190 DANMARK (10)  DK/EP 3145420 T3

(91)

(49)

(80)

(86)
(86)
(87)
(86)
(87)
(30)

(84)

(73)

(72)

(74)

(94)

(96)

(12) Overseettelse af
europeeisk patentskrift

Patent- oQ
Varemaerkestyrelsen

nt.Cl.: A 61 B 34/10 (2016.01) GO06 T 7/30(2017.01) A 61 B 34/30 (2016.01)
A 61 B 90/00 (2016.01)

Oversaettelsen bekendtgjort den: 2020-10-26

Dato for Den Europaciske Patentmyndigheds
bekendtggorelse om meddelelse af patentet: 2020-08-05

Europaeisk ansggning nr.: 16802594.8

Europaeisk indleveringsdag: 2016-06-03

Den europaeciske ansggnings publiceringsdag: 2017-03-29
International ansggning nr.. CN2016084732

Internationalt publikationsnr.: WO2016192671

Prioritet: 2015-06-05 US 201562171245 P

Designerede stater: AL AT BE BG CH CY CZ DE DK EE ES FI FR GB GR HR HU IE IS IT LI LT LU LV
MC MK MT NL NO PL PT RO RS SE Sl SK SM TR

Patenthaver: Brain Navi Biotechnology Co., Ltd., 11 F, No. 122 Songjiang Road , Zhongshan District, 10457
Taipei City Taiwan, Taiwan

Opfinder: CHEN, Chieh Hsiao, 5201 Great America Parkway, Suite 200)TECO), Santa Clara, California 95054,
USA
WANG, Kuan Ju, No. 2, Sec. 2, Sheng Yi Road, Suite D105, Hsinchu County, Zhubei City 30261, Taiwan

Fuldmaegtig i Danmark: Chas. Hude A/S, H.C. Andersens Boulevard 33, 1780 Kgbenhavn V, Danmark

Benasvnelse: Intraoperativ fremgangsmade til tracking

Fremdragne publikationer:
EP-B1-1 715788

WO-A1-2014/139024

WO-A1-2016/069633

CN-A- 1 243 690

CN-A- 102 999 902

CN-A- 103 142 313

US-A- 5 389 101

US-A- 6 122 541

US-A1- 2004 215 071

US-A1- 2007 003 123

US-A1- 2008 031 406

US-A1- 2012 008 734

US-A1- 2015 077 528

J. MARESCAUX ET AL: "Image-Guided Robotic Surgery", SURGICAL INNOVATION, vol. 11, no. 2, 1 June 2004
(2004-06-01), pages 113-122, XP055529814, US ISSN: 1553-3506, DOI: 10.1177/107155170401100208

Fortsaettes ...



DK/EP 3145420 T3

EGGERS ET AL: "Image-to-patient registration technigues in head surgery”, INTERNATIONAL JOURNAL OF
ORAL AND MAXILLOFACIAL SUR, COPENHAGEN, DK, vol. 35, no. 12, 15 November 2006 (2006-11-15), pages
1081-1095, XP005739717, ISSN: 0901-5027, DOI: 10.1016/J.1lJOM.2006.09.015

Stephane Nicolau ET AL: "Evaluation of a New 3D/2D Registration Criterion for Liver Radio-Freguencies
Guided by Augmented Reality" In: "Surgery Simulation and Soft Tissue Modeling”, 24 June 2003 (2003-06-24),
Springer, Berlin, Heidelberg, XP055529886, ISSN: 0302-9743 ISBN: 978-3-540-40439-2 vol. 2673, pages 270-283,
DOI: 10.1007/3-540-45015-7 26, * the whole document *

GROHER ET AL: "Planning and Intraoperative Visualization of Liver Catheterizations”, ACADEMIC
RADIOLOGY, ELSEVIER, AMSTERDAM, NL, vol. 14, no. 11, 25 October 2007 (2007-10-25), pages 1325-1340,
XP022340668, ISSN: 1076-6332, DOI: 10.1016/J.ACRA.2007.07.009



DK/EP 3145420 T3

DESCRIPTION

FIELD OF THE disclosure

[0001] The present disclosure relates to intraoperative tracking approaches, and more
particularly to approaches to determine a surgical pathway.

BACKGROUND

[0002] Common brain diseases, such as brain tumors, Parkinson's disease, and epilepsy, not
only adversely affect the patients’ quality of life but sometimes can also directly contribute to
the patients’ death. Invasive surgical procedures are usually performed after conservative
treatments, such as medication or physical therapy that fails to relieve the patients’ symptoms.

[0003] Generally, a surgeon may plan a surgical pathway to reach a targeted surgical site
based on certain pre-operative data. However, the planned pathway may need to be altered
due to changed conditions that occur after the collection of the pre-operative data. Some
example of the changed conditions include a change of the patient's position on the operating
table, a change In the patient's physiological condition, or the Insertion of the surgical
Instrument itself. Any deviation from the pre-operative planned pathway often leads to further
complications or an increased mortality rate.

[0004] J. MARESCAUX ET AL: "Image-Guided Robotic Surgery”, SURGICAL INNOVATION,
vol. 11, no. 2, 1 June 2004 (2004-06-01), pages 113-122, describes a so-called stereoscopic
registration, using either a small number of fiducials (between 3 and 6) fixed to bones or a
larger number of fiducials (a total of 25) fixed to the skin of the patient, which are visible both,
In a 3D model and a set of stereoscopic 2D images, taken from two cameras having an angle
of view In between of 40 to 90°. The registration is based on individual points or landmarks.

[0005] EGGERS ET AL: "Image-to-patient registration techniques In head surgery’,
INTERNATIONAL JOURNAL OF ORAL AND MAXILLOFACIAL SUR, COPENHAGEN, DK, vol.
35, no. 12, 15 November 2006 (2006-11-15), pages 1081-10995, discloses a surface matching
registration in which surface information in image space, 1.e. the location of the surface In
three-dimensional space, Is calculated. For the retrieval of surface data in patient space,
several different approaches are described, which are each meant to obtain information about
the location of the surface in 3D space.

[0006] GROHER ET AL: "Planning and Intraoperative Visualization of Liver Catheterizations”,
ACADEMIC RADIOLOGY, ELSEVIER, AMSTERDAM, NL, vol. 14, no. 11, 25 October 2007
(2007-10-25), pages 1325-1340, discusses 2D/3D registration techniques for angiographic
liver interventions. In this work, it i1s suggested to introduce an angiographic CT scanning
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phase. The scan visualizes arteries similar to the vasculature captured with an intraoperative
C-arm acquiring digitally subtracted angiograms. Furthermore, a registration algorithm is
proposed using the new CT phase that aligns arterial structures In two steps, namely
Initialisation of one corresponding feature using diameter information and optimization on three
rotational and one translational parameters to register vessel structures that are represented
as center line graphs.

[0007] A further prior art registration technique Is described In Stephane Nicolau ET AL.:
"Evaluation of a New 3D/2D Registration Criterion for Liver Radio-Frequencies Guided by
Augmented Reality” in "Surgery Simulation and Soft Tissue Modeling”, 24 June 2003 (2003-06-
24), Springer, Berlin, Heidelberg, ISBN: 978-3-540-40439-2, vol. 2673, pages 2/0-283.

[0008] US 2007/0003123 A1 discloses a method for precision registration of X-ray images to
cone-beam CT scan for image-guided radiosurgery. The method comprises the steps of
acquiring 2-D pre-treatment X-ray images of a region of interest, acquiring a 2-D X-ray image
of the region of interest at approximately a time of treatment, registering the 2-D X-ray image
with a corresponding 2-D pre-treatment X-ray image to obtain a 2-D registration result at
approximately the time of treatment, and converting the 2-D registration result into a 3-D
tracking result to track the region of interest.

[0009] US 2012/000 8734 A1 discloses a method, a system and a related computer program
product for medical Imaging and Image-guided radiation treatment (IGRT). In one
embodiment, an IGRT system provides intrafraction target tracking based on a comparison of
Intrafraction x-ray tomosynthesis image data with Initial x-ray tomosynthesis image data
acquired with the patient in an initial treatment position, the initial x-ray tomosynthesis image
data having an inherent registration with co-acquired image data from a setup imaging system
Integral with, or having known geometry relative to, the tomosynthesis imaging system. No
repeated registration of Intrafraction x-ray tomosynthesis image data with pre-acquired
reference iImage data from a different frame of reference iIs required during intrafraction
radiation delivery.

[0010] WO 2016/069633 A1 discloses an adaptive therapy delivery system which receives
Imaging information including a volumetric image comprising a target, such as a tumor or one
or more other structures, and receives imaging information corresponding to one or more
Imaging slices comprising different portions of the target, such as imaging slices acquired at
different times after acquisition of the volumetric image. The system spatially registers
Information from an earlier-acquired image with a portion of the target included In a later-
acquired one of the imaging slices. The system can then determine an updated location of the
target indicated by the spatially-registered information. Using the updated location, the system
generates an updated therapy protocol to control delivery of a therapy beam.

[0011] Finally, US 2008/0031406 A1 discloses a method of treating an object with radiation
that Iincludes generating volumetric image data of an area of interest of an object and emitting
a therapeutic radiation beam towards the area of interest of the object in accordance with a
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reference plan. The method further includes evaluating the volumetric mage data and at least
one parameter of the therapeutic radiation beam to provide a real-time, on-line or off-line
evaluation and on-line or off-line modification of the reference plan.

SUMMARY

[0012] The invention relates to a method to determine an actual surgical pathway of a patient
based on a planned surgical pathway as specified in claim 1. The invention further relates to a
non-transitory computer-readable storage medium containing a set of executable instructions
which, In response to execution by a processor in one of one or more surgical system, cause
the processor to perform a method to determine an actual surgical pathway of a patient based
on a planned surgical pathway as specified in claim 6. The invention also relates to a surgical
system configured to determine an actual surgical pathway of a patient based on a planned
surgical pathway as specified in claim 11. Preferred embodiments of the invention are specified
In the dependent claims. In accordance with one embodiment of the present disclosure, a
method to determine an actual surgical pathway of a patient based on a planned surgical
pathway Is disclosed. The method includes retrieving a first two-dimensional image of the
patient associated with information collected at a first point in time, modifying a three-
dimensional model of the patient including the planned surgical pathway with a first set of
modification parameter values, retrieving a second two-dimensional image from the modified
three-dimensional model, and computing a first correlation between the first two-dimensional
Image and the second two-dimensional image. The first two-dimensional image is a photo
taken by a camera. A first coordinate system describes a spatial relationship between the
patient and an apparatus in an operating room. A second coordinate system describes the
three-dimensional model, which 1s constructed by information collected at a second point In
time earlier than the first point iIn time. In response to the first correlation exceeding a
threshold, the method further includes transforming the planned surgical pathway In the
second coordinate system to the first coordinate system based on the first set of modification
parameter values to identify the actual surgical pathway.

[0013] In accordance with another embodiment of the present disclosure, a non-transitory
computer-readable storage medium I1s disclosed. The non-transitory computer-readable
storage medium may contain a set of executable instructions. In response to execution by a
processor in one of one or more surgical system, the processor is configured to retrieve a first
two-dimensional image of the patient associated with information collected at a first point In
time, modify a three-dimensional model of the patient including the planned surgical pathway
with a first set of modification parameter values, retrieve a second two-dimensional image from
the modified three-dimensional model, and compute a first correlation between the first two-
dimensional image and the second two-dimensional image. The first two-dimensional image is
a photo taken by a camera. A first coordinate system describes a spatial relationship between
the patient and an apparatus in an operating room. A second coordinate system describes the
three-dimensional model, which 1s constructed by information collected at a second point In
time earlier than the first point iIn time. In response to the first correlation exceeding a
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threshold, the processor is configured to transform the planned surgical pathway in the second
coordinate system to the first coordinate system based on the first set of modification
parameter values to identify the actual surgical pathway.

[0014] In accordance with other embodiments of the present disclosure, a surgical system
configured to determine an actual surgical pathway of a patient based on a planned surgical
pathway Is disclosed. The surgical system includes a storage system, a robotic arm, an image
collection apparatus, and a processor. The processor Is configured to retrieve a first two-
dimensional image of the patient associated with information collected by the image collection
apparatus at a first point in time from the storage system, modify a three-dimensional model of
the patient including the planned surgical pathway with a first set of modification parameter
values, retrieve a second two-dimensional image from the modified three-dimensional model
from the storage system, and compute a first correlation between the first two-dimensional
Image and the second two-dimensional image. The first two-dimensional image i1s a photo
taken by a camera. A first coordinate system describes a spatial relationship between the
patient and the robotic arm. A second coordinate system describes the three-dimensional
model, which Is constructed by information collected at a second point in time earlier than the
first point In time. In response to the first correlation exceeding a threshold, the processor Is
configured to transform the planned surgical pathway in the second coordinate system to the
first coordinate system based on the first set of modification parameter values to identify the
actual surgical pathway, and instruct the robotic arm to perform the surgery based on the
actual surgical pathway.

[0015] The foregoing summary is illustrative only and is not intended to be in any way Iimiting.
In addition to the illustrative aspects, embodiments, and features described above, further

aspects, embodiments, and features will become apparent by reference to the drawings and
the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016]

Fig. 1A Is an example figure showing the spatial relationships among several points that may
be encountered during an operation,;

Fig. 1B 1s an example block diagram showing the configuration of a surgical guiding and
positioning system;

Fig. 2 Is flow diagram Iillustrating an example process to determine a surgical pathway;

Fig. 3A shows an example two-dimensional image associated with information collected at a
first point in time;

Fig. 3B shows an example three-dimensional model constructed based on data collected at a
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second point in time;

Fig. 3C shows an example projection of a modified three-dimensional model modified with a
first set of modification parameter values;

Fig. 3D shows an example projection of a modified three-dimensional model modified with a
second set of modification parameter values;

Fig. 3E shows one example edge detection processed image;
Fig. 3F shows another example edge detection processed image; and

Fig. 4 Is a block diagram illustrating a computer program product to implement a method to
determine an actual surgical pathway, all arranged in accordance with some embodiments of
the present disclosure.

DETAILED DESCRIPTION

[0017] In the following detailed description, reference I1s made to the accompanying drawings,
which form a part hereof. In the drawings, similar symbols typically identify similar components,
unless context dictates otherwise. The Illustrative embodiments described in the detailed
description, drawings, and claims are not meant to be limiting. Other embodiments may be
utilized, and other changes may be made, without departing from the scope of the subject
matter presented here. It will be readily understood that the aspects of the present disclosure,
as generally described herein, and illustrated in the Figures, can be arranged, substituted,
combined, and designed in a wide variety of different configurations.

[0018] This disclosure is drawn, inter alia, to methods, apparatuses, and systems related to an
Intraoperative surgical pathway determination based on two sets of images collected at two
different spaces and two different points in time. In the disclosure, the term "projection”
generally refers to an approach of mapping three-dimensional points to a two-dimensional
plane. The term "surgical pathway" may refer to a pathway comprising a surgical entry point, a

targeted surgical site, and a path between the surgical entry point and the targeted surgical
site. Throughout the disclosure, the terms "surgical procedure” and "surgery' are used
Interchangeably.

[0019] Fig. 1A s an example figure showing the spatial relationships among several points that
may be encountered during an operation, arranged in accordance with some embodiments of
the present disclosure. In a three-dimensional image 120, a surgical pathway 130 includes a
surgical entry point 140 and a targeted surgical site 150.

[0020] Fig. 1B i1s an example block diagram showing the configuration of a surgical guiding and
positioning system 100, arranged In accordance with some embodiments of the present
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disclosure. The surgical guiding and positioning system 100 mainly includes a pre-operative
Information collection device 102, an Intraoperative information collection device 104, a
computing device 106, and a surgical instrument 108 Including a robotic arm 116. The blocks
are only provided as examples, and some of the blocks may be optional, combined into fewer
blocks, or expanded into additional blocks without detracting from the essence of the disclosed
embodiments.

[0021] The pre-operative information collection device 102 is configured to collect overall
Information of a surgical site, such as a specific site of a brain, before a surgical procedure
begins. In some embodiments, the overall information can be acquired through computed
tomography (CT), magnetic resonance imaging (MRI), surface scan, X-ray scan, ultrasound
scan, and etc. Given the size of these devices and hospital management perspectives, a pre-
operative Information collection device Is usually placed Iin a space that differs from the
operating room, where the surgical procedure Is actually performed. With the overall
Information (e.g. the intracranial anatomy, the target or lesion location, the surface land

markings, or the surface anatomy) of the surgical site, a surgeon may plan a surgical pathway
some time before a surgical procedure begins.

[0022] The Intraoperative information collection device 104 is configured to collect the surface
anatomy information of the patient around the surgical site immediately before a surgical
Incision Is made In the operating room. Some examples of the Intraoperative information
collection device 104 may include, without limitation, a camera, an infrared camera, an X-ray
module, an ultrasonic scanner, and others. The intraoperative information collection device
104 may collect the patient's surface anatomy information when the patient is on the operating
table in the operating room.

[0023] The computing device 106 may be configured to (1) process information collected by
the pre-operative information collection device 102, (2) process information collected by the
Intraoperative information collection device 104, and/or (3) determine a surgical pathway
based on the processed Information. Additional details will be provided In subsequent
paragraphs.

[0024] The surgical instrument 108 may include a robotic arm 116, which iIs configured to
perform the surgery. The surgical instrument 108 Is configured to receive Information
associlated with the determined surgical pathway from the computing device 106. The received
Information may include some coordinate data and vectors that are recognizable by the robotic
arm 116. In other words, the robotic arm 116 may perform the surgery according to the
coordinate data and vectors.

[0025] Fig. 2 1s a flow diagram Illustrating an example process 200 to determine a surgical
pathway, In accordance with some embodiments of the present disclosure. Process 200 may
Include one or more operations, functions, or actions as Iillustrated by blocks 210, 220, 230,
240, 250, 260, 270, 280, and/or 290 which may be performed by hardware, software and/or
firmware. The various blocks are not intended to be Iimiting to the described embodiments.
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The outlined steps and operations are only provided as examples, and some of the steps and
operations may be optional, combined into fewer steps and operations, or expanded Into
additional steps and operations without detracting from the essence of the disclosed
embodiments. Although the blocks are illustrated in a sequential order, these blocks may also
be performed in parallel, and/or in a different order than those described herein.

[0026] Process 200 may begin at block 210, "retrieve first two-dimensional image associated
with Information collected at a first point iIn time.” In some embodiments, the collected
Information may correspond to surface anatomy information of the patient, and the first point in
time may correspond to a time immediately prior to a surgical incision Is made. Some example
first point In time may include, without limitation, the start of the day of the surgery, the time the
patient on the operating table in the operating room, and any points of time therebetween. In
addition, the first two-dimensional image 1s a photo taken by a camera (e.g., an infrared
camera). For example, In a brain surgery, the camera may be configured to take a picture of
the patient's head immediately prior to a surgical incision iIs made on the patient's head In the
operating room. The camera may be fixed at a stationary device (e.g., a robotic arm) In the
operating room so that the camera and the patient main maintain a constant relationship in the
operating room. In some embodiments, the camera may take photos from different positions
while the robotic arm is moving. Each position may correspond to a specific photo. In some
embodiments, a first coordinate system is used to define the spatial relationship between the
surface anatomical parts of the patient (e.g., nose, eyes, other facial features), and the robotic
arm in the operating room.

[0027] Block 210 may be followed by block 220, "construct three-dimensional model based on
Information collected at a second point In time." Before a surgical procedure Is performed,
some medical imaging technigues may be used to capture a snapshot of the patient's
conditions, so that a surgical plan may be formulated. Suppose the surgical site i1s the brain of
the patient. The surgeon may order a medical image scan (e.g., CT or MRI) of the brain. Such
medical image scan may perform 3 to 5 days prior to the surgery. A three-dimensional model
may be constructed based on the medical scan data using some known approaches. A second
coordinate system may be used to define the spatial relationship between the planned surgical
pathway and certain anatomical parts of the patient.

[0028] Block 220 may be followed by block 230, "select modification parameter values (n) of
three-dimensional model." The three-dimensional model constructed In block 220 may be
modified with some modification parameter values. Example modification parameters may
Include, without Iimitation, a scaled ratio, a rotation degree, and a translation vector. These
modification parameters may be used to modify the three-dimensional model to better reflect a
patient's condition immediately prior to the surgery. To find the optimal set of modification
parameter values, iIn some embodiments, N sets of modification parameter values may be
obtained. Here, n may be between an integer between 1 and N. However, 1t should be
apparent to one with ordinary skills in the art to employ any other technically feasible
approaches to perform the iterations without exceeding the scope of the present disclosure.
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[0029] In one example, the constructed three-dimensional model may be represented In a
Cartesian coordinate system. The scaled ratio refers to a constant proportional ratio of a linear
dimension In every axis of the Cartesian coordinate system. Similarly, the rotation degrees may
refer to a rotation around a specific axis in the Cartesian coordinate system. The translation
vector may refer to a movement vector in the Cartesian coordinate system.

[0030] Block 230 may be followed by block 240, "n = N?" If n does not equal to N, then block
240 may be followed by block 250, where n is incremented by 1. On the other hand, if n equals
to N, then block 240 may be followed by block 280, "select optimal set of modification
parameter values resulting in correlation that exceeds threshold,” because all of the correlation
computation using the N sets of modification parameter values have been completed. If none
of the correlation computation results using the N sets of modification parameter values
exceed threshold, process 200 may reset n and go back to block 230 to select a new set of
modification parameter values (n) of three-dimensional model that have not been selected In
previous iterations.

[0031] In block 260, a second two-dimensional image may be the projection of the three-
dimensional model modified with the selected set of modification parameter values (n). In other
words, the second two-dimensional image may correspond to a specific set of modification
parameter values. The projection may be done by any technically feasible approach, such as
parallel projection, orthographic projection, perspective projection, etc. The second two-
dimensional image retrieved in block 260 may be compared to the first two-dimensional image
retrieved in block 210, and the process goes to block 270, "compute and store correlation.”

[0032] In block 270, In some embodiments, a correlation between a first region of interest of
the first two-dimensional image and a second region of interest of the second two-dimensional
Image 1s computed and stored. The first region of interest and the second region of interest
may be selected according to the contour features of the first two-dimensional image and the
second two-dimensional image, respectively. The selection may be based on historic data or
surgeon's experience. The correlation may be calculated by some known approaches. For
example, the correlation may be calculated with Equation 1 below:

Py k4 [i]} P [% (1)

TioPalt ]’ im0 Palkz [i]']z

COTrT =

where:
N is the number of points In the first region of interest;

P11s an indexed array Including data of the second two-dimensional image;
P> Is an indexed array including data of the first two-dimensional image,

K1 1S an indexed array including serial | values of successive pixels in a region of P4 where the

correlation i1s to be computed; and

K> IS an indexed array Including serial 1 values of successive pixels in a region of P>, where the
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correlation 1s to be computed.

With different sets of modification parameter values, different corresponding correlations are
calculated and stored in block 270.

[0033] In some embodiments, edge detection is performed on the first two-dimensional image
and the second two-dimensional image. The correlation may be calculated between the edge
detected version of the first two-dimensional image and the edge detected version of the
second two-dimensional image. Some example edge detection may include, without limitation,
Canny edge detection approach, first-order edge detection approaches, and second-order
edge detection approaches.

[0034] After processing blocks 230, 240, 250, 260, and 270 Iin N iterations, the three-
dimensional model is modified by N sets of modification parameter values. With the N number
of modified dimensional models, N number of the second two-dimensional images are then
retrieved and used to perform the aforementioned correlation. Process 200 may be followed by
block 280, "select optimal set of modification parameter values resulting in correlation that
exceeds threshold." To determine whether the first two-dimensional image and the second
two-dimensional image are sufficiently correlated, a threshold value is set. The threshold value
may be determined based on some historical data (e.g., data collected from animal testing or
other patients). Alternatively, the threshold value may be determined based on the surgeon's
experience. Any of the stored correlations that exceed the threshold value would indicate that
the first region of interest and the second region indeed correspond to the same anatomical
part of the patient. Out of these stored correlations that exceed the threshold value, in one
embodiment, the set of modification parameter values resulting in the maximum correlation is
selected as the optimal set of modification parameter values.

[0035] Block 280 may be followed by block 290, "transform coordinate,” where the coordinates
of the second coordinate system are transformed to the first coordinate system based on the
selected optimal set of modification parameter values. Therefore, the planned surgical pathway
In the second coordinate system may be transformed to the first coordinate system, which is
used to represent the operating room In which the surgical procedure Is actually performed.
Based on the transformed coordinates and vectors in the first coordinate system, a robotic arm
may be configured to perform the surgical procedure, having taken into account of changing
conditions associated with the patient.

[0036] Fig. 3A shows an example two-dimensional image 301 associated with information
collected at a first point in time (e.g., right before a surgical incision Is made on a patient in the
operating room, usually collected within 24 hours prior to the surgical incision), arranged In
accordance with some embodiments of the present disclosure. The two-dimensional image
301 may be taken by an Infrared camera. The two-dimensional image may include some
surface anatomical parts of the patient, for example, right eye 311, cheek curve 312, nose 313,
and mouth 314. A first region of Interest 315 of the two-dimensional image 301 may be
selected to compare with a second region of interest of another two-dimensional image and will
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be described In details below. The first region of interest 315 may cover some surface
anatomical parts, for example, right eye 311, cheek curve 312, nose 313, and mouth 314. A

first coordinate system 380" may be used to describe the spatial relationship between devices
(e.g., robotic arm) in the operating room and surface anatomical parts of the patient.

[0037] Fig. 3B shows an example three-dimensional model 302 constructed based on data
collected at a second point of time (e.g., before the date of a surgical procedure, usually
collected within 3 days prior to the surgical procedure), arranged In accordance with some
embodiments of the present disclosure. The three-dimensional model 302 Iincludes surface
anatomical parts, for example, right eye 321, cheek curve 322, nose 323, and mouth 324. A
surgical pathway 360 may be planned on the three-dimensional model 302 according to the
medical scan image 302'. The surgical pathway 360 may start with a surgical entry point 361
and end at a target surgical site 362. As discussed earlier in conjunction with Fig. 1A, the
surgical entry point 361 may be on the skull of the patient and the target surgical site 362 may
be a tumor in patient's brain.

[0038] In some embodiments, a Cartesian second coordinate system 380 may be used to
describe the spatial relationship among the surgical pathway 360 and right eye 321, cheek
curve 322, nose 323, and mouth 324. For example, in the second coordinate system 380, the
surgical entry point 361 may have a coordinate of (1, 2, 3), the target surgical site 362 may
have a coordinate of (2, 3, 4) and a vector between the surgical entry point 361 and the target
surgical site 362 i1s (1, 1, 1). Similarly, right eye 321 may have a coordinate of (4, 5, 6), cheek
curve 322 may have a coordinate of (2, 9, 11), nose 323 may have a coordinate of (7, 8, 9),
and mouth 324 may have a coordinate of (3, 7, 5) In the second coordinate system 380.

[0039] The three-dimensional model 302 may be modified with a set of modification parameter
values to generate a modified three-dimensional model 302". For example, a first example set
of modification parameter values may include, without limitation, a scaled ratio of 100%, a is 45
degrees, Bi1s 0 degree, and y is O degree, In which a represents a rotation around z-axis in the
second coordinate system 380, B represents a rotation around y-axis in the second coordinate
system 380, and y represents a rotation around x-axis in the second coordinate system 380. A
second two-dimensional image may be retrieved from the modified three-dimensional model
302". In some embodiments, the second two-dimensional image Is a projection of the three-
dimensional model 302",

[0040] Fig. 3C shows an example projection 303 of a modified three-dimensional model 302,
which Is modified with the first example set of modification parameter values, arranged In
accordance with some embodiments of the present disclosure. Fig. 3C may include surface
anatomical parts of the patient, for example, right eye 331, cheek curve 332, nose 333, and

mouth 334. In conjunction with 3A, a second region of Interest 335 may be selected to
calculate a first correlation between the first region of interest 315 and the second region of
Interest 3395.

[0041] After obtaining the first correlation, a second example set of modification parameter
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values may be used to modify the three-dimensional model to generate another modified
three-dimensional model 302'. The second set example set of modification parameter values
may Include, without limitation, a scaled ratio of 100%, a i1s 20 degrees, Bis 0 degree, and v Is
0 degree. Similarly, an example projection of the modified three-dimensional model 302" may
be retrieved. Fig. 3D shows the example projection 304 of the modified three-dimensional
model 302" modified with the second example set of modification parameter values, arranged
In accordance with some embodiments of the present disclosure. Fig. 3D may include surface
anatomical parts of the patient, for example, right eye 341, cheek curve 342, nose 343, and
mouth 344. In conjunction with 3A, a second region of Interest 345 may be selected to
calculate a second correlation between the first region of interest 315 and the second region of
Interest 345.

[0042] In some embodiments, the two-dimensional images 301, 303, and 304 are processed
first before calculating the first and second correlations. For example, an edge detection
approach may be applied to process the two-dimensional images 301, 303, and 304. Fig. 3E
shows one example edge detection processed image 305 of the image 301, arranged In
accordance with some embodiments of the present disclosure. Fig. 3F shows another example
edge detection processed image 306 associated with a modification parameter value a of -45
degrees, arranged in accordance with some embodiments of the present disclosure.

[0043] Assuming only two sets of modification parameter values (i.e., a scaled ratio of 100%, a
IS 45 degrees, Bis 0 degree, and y is 0 degree; and a scaled ratio of 100%, a i1s 20 degrees, B
IS O degree, and y Is O degree) are obtained to modify the three-dimensional model 302, the
first correlation and the second correlation are compared with a threshold to determine which
one may be the optimal set of modification parameter values. The optimal set of modification
parameter values are used to transform the coordinates in the second coordinate system 380
to the first coordinate system 380'.

[0044] In some embodiments, assuming the modification parameter Is associated with a
scaling ratio, the transformation from the second coordinate system 380 to the first coordinate
system 380" may comprise multiplying the scaled ratio to the coordinates of the second
coordinate system 380. Therefore, the vector of the planned surgical pathway keeps the same
In the first coordinate system 380 as In the second coordinate system 380'. However,
compared to the distance of the planned surgical pathway in the second coordinate system
380, the distance of the actual surgical pathway In the first coordinate system 380" is scaled
with the scaled ratio.

[0045] In some other embodiments, assuming the modification parameter is associated with a
rotation angle. Therefore, the vector of the planned surgical pathway Is changed In the first
coordinate system 380 which will not be the same as the vector in the second coordinate
system 380'. The transformation from the second coordinate system 380 to the first coordinate
system 380" may comprise a matrix operation. The matrix may be a transformation matrix
between the first coordinate system 380" and the second coordinate system 380. One example
transformation matrix may be:

r + > > v )
Wara' I‘Nﬂﬂ'f"'{? FaFa R aFa' Y an b o) Q CTWIAS e OF¥Y SV DV AN FOT™Y Qﬂn o r A~ - 1
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LUSULUOL LUDLOLILIILILY = JLILULUIF LUVoWaLILDI LU Y -ﬁfoffge.t
TIR = sinecosf sinasinfsiny + cosacosy Sinasinfcosy — cosasingy  Yogfset
—sinfs cospsiny cosfcosy Zorfset

0 0 0 1

where a represents a rotation around z-axis in the second coordinate system 380;
B represents a rotation around y-axis in the second coordinate system 380;
v represents a rotation around x-axis in the second coordinate system 380,;

Xofiset Fepresents a displacement along the x-axis in the second coordinate system 380;
Yofrset Fepresents a displacement along the y-axis in the second coordinate system 380; and
Zofrser represents a displacement along the z-axis in the second coordinate system 380;

The coordinate transformation may be achieved with the following operation:

-~

_x.‘ -
y | =Tur |y (3)
'Z’ LZd

where X', Y, and z' are the transformed coordinates in the first coordinate system 380" and x, v,
and z are the coordinates in the second coordinate system 380.

[0046] Assuming the second set of modification parameter values (i.e., scaled ratio of 100%, a
IS 20 degrees, B 1s 0 degree, and y I1s 0 degree) exceeds the threshold while the first set of
modification parameter values (i.e., scaled ratio of 100%, a i1s 45 degrees, B i1s 0 degree, and y
IS 0 degree) does not exceed the threshold, the second set of modification parameter values

may be selected as the optimal set of modification parameter values and the transformation
matrix may be:

0.939693 -0.34202 0 0

rir — | 034202 0.939693 0 O
MA 0 0 1 0
0 0 0 1

[0047] According to equation (3) and the transformation matrix above, In the first coordinate
system 380', the surgical entry point 371 may have a coordinate of (1.62373, 1.53737, 3), the
target surgical site 372 may have a coordinate of (2.90545, 2.13504, 4) and a vector between
the surgical entry point 371 and the target surgical site 372 i1s (1.28172, 0.597/67, 1). The
coordinates and vector may be transmitted to the robotic arm in the operating room so that a
surgeon may use the robotic arm to perform the surgery.

[0048] Fig. 4 1s a block diagram illustrating a computer program product 400 to implement a
method to determine an actual surgical pathway, in accordance with one embodiment of the
present disclosure. The computer program product 400 may include a signal bearing medium
402. Signal bearing medium 402 may include one or more sets of executable instructions 404
stored thereon that, in response to execution by, for example, the computing device 106 of Fig.
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1, may provide the features and operations described above.

[0049] In some Implementations, the signal bearing medium 402 may encompass a non-
transitory computer readable medium 408, such as, but not limited to, a hard disk drive, a
Compact Disc (CD), a Digital Versatile Disk (DVD), a digital tape, memory, etc. In some
Implementations, the signal bearing medium 402 may encompass a recordable medium 410,
such as, but not Imited to, memory, read/write (R/W) CDs, R/W DVDs, etc. In some
Implementations, signal bearing medium 402 may encompass a communications medium 406,
such as, but not limited to, a digital and/or an analog communication medium (e.g., a fiber optic
cable, a waveguide, a wired communications link, a wireless communication link, etc.).

[0050] The foregoing detailed description has set forth various embodiments of the devices
and/or processes via the use of block diagrams, flowcharts, and/or examples. Insofar as such
block diagrams, flowcharts, and/or examples contain one or more functions and/or operations,
it will be understood by those within the art that each function and/or operation within such
block diagrams, flowcharts, or examples can be implemented, individually and/or collectively,
by a wide range of hardware, software, firmware, or virtually any combination thereof. In some
embodiments, several portions of the subject matter described herein may be implemented via
Application Specific Integrated Circuits (ASICs), Field Programmable Gate Arrays (FPGAS),
digital signal processors (DSPs), or other integrated formats. However, those skilled in the art
will recognize that some aspects of the embodiments disclosed herein, in whole or in part, can
be equivalently implemented in integrated circuits, as one or more computer programs running
on one or more computers (e.g., as one or more programs running on one or more computer
systems), as one or more programs running on one or more processors (e.g., as one or more
programs running on one or more microprocessors), as firmware, or as virtually any
combination thereof, and that designing the circuitry and/or writing the code for the software
and or firmware would be well within the skill of one of skill in the art in light of this disclosure.
In addition, those skilled in the art will appreciate that the mechanisms of the subject matter
described herein are capable of being distributed as a program product in a variety of forms,
and that an illustrative embodiment of the subject matter described herein applies regardless
of the particular type of signal bearing medium used to actually carry out the distribution.
Examples of a signal bearing medium include, but are not Iimited to, the following: a recordable
type medium such as a floppy disk, a hard disk drive, a Compact Disc (CD), a Digital Versatile
Disk (DVD), a digital tape, a computer memory, etc.; and a transmission type medium such as
a digital and/or an analog communication medium (e.g., a fiber optic cable, a waveguide, a
wired communications link, a wireless communication link, etc.).

[0051] From the foregoing, it will be appreciated that various embodiments of the present
disclosure have been described herein for purposes of Illustration, and that various
modifications may be made without departing from the scope of the present disclosure.
Accordingly, the various embodiments disclosed herein are not intended to be limiting, with the

true scope being indicated by the following claims.
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PATENTKRAV

1. Fremgangsmade til bestemmelse af en aktuel kirurgisk bane i en patient, ba-

seret pa en planlagt kirurgisk bane (360), omfattende:

Hentning af et farste to-dimensionalt billede (301) af en patient, tilordnet
information, der er indsamlet pa et ferste tidspunkt, hvorved et rumligt
forhold mellem patienten og et apparat | et operationsrum er beskrevet
ved hjeelp af et ferste koordinatsystem (380°), hvorved det farste to-
dimensionale billede er et foto, som er taget af et kamera,

modifikation af en tre-dimensional model (302) af patienten, inkluderen-
de den planlagte kirurgiske bane (360) med et farste saet af modifikati-
onsparameterveerdier, hvorved den tre-dimensionale model er beskre-
vet ved hjeelp af et andet koordinindsystem (380) og konstrueret ved
hjeelp af information, der er indsamlet pa et andet tidspunkt, som er tid-
ligere end det farste tidspunkt;

hentning af et andet to-dimensionalt billede fra den modificerede, tre-
dimensionale model (302°);

beregning af en farste korrelation mellem det ferste to-dimensionale bil-
lede (301) og det andet to-dimensionale billede; og

som reaktion pa, at den farste korrelation overskrider en taerskelveerdi,
transformation af den planlagte kirurgiske bane (360) | det andet koor-
dinatsystem (380) til det farste koordinatsystem (380’), baseret pa det
forste seet af modifikationsparameterveerdier for at bestemme den aktu-

elle kirurgiske bane.

2. Fremgangsmade ifslge krav 1, hvorved modifikation af den tre-dimensionale
model (302) omfatter skalering af den tre-dimensionale model (302), rotation af
den tre-dimensionale model (302) eller bevaegelse af den tre-dimensionale mo-
del (302) pa basis af seettet af modifikationsparameterveaerdier, eller hvorved det
andet to-dimensionale billede er en projektion af den modificerede tre-

dimensionale model (302°).
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3. Fremgangsmade ifalge krav 1, hvorved patienten befinder sig pa et operati-
onsbord | operationsrummet pa det farste tidspunkt, og patienten er under en

medicinsk billedscanning pa et andet tidspunkt.

4. Fremgangsmade ifelge krav 1, som reaktion pa at den farste korrelation ikke

overskrider teerskelveerdien, ydermere omfattende:

Modifikation af den tre-dimensionale model (302) af patienten, inklude-
rende den planlagte kirurgiske bane (360), med et andet saet af modifi-
kationsparameterveerdier,

hentning af et tredje to-dimensionalt billede pa basis af den tre-
dimensionale model, som er modificeret med det andet saet af modifika-
tionsparameterveerdier;

beregning af en anden korrelation mellem det ferste to-dimensionale
billede (301) og det tredje to-dimensionale billede; og

som reaktion pa, at den anden korrelation overskrider en taerskelveerdi,
transformation af den planlagte kirurgiske bane (360) | det andet koor-
dinatsystem (380) til det farste koordinatsystem (380’) pa basis af det
andet saet af modifikationsparameterveaerdier for at identificere den ak-

tuelle kirurgiske bane.

5. Fremgangsmade ifelge krav 1, ydermere omfattende udferelse af kant-
detektering pa det ferste to-dimensionale billede (301) og det andet to-
dimensionale billede, hvorved kant-detekteringen fortrinsvis udferes fer bereg-

ningen af korrelationen.

6. Ikke-flygtigt, computer-laesbart lagermedium, der indeholder et saet af ekse-
kverbare instruktioner, der, som reaktion pa eksekvering ved hjeelp af en pro-
cessor | et af et eller flere kirurgiske systemer, bevirker, at processen realiserer
en fremgangsmade til bestemmelse af en aktuel, kirurgisk bane (360), hvilken

fremgangsmade omfatter:
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Hentning af et ferste to-dimensionalt billede (301) af patienten, og som
har tilordnet information, der er indsamlet pa et farste tidspunkt, hvor-
ved en rumlig relation mellem patienten og et apparat | et operations-
rum er beskrevet af et farste koordinatsystem (380); hvorved det ferste
to-dimensionale billede er et foto, som er taget af et kamera,
modifikation af en tre-dimensional model (302) af patienten, inkluderen-
de den planlagte kirurgiske bane (360) med et farste saet af modifikati-
onsparameterveerdier, hvorved den tre-dimensionale model er beskre-
vet ved hjeelp af et andet koordinatsystem (380) og konstrueret ved
hjeelp af information, der er indsamlet pa et andet tidspunkt, som er tid-
ligere end det farste tidspunkt;

hentning af et andet to-dimensionalt billede fra den modificerede, tre-
dimensionale model (302");

beregning af en farste korrelation mellem det farste to-dimensionale bil-
lede (301) og det andet to-dimensionale billede; og

som reaktion pa, at den farste korrelation overskrider en taerskelveerdi,
transformation af den planlagte kirurgiske bane (360) | det andet koor-
dinatsystem (380) til det farste koordinatsystem (380’), baseret pa det
forste seet af modifikationsparameterveerdier, for at bestemme den ak-

tuelle kirurgiske bane.

7. Ikke-flygtigt, computer-leesbart lagermedium ifelge krav 6, hvorved modifika-
tion af den tre-dimensionale model (302) Iinkluderer skalering af den tre-
dimensionale model (302), rotation af den tre-dimensionale model (302) eller
beveegelse af den tre-dimensionale model (302) pa basis af saettet af modifika-
tionsparameterveerdier, eller hvorved det andet to-dimensionale billede er en

projektion af den modificerede, tre-dimensionale model.

8. |kke-flygtigt, computer-leesbart lagermedium ifalge krav 6, hvorved patienten
befinder sig pa et operationsbord i operationsrummet pa et farste tidspunkt, og

patienten er under en medicinsk billedscanning pa det andet tidspunkt.
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9. Ikke-flygtigt, computer-laesbart lagermedium ifalge krav 6, som reaktion pa, at
den farste korrelation ikke overskrider teerskelveerdien, hvilken fremgangsmade

ydermere omfatter:

5 Modifikation af den tre-dimensionale model (302) for patienten, inklude-
rende den planlagte kirurgiske bane (360) med et andet seet af modifi-
kationsparameterveerdier,
hentning af et tredje to-dimensionalt billede fra den tre-dimensionale
model (302), modificeret med det andet saet modifikationsparameter-

10 veerdier;
beregning af en anden korrelation mellem det ferste to-dimensionale
billede (301) og det tredje to-dimensionale billede; og
som reaktion pa at den anden korrelation overskrider en taerskelveerdi,
transformation af den planlagte kirurgiske bane (360) | det andet koor-
15 dinatsystem (380’) pa basis af det andet saet af modifikationsparame-

terveerdier med henblik pa identifikation af den aktuelle kirurgiske bane.

10. Ikke-flygtigt, computer-laesbart lagermedium Iifelge krav 6, hvilken frem-
gangsmade ydermere omfatter kant-detektering pa det ferste to-dimensionale
20 Dbillede (301) og det andet to-dimensionale billede, hvorved kant-detekteringen

fortrinsvis udf@res fer beregningen af korrelationen.

11. Et kirurgisk system, konfigureret til at bestemme en aktuel, kirurgisk bane

(360) for en patient, baseret pa en planlagt kirurgisk bane (360), omfattende:

25

Et lagersystem;

en robotarm (116);

et billed-indsamlingsapparat; og

en processor, som leverer instruktioner til robotarmen for at muliggere
30 udferelse af de kirurgiske operationer, hvorved processoren er konfigu-

reret til at hente et farste to-dimensionalt billede (301) for patienten, til-
ordnet information, der er indsamlet af billed-indsamlingsapparatet pa et

forste tidspunkt fra lagersystemet, hvorved en rumlig relation mellem
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patienten og robotarmen (116) er beskrevet ved et ferste koordinatsy-
stem (380’), hvorved det ferste to-dimensionale billede er et foto, som
er taget med et kamera,

modifikation af en tre-dimensional model (302) af patienten, inkluderen-
de den planlagte kirurgiske bane (360), med et farste saet af modifikati-
onsparameterveerdier, hvorved den tre-dimensionale model er beskre-
vet ved hjeelp af et andet koordinatsystem (380) og konstrueret ved
hjeelp af information, der er indsamlet pa et andet tidspunkt tidligere end
det farste tidspunkt;

hentning af et andet to-dimensionalt billede ud fra den modificerede tre-
dimensionale model (302’) fra lagersystemet;

beregning af en farste korrelation mellem det ferste to-dimensionale bil-
lede (301) og det andet to-dimensionale billede;

som reaktion pa at den ferste korrelation overskrider en teerskelveerdi,
transformation af den planlagte kirurgiske bane (360) | det andet koor-
dinatsystem (380) til det farste koordinatsystem (380) pa basis af det
forste saet af modifikationsparametervaerdier for at identificere den ak-
tuelle kirurgiske bane; og

instruktion af robotarmen (116) til at udf@ere den kirurgiske operation pa

pbasis af den aktuelle kirurgiske bane.

12. System ifelge krav 11, hvorved den tre-dimensionale model (302) er modifi-

ceret med en skaleringsfaktor, en rotationsgrad og/eller en translationsvektor.

13. System ifalge krav 11, hvorved billedindsamlingsapparatet er fast forbundet
med robotarmen (116), eller hvorved billedopsamlingsapparatet er konfigureret

til at tage en flerned af billeder, mens robotarmen er | beveegelse.

14. System ifolge krav 11, hvorved patienten befinder sig pa operationsbordet |
operationsrummet pa det ferste tidspunkt, og patienten er under en medicinsk

billedscanning pa et andet tidspunkt.
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15. System ifalge krav 11, hvorved processoren ydermere er konfigureret til at
udfere en kant-detekteringsoperation pa det farste to-dimensionale billede (301)

og det andet to-dimensionale billede.



DRAWINGS

120

R R .
I‘I‘. I,I:I.I.O.Q‘Q ‘-' o™ e o
..-lhl--lxlth e s o
e A T T
" R M)
) e RN
' »lets
-~ A it e
'y e wa e
-- . - - . -‘-

150

N

A

R e N
SN N
SENaaaaE

.

oAy WY

" ' \ N '::\:-S%v.x :
. . R

N

DK/EP 3145420 T3



DK/EP 3145420 T3

(| 821A8( Bunessdo

911 Wy 91040y

901 8dI1nsQ bunndwo) T

0| 821A8(] buijaalon
UoleLWL.olu| aAleladoelu

201 921A8q bunoajen
uonewuolu| aanesado-aid

»/ 00}



DK/EP 3145420 T3

200 \\/

Retrieve first two-dimensional image
_ associated with information collected at a
210 first pointin time

v
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Fig. 3D
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402 signal bearing medium

404 at least one of

one or more instructions to retrieve a first two-dimensional image of the
patient associated with information collected at a first point in time,
wherein a spatial relationship between the patient and an apparatus in an
operating room is described by a first coordinate system:

one or more Instructions to modify a three-dimensional model of the
patient including the planned surgical pathway with a first set of
modification parameter values, wherein the three-dimensional model is
described by a second coordinate system and constructed by information
collected at a second point in time earlier than the first point in time;

one or more instructions to retrieve a second two-dimensional image from
the modified three-dimensional model:

one or more instructions to compute a first correlation between the first
two-dimensional image and the second two-dimensional image; and/or

one or more instructions, in response to the first correlation exceeding a
threshold, to transform the planned surgical pathway In the second
coordinate system to the first coordinate system based on the first set of
modification parameter values to identify the actual surgical pathway

' 410 recordable medium

Fig. 4
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