached to the
detector, has a rigid relationship with the detector pose. This relationship can be
factorized out from the different obtained poses, as the common rigid transform linking
the computed projective pose to the tracker observed quaternion and displacement. The
registration between the intra-operative imaging and navigation system was completed as

shown in FIG. 4B.

[0055] Utilizing the calibration performed above the pre-operative image was registered
with the intra-operative scene/patient body. The c-arm was positioned precisely at the
same locations at which the spiral calibration was done, The patient was imaged at this
position. Using only such shots at the calibrated poses, structure-from-motion techniques

were applied to reconstruct 3D from the different shots.

[0056] The 3D so computed was registered with the pre-operative volume by
optimization. Two shots at essential poses such as AP and lateral, were obtained in the
surgical routine as shown in FIG. 5A, FIG. 6A and FIG. 7A. The calibration and tracker
linking as performed above enabled estimating the projective geometry at the desired
pose. For non-isocentric C-arms the positioning was done manually, and involved
manual repositioning. A rigid transformation at the specific local region in the anatomy,
between pre-operative image and patient body, where the rigidity assumption is valid,
given the estimates of the projection geometry, and the shots obtained. A digital
radiographic reprojection (DRR) was performed with the pre-operative volume

positioned in the canonical coordinate system set up by the spiral object. The registration
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parameters are the Euler transform that rotates the pre-operative image such that the
DRR at the estimated pose is seen to match the obtained shot. This can be sctup as a
regular 6 DoF optimization problem solved using iterative descent techniques. Further,
since the rigid region is bound to be smaller than the full pre-operative volume, a
reasonable ROI may be provided with minimal manual input, to constrain the search
space and reduce the number of DRRs to be evaluated. The computed DRR images of
the 3d pre-operative volume along with the AP image for a isocentric C-arm and a non-

isocentric arm are as shown in FIG. 5B, FIG. 6B and FIG. 7B respectively.

[0057] Although the detailed description contains many specifics, these should not
be construed as limiting the scope of the invention but merely as illustrating different
examples and aspects of the invention. It should be appreciated that the scope of the
mvention includes other embodiments not discussed herein. Various other modifications,
changes and variations which will be apparent to those skilled in the art may be made in
the arrangement, operation and details of the system and method of the present invention
disclosed herein without departing from the spirit and scope of the invention as described
here. While the invention has been disclosed with reference to certain embodiments, it
will be understood by those skilled in the art that various changes may be made and
equivalents may be substituted without departing from the scope of the invention. In
addition, many modifications may be made to adapt to a particular situation or material

the teachings of the invention without departing from its scope.
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WE CLAIM:
1. A method of providing surgical guidance and targeting in robotic surgery systems
comprising an imager comprisimg a source, a defector having a marker and a navigation
system having a tracker, comprising the steps of:
capturing by an imaging sysiem pre-operabive image data of g patient &t
predeternuned positions and onentations;
reconstructing a 30 pre-operative image data from the captured pre-operative
1nage data USng a Processing system;
capturing 2D tra-operative image data of the patient at the predeiermined
positions and ongntations of the mmager during a surgical procedure;
regigtering the 20 mitra-operative rmage data and the navigation svsiem data n
real time during the surgical procedure o track the position of a ook
registening the 2D inlra-operative image data with the 3D pre-operative image
data; and
augmenting the intra-oporative image data with a rendering of the 3D pre-
operative image data that is in registration with the real tme odra-operative 25

image data.

2. The method of clam 1, wherein registering the 2D intra~operative image data
with the 3D pre-operative tmage data compnses
calibrating one or more intrinsic parameters of the imager;
performing extrinsic calibration of the imager to localize the detector image plane
in 3D with respect to a surgical site, the calibration comprising the steps of :
capturing two or more images of a space calibration object placed on a
surface using the imager, the detector posiioned at two oF wore
predetermined locations and onientations, wherein the object comprises a
spiral arrangement of reference indices embedded around a radio

transparent cylindrical structure and arranged around a camera axis;
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recording the pasttion and displacoment of the detector by a tracker
atiached 1o the detector, for cach wmage capture;
identifying the location of the reference indices in each capture;
computing a projection iteratively from a spiral canonical 3d coordinate
system to each of the captured images and obtaining an Euler rotation for
cach image;
obtaining a transform that links the computed projections and the tracker
recorded positions and displacements of the detector; and
positioning the pre-operative image data in the spiral canonical 3D coordinate system
and applying one or more digital radiographic re-projections (DRR) to obtain a 2D

projection of the preoperative volume that is aligned with the 2D intra-operative images.

3. The method of claim 2, wherein the space calibration object (307) is a cylindrical

object and is placed with a first reference index kept proximal to the tracker.

4. The method of claim 3, wherein the cylindrical object has a reference marker

placed proximal to the first reference index.

5. The method of claim 2, wherein identifying the location of the reference indices

is based on image processing techniques selected from thresholding or Hough transform.

6. The method of claim 2, wherein computing a projection comprises iterative
optimization techniques selected from steepest descent, least-squares minimization, or

Frobenius-norm minimization.

7. The method of claim 2, wherein the positioning of the pre-operative volume in
the spiral canonical 3D coordinate system and applying one or more digital radiographic

re-projections (DRR) does not require placement of markers on the patient.
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The method of claim 1, wherein the imaging system is a C-arm apparatus

comprising x-ray modality or ultrasound or both.

9.

The method of claim 1, wherein the imaging svsiom comprises a pre-operaiive

vohsmetric unaging modality and 13 sslected from CT scan or MR scan.

143

The method of claim 1, wherein the navigation system is an optical navigation

system or an electro-magnetic system.

1.

A robotic surgery system comprising:
an imaging system (320) comprising an imaging modality that is configured to
capture pre-operative 2D images of a patient at predetenmined posifions and
orientations and reconstruct a 3D pre-operative image from the obtained 2D
images;
an imager (301) having a source (303), a detector (305), a marker attached to the
detector wherein the imager (303) is configured to be fixed at one or more
positions and orientations and capture 2D intra-operaiive image data of a patient
during a surgical procedure;
a navigator system (313) having a tracker configured to obtain navigator data
comprising position information of tools;
a computing system (330) comprising
a memory module (332) and a processing module (334) coupled to the
memory module (332) wherein the processing module (334) is configured
to
regisier the 203 mtra-operaiive tmage data and the vavigation
svstem daty e real tme danng the surgical procedire to track the

position of tools,
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register the 201 intra-oporative image data with the 31 pre-
operative unage; and
augment the 2D mmtra~operative image data with a rendering of the
30 pre-operative image dafa that i3 in regisiration with the real
{ime intra-operative 20 image data; and
a display device (340) configured to display the rendering of the 3D pre-operative
trnage data that s 1o rogistration with the real e intra-operative 21 tmage data

and the position of the tools.

12, Fhe svstem of claim 11, wherom 1o regisior the 21 intra-operative 1mage data
with the 3D pre~operstive image data, the procossing modude is configured to
calibrate one or more intrinsic parameters of the imager:;
perform extrinsic calibration of the imager to localize the detector image plane in
3D with respect to a surgical site;
obtain two or more images of the patient using the imager, the detector positionsd
at the predetermined locations and orientations;
regisier a pre-operative volume by reconstructing a 31 image from the obtamed
two of more images; and
position the pre-operative volume in the spiral canonical 3D coordinate system and apply
one or more digital radiographic re-projections (DRR) to obtain a 2D projection of the

preoperative volume that is aligned with the 2D intra-operative images.

13. The systern of claim 12, wherein to perform extrinsic calibration of the imager the
processing module is configured to
capture two or more images of a space calibration object placed on a
surface, the detector posifioned at two or more predetornuned locations

and orgntaiions, whersin the object comprises a spiral arrangement of
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reference indices embedded around a radio transparent cylindrical
structure and arranged around a camera axis;

record the position and displacersent of the detector by a tracker for cach
HHAge capiure;

identify the location of the reference indices in each capture;

compute a projection iteratively from a spiral canonical 3d coordinate
system to each of the captured images and obtain an Euler rotation for
cach image; and

obtain a transform that links the computed projections and the tracker

recorded positions and displacements of the detector.

14.  The systtm of claim 13, wherein the space calibration object (307) is a

cylindrical object and is placed with a first reference index kept proximal to the tracker.

15.  The system of claim 13, wherein the cylindrical object has a reference marker

near the first reference index.

16.  The system of claim 13, wherein to identify the location of the reference indices
the processing module is configured to apply image processing techniques selected from

thresholding or Hough transform.

17.  The system of claim 13, wherein to compute a projection the pricessing moduls
is configured to apply iterative optimization techniques selected from steepest descent,

least-squares minimization, or Frobenius-norm minimization.

18.  The system of claim 11, wherein the imager is a C-arm apparatus comprising x-

ray modality or ultrasound or both.
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19.  The system of claim 11, wherein iraging modality 15 selected from 1 scan or
MEI scan.
248 The system of claim 11, wherein the navigation system is an optical navigation

system or an electro-magnetic system.
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Capture pre-operative image data of a patient at predetermined
positions and orientations using the C-arm apparatus

Reconstruct a 3d pre-operative image daia from the captured
pre-operative image data

Capture 2d intra-operative image data of the patient at the
predetermined positions and orientations during a surgical procedure

Register the 2d intra-operative image data and the navigation
system data in real time during the surgical procedure

Register the 3d pre-operative image dala with the 2d intra-operative
image data

Augment the intra-operative image data with a rendering of the 3d
pre-operative image data that is in registration with the real time
intra-operative image data

FIG. 1



PCT/IB2019/061459

WO 2020/129034

2/9

€0z e

o e o
< i
A

e
L4

#
€ x em e e s

R wn n o

Ve Old

e
PR
, N
’ »
’ 1S
”, »
?
7 ’
’ ’
v ’
7 ¢
e -
LA ’
[N ’
§ ~ 0
LY L4
[ ~ P
2 ~ ¢
: ~
7 Y
>
-
1074 JPPOEE

8 e\ AT

L4
&
VY
&
&

£ i s o xn

4
PR
Y
POy AN
~
¢ LR &&
G “« %
cie <
L 2
£y <
&y A
e ALY
[ ” <
0 <
t, . «
‘ <
ﬂ e ®
N “ » .
Y Y Pl A
* ATIAN *s
’ (AN (N
.\\ Jl &&
I = Ty kS &
S 4
~ &
- &

_*unhg
0 e e O

PR



WO 2020/129034 PCT/IB2019/061459
3/9

FIG. 2B
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FIG. 4A

FIG. 4B
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FIG. 5A FIG. 5B
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