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GLOBAL LAPAROSCOPY POSITIONING
SYSTEMS AND METHODS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Patent Application Ser. No. 61/969,812 filed Mar. 24, 2014
and entitled “Global Laparoscopy Positioning Systems and
Methods,” the entire contents of which are incorporated
herein by reference.

TECHNICAL FIELD

[0002] Exemplary embodiments of the present disclosure
relate to a global positioning system configured to register the
position and orientation of surgical tools during laparoscopic
procedures utilizing a surgical port.

BACKGROUND

[0003] Laparoscopic surgery is a common and popular
alternative to open surgery due to the considerable reduction
of recovery time, pain and complications. However, many
obstacles make the surgeon’s work difficult and inefficient,
including limited access to the operating field, indirect vision,
and operating theaters originally built for open surgery. There
has been an interest in the field to develop systems to aid in
“operating room awareness.” Operating room awareness
refers to creating an operating room that can collect data
related to the operation in progress and use the data to assist
the surgeon and medical staff. There is also interest using the
collected data to assist in surgeon and staff training and evalu-
ation.

[0004] Onecomponent of operating room awareness is tool
identification, location and navigation. Historically, surgical
tools have been identified and positioned using visual inspec-
tion by the surgeon and/or medical staff. Some automated
systems exist; however, the accuracy of these systems can be
compromised by the presence of metals and fluids in the
operating space and the reliance on a constantly-changing
point of reference for the tracking device.

[0005] Therefore, a need in the art exists for a minimally
intrusive, yet robust, system to analyze data generated during
amedical procedure and provide real-time context awareness
to the surgery team as well as post-procedure evaluationtools.

SUMMARY OF THE INVENTION

[0006] Presented are systems and methods directed to a
surgical tool positioning and tracking system. Embodiments
of the system may include a surgical port, and one or more
reference markers, and a camera. Particular embodiments
may include a first reference marker positioned at a first fixed
location distal to the surgical port. In specific embodiments,
the camera may be coupled to the surgical port and configured
to capture image data associated with the first reference
marker. Certain embodiments may also include tracking ele-
ments associated with a surgical tool and a camera. The
surgical port may have a proximal end configured to be
located outside the body of a patient and a distal end config-
ured to be located within an internal portion of the body of the
patient. The surgical port may also have a channel extending
between the proximal end and the distal end. The surgical tool
may be sized and configured to access the internal portion of
the body of the patient through the channel of the surgical
port. The reference markers may be located at fixed locations
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distal to the camera. The tracking elements may be removably
coupled to the surgical tool and a camera mounted to the
proximal end of the surgical port may be configured to cap-
ture image data associated with the tracking element.

[0007] Incertain embodiments, the first reference marker is
positioned in an operating room. In particular embodiments,
the first reference marker is positioned on the ceiling of an
operating room. In specific embodiments, the first reference
marker comprises a plurality of intersecting segments. In
particular embodiments, the plurality of intersecting seg-
ments forms a cross shape. In certain embodiments, the cam-
era is coupled to the proximal end of the surgical port. Par-
ticular embodiments further comprise a second reference
marker positioned at a second fixed location distal to the
surgical port. In some embodiments, the surgical port is a
trocar. In specific embodiments, the trocar comprises a base at
the proximal end and a cannula at the distal end, and wherein
the camera is mounted to the base.

[0008] In certain embodiments, the camera is in a fixed
position with respect to the surgical port. In particular
embodiments, the camera is movable on the surgical port. In
some embodiments, the camera is directed towards the first
reference marker, and in specific embodiments, the camera is
configured to be directed away from a body of a patient. In
certain embodiments, the camera includes a light element for
illuminating the first reference marker. In particular embodi-
ments, the camera is in communication with the computer
system to transmit the image data to the computer system.
Some embodiments further comprise a tracking element
coupled to a tool inserted into the surgical port.

[0009] In certain embodiments, the tracking element
includes at least one of a color, a shape, a pattern, bar code,
and a character. Particular embodiments further comprise a
surgical tool, where the surgical tool is sized and configured
to access the internal portion of the body of the patient
through the channel of the surgical port. Specific embodi-
ments further comprise a tracking element coupled to the
surgical tool. In certain embodiments, the tracking element
corresponds to at least one of an identity of the surgical tool,
an orientation of the surgical tool, and a position of the sur-
gical tool. In particular embodiments, the tracking element is
positioned at a location proximate a handle associated with
the surgical tool. In some embodiments, the camera is further
configured to capture image data associated with a surgeon.
[0010] Certain embodiments include a method for deter-
mining a global position of a surgical tool. In particular
embodiments, the method comprises inserting a surgical tool
into a surgical port. where the surgical port comprises: a
proximal end configured to be located outside a body of a
patient; a distal end configured to be located within an internal
portion of the body of the patient; a channel extending
between the proximal end and the distal end; and a camera
coupled to the surgical port. In some embodiments, the
method also comprises capturing image data with the camera,
wherein the image data is associated with a first reference
marker; providing the image data to a processor; and process-
ing the image data to determine global position information
associated with the surgical tool.

[0011] In specific embodiments, inserting the surgical tool
to the surgical port further comprises inserting a portion of the
surgical tool into the channel extending between the proximal
end and the distal end of the surgical port. In certain embodi-
ments, the surgical tool comprises a tracking element, and the
image data is also associated with the tracking element. Some
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embodiments further comprise processing the image data to
determine tracking information associated with the surgical
tool. In specific embodiments, the tracking information
includes at least one of an orientation of the surgical tool and
a position of the surgical tool.

[0012] Embodiments of the present invention provide spa-
tial localization of laparoscopy tool. Certain embodiments
comprise: (a) computation of the position of the tip of the
laparoscopic tool in trocar coordinate; and (b) computation of
the position of the trocar position in the operating room coor-
dinates. The combination of (a) and (b) provides a solution to
localize the position of the tool.

[0013] In certain embodiments, a marker on a tool handle
canidentify which laparoscopic tool is used. The geometry of
the tool is then known, as well as the distance from the marker
to the tip of this instrument. The distance from the marker to
the “smart” trocar camera can be computed from a video
camera on the trocar, and combining both distances, the posi-
tion of the tip of the instrument in the trocar coordinate system
can be obtained.

[0014] In certain embodiments, computation of the posi-
tion of the trocar position in the operating room coordinates is
obtained by recognizing a reference marker on the wall or
ceiling of the operating room.

[0015] Certain embodiments may comprise individual
components, including for example: (1) a trocar with a wire-
less camera; (2) markers on the handle of the tool as well as
the wall or ceiling of the operating room; and (3) a computer
system that processes the video generated by the smart trocar
in real time.

[0016] Another aspect of the present disclosure is directed
to a method of tracking a surgical tool. The method may
include providing a surgical tool to a surgical port where the
surgical tool may include a tracking element and the surgical
port may include a camera mounted thereto. The method may
further include capturing image data at the camera. The
method may further include providing the image data to a
processor and determining, at the processor, tracking infor-
mation associated with the surgical tool.

[0017] A further aspect of the present disclosure is directed
to an information management system for managing medical
procedure information. The system may receive image data
from a camera associated with a surgical port, the image data
representative of a reference marker and/or a tracking ele-
ment associated with a surgical tool. The image data is not
associated with a particular finite set of known tools. The
system may further determine an identity and a location of the
surgical tool based on the image data. The system may also
determine a surgical step of a medical procedure using the
image data and determine procedure management informa-
tion by comparing the image data associated with the surgical
step with the medical procedure.

[0018] The details of one or more embodiments of the
invention are set forth in the accompanying drawings and the
description below.

[0019] Certain terminology is used in the following
description are for convenience only and is not limiting. The
words “right”, “left”, “lower”, and “upper” designate direc-
tion in the drawings to which reference is made. The words
“inner”, “outer” refer to directions toward and away from,
respectively, the geometric center of the described feature or
device. The words “distal” and *“proximal” refer to directions
taken in context of the item described and, with regard to the
instruments herein described, are typically based on the per-
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spective of the surgeon using such instruments. The words
“anterior”, “posterior”, “superior”, “inferior”, “medial”, “lat-
eral”, and related words and/or phrases designate preferred
positions and orientation in the human body to which refer-
ence is made. The terminology includes the above-listed
words, derivatives thereof, and words of similar import.
[0020] In the following, the term “coupled” is defined as
connected, although not necessarily directly, and not neces-
sarily mechanically.

[0021] The use of the word “a” or “an” when used in con-
junction with the term “comprising” in the claims and/or the
specification may mean “one,” but it is also consistent with
the meaning of “one or more” or “at least one.” The terms
“about”, “approximately” or “substantially”” means, in gen-
eral, the stated value plus or minus 5%. The use of the term
“or” in the claims is used to mean “and/or” unless explicitly
indicated to refer to alternatives only or the alternative are
mutually exclusive, although the disclosure supports a defi-
nition that refers to only alternatives and “and/or.”

[0022] The terms “comprise” (and any form of comprise,
such as “comprises” and “comprising”), “have” (and any
form of have, such as “has” and “having”), “include” (and any
form of include, such as “includes” and “including”) and
“contain” (and any form of contain, such as “contains” and
“containing”) are open-ended linking verbs. As a result, a
method or device that “comprises,” “has,” “includes” or “con-
tains” one or more steps or elements, possesses those one or
more steps or elements, but is not limited to possessing only
those one or more elements. Likewise, a step of a method or
an element of a device that “comprises,” “has,” “includes” or
“contains” one or more features, possesses those one or more
features, but is not limited to possessing only those one or
more features. Furthermore, a device or structure that is con-
figured in a certain way is configured in at least that way, but
may also be configured in ways that are not listed.

[0023] Other objects, features and advantages of the
present invention will become apparent from the following
detailed description. It should be understood, however, that
the detailed description and the specific examples, while indi-
cating specific embodiments of the invention, are given by
way of illustration only, since various changes and modifica-
tions within the spirit and scope of the invention will be
apparent to those skilled in the art from this detailed descrip-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] The patent or application file contains at least one
drawing executed in color. Copies of this patent or patent
application publication with color drawing(s) will be pro-
vided by the Office upon request and payment of the neces-
sary fee.

[0025] Exemplary embodiments of the present disclosure
are provided in the following drawings. The drawings are
merely examples to illustrate the structure of exemplary
devices and certain features that may be used singularly or in
combination with other features. The invention should not be
limited to the examples shown.

[0026] FIG. 1 is a schematic view of an example system
configured for surgical tool global positioning;

[0027] FIG. 2 is view of example reference markers of the
system of FIG. 1;

[0028] FIG. 3 is a schematic diagram of an example tool
configured for use with the system of FIG. 1;
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[0029] FIG. 4 is a schematic view of a tracking element
configured for use with the tool of FIG. 3;

[0030] FIG. 5 is a schematic diagram of a surgical port of
the system of FIG. 1;

[0031] FIG. 6 is a schematic of the surgical port of the
system of FIG. 1 in a coordinate system;

[0032] FIG. 7 is a graph of the trajectory of a reference
marker of the system of FIG. 1;

[0033] FIG. 8 is a schematic of the rotation of the surgical
port of the system of FIG. 1;

[0034] FIG. 9 is a schematic of the relationship of the
surgical port of the system of FIG. 1 to new image coordi-
nates;

[0035] FIG.10isaschematic of the initial reconstruction of
the coordinates of the surgical port of FIG. 1;

[0036] FIG. 11 is a photograph of the camera used to vali-
date data acquired by the system of FIG. 1;

[0037] FIG. 12 is a schematic of the camera of FIG. 11.
[0038] FIG. 13 is a photograph of reference marks.
[0039] FIG. 14 is a photograph of reference marks before

and after rotation.

[0040] FIG. 15 is a graph of a computational result with
different angles.

[0041] FIG. 16 is a geometrical schematic of exemplary
embodiments.

[0042] FIG. 17 is a triangulation algorithm of exemplary
embodiments.

[0043] FIG. 18 is a graphical representation of minimized
functions of exemplary embodiments.

[0044] FIG. 19 shows results of the identification of land-
marks on a ceiling according to exemplary embodiments.
[0045] FIG. 20 shows the trajectory of landmarks accord-
ing to exemplary embodiments.

[0046] FIG. 21 is a table showing results of an experiment
on two translations (in cm) and two rotations (in degrees)
according to exemplary embodiments.

[0047] FIG. 22 is a photograph of equipment used for vali-
dation of data according to exemplary embodiments.

DETAILED DESCRIPTION

[0048] Referring now to FIGS. 1-2, a system 100 config-
ured for surgical tool global positioning is displayed. In the
embodiment shown, system 100 comprises a surgical port
110 comprising a proximal end 125 configured to be located
outside a body of a patient 119 and a distal end 115 configured
to be located within an internal portion of the body of patient
119. In the illustrated embodiment, surgical port 110 com-
prises a channel 117 extending between proximal end 125 and
distal end 115.

[0049] Inthe embodiment of FIGS. 1-2, system 100 further
comprises a plurality of reference markers 130 positioned at
a first fixed location 140 distal to surgical port 110. In the
embodiment shown, the plurality of reference markers 130
comprises individual reference markers 131-138. In particu-
lar embodiments, fixed location 140 may be positioned on the
ceiling of a room in which surgical port 110 is located, includ-
ing for example, a ceiling of an operating room.

[0050] In addition, the embodiment of system 100 shown
comprises a camera 120 coupled to proximal end 125 of
surgical port 110. In this embodiment, camera 120 comprises
a field of view 122 configured to capture image data associ-
ated with one or more reference markers 131-138. As shown
in FIG. 2, reference marker 131 may comprise a first segment
141 intersecting with a second segment 151 to form a cross
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shape. Similarly, reference marker 132 comprises intersect-
ing segments 142 and 152, while reference marker 133 com-
prises intersecting segments 143 and 153. The remaining
reference markers 134-138 can be similarly constructed. It is
understood that the geometry, arrangement and number of
reference markers shown is merely one example of several
different configurations possible in embodiments of the
present disclosure.

[0051] As explained in more detail below, image data asso-
ciated with one or more reference markers 131-138 may be
used to determine a global position of surgical port 110, as
well as a tool inserted into surgical port 110.

[0052] Referring now to FIG. 3, atool 200 is configured for
insertion into surgical port 110 (shown in FIG. 1). In this
embodiment, a tracking element 210 is coupled to surgical
t001 200. As shown in FIG. 3, tracking element 210 is circular
in shape and includes a pattern of geometric shapes on one
side (e.g. segments of a circle in this embodiment). During
use, tool 200 may be inserted into surgical port 110 such that
the circular shape and pattem of tracking element 210 can be
detected by camera 120. In certain embodiments, tracking
element 210 may be configured similar or equivalent to the
tool identification marker as disclosed in U.S. patent Ser. No.
14/099,430, incorporated by reference herein. Particular
embodiments may also comprise separate cameras for detect-
ing image data associated with tracking element 210 and
reference markers 131-138.

[0053] Inexemplary embodiments, surgical port 110 can be
placed into an incision in the body of patient 119 and provide
an access point through which surgical instruments may be
introduced into an internal surgical site. In certain embodi-
ments, surgical port 110 can include a needle, a cannula, a
trocar, or any other style of surgical port known in the art.
Surgical port 110 can be composed of a biocompatible mate-
rial. It is contemplated that the surgical port 110 can be
constructed from a disposable material thereby reducing cost
and avoiding problems of sterilization and battery change.
Surgical port 110 can have a proximal end 125 configured for
location on the outside of the patient’s body and a distal end
115 sized and configured to extend into the internal portion of
the patient’s body. Channel 117 can extend through surgical
port 110 to provide access to an internal portion of the
patient’s body such that a surgical tool 200 (e.g. a laparo-
scope, endoscope or other tool as shown in FIG. 3), can be
inserted into the patient’s body via channel 117.

[0054] Exemplary embodiments of surgical tool tracking
system 100 can include a camera 120 mounted to proximal
end 125 of surgical port 110. Camera 120 can capture visible
spectrum and/or infra-red light or include any other imaging
modality suitable for use with surgical procedures. Camera
120 can be configured to capture and store video and/or still
images. Camera 120 may also be configured to capture and
store audio data. Camera 120 can be configured to capture
image data associated with reference markers 130 and track-
ing element 210 including still and/or video images. Camera
120 may be further configured to capture image data associ-
ated with a surgeon performing the medical procedure. For
example, camera 120 can capture image data providing sut-
geon-identifying information such as a surgeon-specific
tracking element or marker. An example surgeon-specific
marker can include a particular colored glove worn during the
medical procedure. The image data associated with the sur-
geon can also include motion information with respect to
surgical tool 106 and/or the surgeon’s hand. The motion
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information can be used to track the motion/path of the sur-
geon’s hands and/or surgical tool 106 during the medical
procedure.

[0055] Incertain exemplary embodiments, camera 120 can
be coupled to surgical port 110 via mounting to base 114 of
proximal end 125. In other exemplary embodiments, camera
120 can be incorporated with or otherwise integral to base
114. The location of camera 120 with respect to the surgical
port 110 can be fixed such that camera 120 can be mounted to
or otherwise incorporated into the base 114 at a fixed and set
position. In other embodiments, the location of camera 120
can be changed or adjusted with respect to surgical port 110.
For example, camera 120 can be mounted to base 114 using
an adaptor that controls the position and orientation of camera
120.

[0056] In certain embodiments, camera 120 can be
mounted to the base 114 such that the optical lens/field of
view of camera 120 is directed away from the body of the
patient. For example, camera 120 can be mounted to the base
114 such that the optical lens/field of view of camera 120 is
provided in a direction of reference markers 131-138, track-
ing element 210 and/or the surgeon’s hand as surgical tool
200 approaches and/or is inserted into surgical port 110. In a
further example, camera 120 can be mounted to base 114 such
that the optical lens/field of view of camera 120 is both
directed away from the body of the patient and in a direction
of reference markers 131-138, tracking element 210 and/or
the surgeon’s hand as surgical tool 200 approaches and/or is
inserted into surgical port 110. For example, it is contem-
plated that the optical lens/field of view of camera 120 can be
configured to capture image data of reference markers 131-
138, tracking element 210 and/or surgeon’s hand as surgical
tool 106 approaches and is located within surgical port 110.

[0057] In particular embodiments, camera 120 can include
a light element for illuminating reference markers 131-138,
tracking element 210 and/or the surgeon. For example, light
element can include an ultraviolet LED that illuminates a UV
sensitive feature on reference markers 131-138 and/or track-
ing element 210. The use of a non-visible light range should
not disturb a surgeon preferring to operate in low light con-
ditions. Use of the a UV sensitive feature on reference mark-
ers 131-138 and/or tracking element 210 can also have posi-
tive effects on the recognition process because reference
markers 131-138 and tracking element 210 will appear to the
system a bright and colorful item in the image, thus making it
more distinguishable from the background and/or image
noise.

[0058] In certain embodiments, camera 120 may be
capable of operating on a wired or wireless communication
network. Camera 120 may be configured to communicate
with other devices using the communication network, the
other devices including computers, personal data assistants
(PDAs), mobile telephones, and mobile computers. For
example, tracking system 100 can include a computer system
(not shown). Camera 120 can be in communication with the
computer system to transmit image data to the computer
system for analysis and/or storage. Tracking system 100 may
include other components capable of acquiring, storing, and/
or processing any form or type of data. Any such component
may be coupled to or integrated into base 114 or may be
communicatively coupled to tracking system 100 and/or the
computer system.

[0059] As explained in further detail below, image data
obtained by camera 120 and associated with reference mark-
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ers 131-138 can be used to calculate a global position of
laparoscopic tool 200. In the mathematical equations pre-
sented herein, it is assumed that the geometry and shape of
laparoscopic tool 200 with precise measurement is known. In
principle, this information can be provided by the vendor for
tool 200. It is also assumed tracking element 210 has a rigid
attachment to the tool and is perpendicular to the axis of the
tool. The location of the tracking element 210 on the axis is
known as shown in FIG. 3.

[0060] Themotionoflaparoscopic tool 200 is channeled by
surgical port 110. The motion can be decomposed into: (a) a
translation along the main axis of surgical port 110; and (b) a
small deviation from the port axis allowed by the difference in
diameters between surgical port 110 and tool 200.

[0061] The position of the tool 200 in a coordinate system
coupled to surgical port 110 can then be determined. If the
axis of too1 200 is perfectly aligned to the axis of surgical port
110, the distance from tracking element 210 to surgical port
110 can be computed from the apparent diameter of tracking
element 210 in the image data (e.g. video stream). If the port
and tool axes are not aligned, tracking element 210 will
appear as an ellipse, instead of a circle, in the image data. The
axis of the ellipse small diameter and the axis of laparoscopic
tool 210 can provide the plan of the rotation.

[0062] The ratio of the largest diameter of the ellipse to the
smallest diameter of the ellipse can provide the angle a viaa
basic trigonometric formula (see F1G. 4). In practice, a will be
small because the diameter of tool 200 is close to that of
surgical port 110. For example, a port that is 5 inches in length
with a diameter 2 mm larger than the inserted tool will result
in a maximum angle o of approximately 1 degree. Based on
the geometric constraints and formulas described above, it is
possible to localize an end of tool 200 in a coordinate system
coupled to surgical port 110.

[0063] Surgical port 110 can have complex motion in three
dimensions. Referring now to FIG. 5, the body of a patient
119 has elasticity, and port 110 can change angle in two
independent spatial directions. The motility of patient 119
(e.g. an abdominal wall) can be used by the surgeon to direct
the end of'tool 200 in the region of interest (ROI). The orien-
tation of the axis of port 110 in the (x, y, z) coordinate system
of the operating room corresponds to two unknown angles
denoted 6 and ® in FIG. 6. In addition, patient 119 or the
support surface (e.g. operating room table) can move during
the procedure due to breathing or other movements. Larger
movements may correspond to the fact that the surgeon modi-
fied the angle of inclination of the support surface to facilitate
access to the region of interest. The displacement of location
at which port 110 enters patient 119 in three spatial directions
is denoted by dx, dy. and dz.

[0064] Referring now to FIG. 7, image data (e.g. captured
by camera 120) associated with a cross-shaped reference
marker (e.g. one of reference markers 131-138) is displayed.
From this image data, one can extract the trajectory of five
points corresponding to the end points of the intersecting
segments and the center of the reference marker. This trajec-
tory corresponds to the motion of surgical port 110. As shown
in the sections below entitled “A1 Method” and “A2 Experi-
ment”, mathematical calculations can be performed to deter-
mine 0, @, dx, dy, and dz. With these values known, one can
then reconstruct the spatial trajectory of surgical port 110 ina
coordinate system established, for example, in an operating
room.
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[0065] Combining the above parameters and calculations
can provide a complete three-dimensional, real-time posi-
tioning system for a rigid laparoscopic tool and the tip or end
of the tool.

[0066] In general, if the tool has mobile parts such as a
scissor insert as shown in FIG. 3, one will need to identify the
motion of the mobile parts versus the main body of the tool. In
many cases, this can be done with a single degree of freedom.
One can reconstruct the angle of the opening of the scissor
from the image data (e.g. video streaming from an endo-
scope) to fully reconstruct the position of the tool. Simulated
results indicate that accuracy can be obtained on the order of
one millimeter for the position of a tool inside an abdominal
cavity, and preliminary experimental results confirm the theo-
retical result.

[0067] In certain embodiments, the view angle of camera
120 may be limited and/or obstructed. It may therefore be
desirable to include a plurality of reference markers on the
ceiling of the operating room. Such a configuration can help
to ensure that the system has sufficient input data and can
ensure accuracy since the system can use redundant compu-
tation. In certain embodiments, the least square fitting method
can be used to limit the impact of errors in the pattern recog-
nition of the reference markers. This redundancy may also be
used to correct optical distortion when the reference markers
are far from the optical axis of the camera. Similarly, in the
unlikely event that the surgical port rotates in the plan per-
pendicularto its axis, one can retrieve the angle of rotation ()
as shown in FIG. 5, since there will be multiple reference
marker shapes (e.g. crosses of intersecting segments) to
reconstruct the additional unknown.

[0068] It has been observed that an approximation of the
position of a patient abdominal wall can be obtained by virtue
of the smart trocars attached to the wall. Provided that onehas
a three-dimensional reconstruction of the anatomy of the
patent in the operating room, one can position the tip of the
laparoscopic tool with respect to anatomical structures. The
operating room system should then be able to provide infor-
mation to the surgeon on locations that should not be crossed
by the crossed by the laparoscopic tool (e.g. a “secure no fly
zone” used in training, but not currently in actual clinical
conditions). Similarly, if an optimum access position has
been decided during preparation of the operation, the system
can guide the surgeon to that optimum maneuver.

[0069] Embodiments disclosed herein provide a low cost
system that does not require new techniques from the sur-
geon. In addition, the system is robust and accurate, can be
installed in a standard operating environment. The system
also does not present additional risks to patients.

[0070] It is understood that the methods and mathematical
models described in the sections below are exemplary of one
embodiment, and that other embodiments are contemplated
in this disclosure. For example, while a trocar is referenced in
the discussion below, other types of surgical ports may be
used in other embodiments.

[0071] Al Method

[0072] For clarity, most of the mathematical presentation
below is restricted first to motion in the vertical plan (x,z) that
contain trocar. We will discuss briefly second the generaliza-
tion to three spacial dimension in the (X,y,z) coordinate sys-
tem of the OR.

[0073] Rotation:

[0074] Let us consider a rotation of the trocar clockwise in
the (x,z) plan. We note this rotation tg. The trocar has a fixed
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point that is the center of the rotation. Let us assume that the
trocar and the marker denoted by the triplet (x_,, X, X,)) are
in the same vertical plan.

[0075] We consider first the direct problem: given 6, what
would be the position of the marker in the new image?
[0076] In the new coordinate system (X, §¥)—see FIG.
8—the coordinate of the marker (X_,, X, X)), 1s, for j=—1, 0,
1:

£=cos(6)(~H tan(B)+x,), (1
Fsin(0)(=H tan(0)+x), @
[0077] Let us denote 6, the view angle of the camera—see

FIG. 9—The physical dimension of the new image frame is
(-L, L), on the line is:

3 0. H
i= tan(f/l(cos(o) +yj).

[0078] Theposition of the markerx; in the image (-1,1) will
be

@

—~—r
|
Pl

[0079] For any landmark of coordinate x; in the initial
image, the map

8-I(x)

[0080] for the range of rotation we do consider is bijective.
As a matter of fact this map is a strictly decreasing function of
0. The inverse problem consist to solve the non linear set of
equation (1) to (4) with for example a Newton scheme.

[0081] However we have assumed that the initial position
of the trocar in the OR was given. Let us show that this
problem can be solved with two landmarks—See FIG. 10.
The two unknown are the physical location of point O at the
vertical of the trocar and the distance between the trocar and
the ceiling denoted H. For simplicity we will still restrict
ourselves to the (x,z) plan. The generalization to 3d is
straightforward.

[0082] To start we get the coordinate I, and I, of the land-
mark x, and x, in the image. We know also a priori the
physical dimension d=x,-X,, of our marker.

[0083] We have:
X0 X1 6. L ®
tan(@p) = . tan(hy) = ﬁ,tan(i) ==
and
xo=1loL,x; = I L. (©)

We obtain:

-1

H= d((ll - Iojtan(g—zc)) .
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-continued
and
0, 0,
Xo = IOHtan(i), X = IlHlan(7).
[0084] This conclude the reconstruction of the rotation of

the trocar by tracking the landmarks on the ceiling.

[0085] However the motion of the trocar can be more com-
plex and involve two translations in respectively x and z
direction. We will denote dx and dz this displacement and as
before 0 the rotation.

[0086] Translation:

[0087] To take into account these two translations, denoted
T, and 1, the landmark of initial coordinate %, has for new
coordinates

F=cos(0)(~H~dz tan(0)+xo-dx), 7
F=sin(0)(-H~dz tan(0)+x—dx), (8)
[0088] We have now three unknowns that are dx and dy and

6. We need then three landmarks. We needs to solve the
nonlinear set of equations with the image coordinateI_;, 1,,1;
from three landmarks. We can use a Newton scheme to solve
numerically that non linear problem, since we can explicitly
compute the Jacobian of the system. So far we have restricted
ourselves to two space dimension and we worked with a
combination of three geometric transform:

TOT 50T 4,

[0089] A similar reasoning can be applied in three apace
dimensions. We consider the three d coordinate system (x, y,
7) of the OR. We work with the transformation:

TEOT40T 40T 4,07,

We need then to identify 5 unknowns 0, ¢, dx, dy, dz and will
need 5 landmarks. We wrote with a matlab code a small
simulator based on a cross motif—see FIG. 7. This code
applies successively each transformation to the image viewed
from the trocar. This simulator help us to compute the sensi-
tivity of the system. Let us assume that the image comes with
a resolution of 500 pixels in each dimension. One can show
from simulation that an accumulated error of 4 pixel in each
spatial direction will result in an error of about 1 mm at the
end of the laparoscopic tool. This error is very small indeed
because the relative distance from the trocar to the ceiling is
much larger than from the trocar to the ROI inside the
abdomina cavity.

[0090] The exact accuracy of the system needs to be
checked with an experiment that will carry various type of
uncertainties, from optical defect of the camera, imperfection
in focussing, and noise in the image segmentation of the
landmark. We expect however to have a fairly robust and
accurate result from our design. Next we will present some
preliminary experimental results that validate our approach.
[0091] A2 Experiment

[0092] Our goal here s to validate the quality of the method
to reconstruct separately each component of the motion of the
trocar, from tracking the landmark on the ceiling.

[0093] Rotation:

[0094] Let’s start with the rotation component in one space
direction. FIGS. 11 and 12 show a rapid prototyping to check
that result.

[0095] Wehave set on the ceiling two black crosses that are
visible from the digital camera—see FIG. 13. We set first the
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camera in the flat position, and measure on the wall the height
of the laser beam projection. We shoot in that position an
image of the ceiling—see FIG. 14 on left. The auto focus
option of the camera was turned off. The image of the ceiling
is somehow out of focus. We made this image noisy on pur-
pose to get more realistic conditions.

[0096] We set second the camera in a position that forms a
small angle with the desk as in FIG. 11. We measure on the
wall the new position of the laser beam projection. From these
two measures on the wall, we get the angle o with an accuracy
of about 0.5° We shoot in that new position an image of the
ceiling see FIG. 14 on right.

[0097] We observe indeed the displacement of the markers
due to the change of orientation of the camera.

[0098] We apply then our algorithm to reconstruct the angle
o from these two images: first we compute the coordinate of
the three points A, B and C using the graphic interface of the
GIMP2 software. An automatic image segmentation will be
actually more accurate.

[0099] Second we map the transform we defined earlier

6—I(x)

and look for the angle that minimize the matching between
the computed coordinate of the point A, B and C after rota-
tion, in the L2 norm—FIG. 15. Our result are for 0=5.3° and
0=9.6°. Our algorithm based on computer vision gives: o=4.
4° and ¢=9.2°. We did this experiment several time, and
observe a good reliability of the method.

[0100] In other words we get an error of less than a degree
on the trocar position. This may represent an error on the
lateral position of the tip of a 1aparoscopic tool of the order of
3 mm for a ROI with a 20 cm depth from the abdominal wall.

[0101]

[0102] Next let us consider a different displacement of the
trocar that can be for example resulting from the patient
breathing.

[0103] We have run asimilar experiment to check the accu-
racy of a displacement of the “trocar” in the vertical direction
7 toward the ceiling. Here the camera stays flat, and we
change the thickness of the support, to increase the height of
few centimeters. Lets denote 9z the increase in thickness of
the support. For 6z=2 cm we get from our computer vision
algorithm a computed value of 8z=1.62 cm. Similarly for
8z=3 cm we get from our computer vision algorithm a com-
puted value of 8z=3.23 cm. Overall the error on the vertical
displacement is less than 4 mm. We suspect that we can
improve much that result by using landmarks separated by
larger distances.

[0104] Theideaoffixing patterns onthe ceiling is due to the
need to locate precisely the surgical system. In a first
approach and to facilitate the detection we added identifiable
markers to give our GPS data to compare between two
frames. Let us assume that we have painted a cross on the
ceiling, and that this cross is captured by the video stream
from the wireless camera. We can extract from the video the
trajectory of four points that can be the end point of the cross.
This trajectory corresponds to the motion of the trocar. It is
important that we can seea cross for every position, one cross
is not sufficient this imply to use colored patterns that we
know the characteristics: position of cross and color. Now that
we know how our localization system looks like we can
model it with equations. In order to get the proper localization
information we have to solve a specific system based on

Translation:
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geometry. The scheme below in FIG. 16 shows the coordinate
system that we use in the rest of this document.
[0105] Aswecansee, X_;, X, and X, are feature points of
the markers on the ceiling and those feature points are used to
express in the coordinates system after a motion described by
a translation dZ on the Z axis, a translation dX on the X axis
and a rotation 0 around the Y axis (as shown in FIG. 16). For
clarity, most of the mathematical presentation below is
restricted first to motion in the vertical plane (x,z) that contain
the trocar. We will discuss the generalization to three spacial
dimension in the (X,y,z) coordinate system of the OR. In this
initial state, the system can be represented by the following
equations:

LX=tan(6,/2)H, real portion of the ceiling viewed by

the camera on the X axis

xL y=colX, proportionality between image (x and col)
and reality (X and Ly)

where x is the image coordinate, X the real coordinate and col
the number of columns.

[0106] The motion of the trocar can be complex. Let us
consider a rotation of the trocar clockwise in the (x,y) plan
and two translations. We note /theta the rotation, dX and d7Z
the translations. The trocar has a fixed point that is the center
of the rotation. Let us assume that the trocar and the marker
denoted by the triplet (X_;, X,, X, ,) are in the same vertical
plan. Now we can express the new image coordinate x' for the
new real position X' of the trocar. The system of equations
below enables us to achieve this goal. So, on the X axis we
have:

X=cos(0)(-(H+dZ)tan(0)+X+dX), new real X coordi-
nate

Zy=sin(0)(-(H+dZ)tan(0)+X+dX), new real Z coordi-
nate

L y~tan(0./2)(H/cos(0)+7 ), new part of the ceiling
viewed by the camera

x'Ly~link’, proportionality between image and reality

I'=X"L x, the position of the marker X7.

On the Y axis we face a similar problem and for the same
motion we have the following system of equations:

Y'=cos(0)(- (H+dZjtan(0)}+X+dX), new real ¥ coordi-
nate

[0107] A similar reasoning can be applied in three dimen-
sions. We consider the three dimension coordinate system
(x,y,z) of the OR. We work with 3 translations and 3 rotations.
Asweknow the equations of our problem we had: to simulate,
for each point, its new position with respect to each possible
set of parameters, and then minimize the quadatric distance
between the real observation and the simulation. We wrote
with a matlab code a simulator based on a cross motif. This
code applies successively each transformation to the image
viewed from the trocar.

[0108] In order to solve our localization problem we put in
place a method that needs to be accurate and fast. Our idea to
achieve the simulation of the feature points’ new position is to
first simulate all the possible positions of the feature points
within the room for any set of parameters. With each set the
idea is to compute from the coordinates of the feature points
in the first of the two images, their new position in the second
image and then to compare it to the coordinates of the feature
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points we really observe in this second image. With this
comparison we will have to minimize an error criterion. This
way we would be able to save intraoperative computation
time. Our algorithm works as described on the scheme shown
in F1IG. 17.

[0109] The first results on only one degree of displacement
were very encouraging—see graph (a) of FIG. 18. However,
there was a problem as soon as we tried to estimate the
parameters for a motion with more than one degree of free-
dom. Indeed, there were too many chances to be stuck in local
minimum instead of the global minimum of the error func-
tion—see graph (b) of FIG. 18. A paper written by Yuan (“A
general photogrammetric method for determining object
position and orientation, IEEE Transactions on Robotics and
Automation, Volume 5, Issue 2, pp 129-142, April 1989)
provided guidance. In order to solve the exterior calibration
problem of a single camera we needed to use 4 non-colinear
points to solve the system with existence and uniqueness of
the solution. But even with this, our algorithm was presenting
some local minimum and was too slow—see graph (¢) of FIG.
18. Probably the hypothesis of considering a pinhole camera
of Yuan’s paper is too restrictive. At this moment we had to
find another idea to solve our problem. It is at this point that
we entered in a dynamic problem and not anymore a static
one. Indeed, at the end what we want is to analyze videos. In
a video two successive images are linked, which means that
we can use the parameters found in the images n-1 to com-
pute the one of the image n. By implementing that and by
putting a limitation on the movement of the trocar between
two images we achieve to finally have a unique minimum—
see graph (d) of FIG. 18. This implies a limitation on the
surgeons movements between two images of 0.5 cm for the
translations and +4° for the rotations. And because the camera
takes an average of 20 images per second and the movement
of a surgeon is not suppose to be very fast we should never
reach this limitation.

[0110] FIG. 18 provides a representation of our minimized
function in function of different parameters and in different
conditions. Graph (a) of FIG. 18 represents the case when we
work in one dimension and four feature points. The minimum
exists and is unique. Graph (b) of FIG. 18 represents what
happens when we pass to a three dimensions problem. Every
parameter of freedom bring his level of complexity. Looking
for the targeted minimum take too much time and is not
robust. Graph (¢) of FIG. 18 represents our minimized func-
tion when we apply the consideration of Yuan’s paper. There
is less complexity but still a lot of local minimum. Graph (d)
of FIG. 18 represents the function in our case which means
with the limitation of movement between two images. On this
3 dimension plot you can see the results on a two dimensions
representation. The circle represents the unique minimum
when you restrain the region of interest to 1 centimeters of
width.

[0111] However the trocar localization systems do not give
us enough information to compute the exact position and
orientation of the surgical tool. Indeed, in the trocar the lap-
aroscopic instrument has a little margin that enables it to
move in and out of the trocar, but it also causes an additional
problem as it allows the tool not to have the exact same
orientation as the trocar. Moreover the position of the trocar
does notindicate the depth at which the tip of the tool is within
the patient body. We have to deal with this issue in a second
time.
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[0112]

[0113] Both parts of the smart trocar, the localization and
the recognition, need an identification algorithm to extract
useful information from videos. For the GPS we need to
detect the crosses on the ceiling. To achieve this we are
applying morphological filtering and thresholding. Using
prior knowledge about the markers shapes we are able to
extract the feature points that we need. Here are the procedure
of the extraction of the feature point—see FIG. 19(1) we
detect the corner and take the ones that are useful (red dots),
compute the middle of each (green dots), then FIG. 19(2)
thanks to the knowledge of the position of the crosses
between each other we are able to add the orientation of each
point, i.e. if it is up of the cross (green), down (red), right
(cyan)and left (yellow). At the end, for the computation of the
position we only need four points FIG. 19(3). There exists
multiple ways to choose these four points and we are still
analyzing and trying to understand their role on the final
accuracy.

[0114] FIG. 19 shows results of the identification part with
picture of crosses on the ceiling of the OR taken with a
professional camera. Eventually rotation of the tool can be
easily registered from the color circle marker’s—placed on
the tool—rotation itself. We can then extract the position of
the laparoscopic tool in the coordinate system attached to the
trocar as follows. If the tool axis is perfectly aligned to the
port axis, the distance from the marker to the port can be
computed from the apparent diameter of the marker in the
video stream. If this is not the case, the marker appears as an
ellipse, instead of a disk, in the video stream. The axis of its
small diameter and the axis of the tool gives the plan of the
rotation. The ratio of the large diameter to the smallest diam-
eter of the ellipse gives the angle o with a simple trigonomet-
ric formula. We should notice in practice that a is a small: a
standard port has a 5 inches tubular guide, and a mismatch of
2 mm in diameter with the laparoscopic tool result in a maxi-
mum angle of 1°.

[0115] Results

[0116] Theaccuracy inthis part of the projectis very impor-
tant. Precision for a surgeon is the key of a good surgery. The
detection of the feature points has to be as accurate as possible
to get the best matching between the points that we found in
the image and the ones coming from the simulator. As seen
before, the algorithm is dynamic that is to say that we are
using previous knowledge at each steps of the algorithm.
After alot of tests on picture took with a professional camera
we figured out that it is important that the movement between
two images do not exceed a certain value. This allows us to
restrain the number of possible movement in the next image
and to have a faster algorithm. Indeed, we are trying to mini-
mize a function, the distance between the coordinates of the
feature points coming from the simulator and the ones found
during the surgery. As seen before, we based our algorithm on
the result of Yuan [6] who proved that we need 4 points to have
a unique minimum. But the hypotheses of this paper are very
restrective and as our problem has six degrees of freedom, we
end up with a lot of local minimum instead of a unique one.
Fortunately, we found that on shorter region of interest of our
six parameters there was a unique minimum as seen in the
state of the art. To sum things up, for a movement between two
images of less than £0.5 cm in translation and less than +4° in
rotation we can meet the requirements imposed: 1 mm for the
shift accuracy and 0.5° for the angle accuracy.

Pattern Recognition
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[0117] Identification of Rotation and Translation Values
[0118] Let us see how we track back the movement of the
trocar having a rotation component and a translation one.
FIGS. 20 and 22 show a rapid prototyping to check that result.
FIG. 20 shows atrajectory of the cross Landmark (from upper
right to bottom left) with H=2; dx=-0.1; dy=0; dz=-0.3;
6=10°; ®=20°.

[0119] We set first the camera in the flat position, and mea-
sure on the wall the height of the laser beam projection. We
shoot in that position an image of the ceiling. The auto focus
option of the camera was turned off. We set second the camera
in a position that forms a small angle and translation with the
desk. We measure on the wall the new position of the laser
beam projection. From these two measures on the wall, we get
the angle o with an accuracy of about 0.05°. We shoot in that
new position an image of the ceiling. We observe indeed the
displacement of the markers due to the change of orientation
of the camera. We apply then our algorithm to reconstruct the
rotation and the translation from these two images. We repeat
this multiple times with different values of movement. The
results are reported in the table in FIG. 21, showing the result
of the experiment on two translations (in cm) and two rota-
tions (in degrees). We did this experiment several times, and
observe a good reliability of the method. Except for very large
displacement, we keep the accuracy of order 1 mm. Finally
we notice that horizontal displacement are much easier to
monitor than vertical displacement. We are planning to check
that we can keep this excellent level of accuracy in general
conditions with a wireless camera. The first step is to correct
the optic of this camera that has indeed a small “fish eye”
effect. This is in principle standard procedure in digital pho-
tography.

[0120] The simulator helped us to compute the sensitivity
of the system. Let us assume that the image comes with a
resolution of 500 pixels in each dimension. This means that an
accumulated error of 4 pixels in each spatial directions will
results in an error of about 1 mm at the end of the laparoscopic
tool real position. This error is very small indeed because the
relative distance from the trocar to the ceiling is much larger
than from the the trocar to the ROI inside the abdominal
cavity. But this error can be quickly reached with a non robust
feature points detection.

[0121] Validation

[0122] To develop new software that surgeons are going to
use during procedure, the validation part of the project is an
important one and it involves a lot of time. Compared to the
validation of the tools recognition the validation of the local-
ization part is more complicated. Indeed, the requirements are
very precise. We want an accuracy of less than 1 mm and less
than 0.5°. This means that, during the tests, you need to move
your camera and be able to measure this displacement with at
least 1 mm of accuracy too. We built a system in order to do
this validation as shown in FIG. 23. It is composed by a three
wood plates bounded by hinges that gives the whole plates
system two degrees of freedom by providing them two axis of
rotation. On the top of those plates we attached a digital
camera, so that it looks to the ceiling, and two lasers each of
them parallel to one of the rotation axis. You can see on the
photo below our system. These two lasers plus other features
allow us to have very accurate measures that we can use to
compare with the output of the software.

[0123] While the foregoing description and drawings rep-
resent examples of the present invention, it will be understood
that various additions, modifications, combinations and/or
substitutions may be made therein without departing from the
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spirit and scope of the present invention as defined in the
accompanying claims. In particular, it will be clear to those
skilled in the art that the present invention may be embodied
in other specific forms, structures, arrangements, proportions,
and with other elements, materials, and components, without
departing from the spirit or essential characteristics thereof.
One skilled in the art will appreciate that the invention may be
used with many modifications of structure, arrangement, pro-
portions, materials, and components and otherwise, used in
the practice of the invention, which are particularly adapted to
specific environments and operative requirements without
departing from the principles of the present invention. In
addition, features described herein may be used singularly or
in combination with other features. The presently disclosed
examples are, therefore, to be considered in all respects as
illustrative and not restrictive, the scope of the invention
being indicated by the appended claims and not limited to the
foregoing description.

[0124] It will be appreciated by those skilled in the art that
changes could be made to the examples described above
without departing from the broad inventive concept thereof. It
is understood, therefore, that this invention is not limited to
the particular examples disclosed, but it is intended to cover
modifications within the spirit and scope of the present inven-
tion, as defined by the following claims.
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What is claimed is:

1. A surgical tool global positioning system comprising:

asurgical port comprising a proximal end configured to be
located outside a body of a patient and a distal end
configured to be located within an internal portion of the
body ofthe patient, and a channel extending between the
proximal end and the distal end,

a first reference marker positioned at a first fixed location
distal to the surgical port;

a camera coupled to the surgical port and configured to
capture image data associated with the first reference
marker.

2. The system of claim 1, wherein the first reference marker

is positioned in an operating room.

3. The system of claim 1, wherein the first reference marker
is positioned on the ceiling of an operating room.

4. The system of claim 1, wherein the first reference marker
comprises a plurality of intersecting segments.

5. The system of claim 4, wherein the plurality of intersect-
ing segments forms a cross shape.

6. The system of claim 1, wherein the camera is coupled to
the proximal end of the surgical port.

7. The system of claim 1 wherein further comprising a
second reference marker positioned at a second fixed location
distal to the surgical port.

8. The system of claim 1, wherein the surgical port is a
trocar.

9. The system of claim 8, wherein the trocar comprises a
base at the proximal end and a cannula at the distal end, and
wherein the camera is mounted to the base.

10. The system of claim 1, wherein the camera is in a fixed
position with respect to the surgical port.

11. The system of claim 1, wherein the camera is movable
on the surgical port.

12. The system of claim 1, wherein the camera is directed
towards the first reference marker.

13. The system of claim 1, wherein the camera is config-
ured to be directed away from a body of a patient.

14. The system of claim 1, wherein the camera includes a
light element for illuminating the first reference marker.
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15. The system of claim 1, further comprising a computer
system, wherein the camera is in communication with the
computer system to transmit the image data to the computer
system.

16. The system of claim 1 further comprising a tracking
element coupled to a tool inserted into the surgical port.

17. The system of claim 16, wherein the tracking element
includes at least one of a color, a shape, a pattern, bar code,
and a character.

18. The system of claim 1, further comprising a surgical
tool, wherein:

the surgical tool is sized and configured to access the inter-

nal portion ofthe body of the patient through the channel
of the surgical port.

19. The system of claim 18, further comprising a tracking
element coupled to the surgical tool.

20. The system of claim 19, wherein the tracking element
corresponds to at least one of an identity of the surgical tool,
an orientation of the surgical tool, and a position of the sur-
gical tool.

21. The surgical tracking system of claim 19, wherein the
tracking element is positioned at a location proximate a
handle associated with the surgical tool.

22. The system of claim 1, wherein the camera is further
configured to capture image data associated with a surgeon.

23. A method for determining a global position of a surgi-
cal tool, the method comprising:
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inserting a surgical tool into a surgical port, wherein the
surgical port comprises:
a proximal end configured to be located outside a body
of a patient;
a distal end configured to be located within an internal
portion of the body of the patient;
a channel extending between the proximal end and the
distal end; and
a camera coupled to the surgical port;
capturing image data with the camera, wherein the image
data is associated with a first reference marker;
providing the image data to a processor; and

processing the image data to determine global position

information associated with the surgical tool.

24. The method of claim 23 wherein inserting the surgical
tool to the surgical port further comprises inserting a portion
of the surgical tool into the channel extending between the
proximal end and the distal end of the surgical port.

25. The method of claim 23 wherein the surgical tool
comprises a tracking element, and wherein the image data is
also associated with the tracking element.

26. The method of claim 23 further comprising processing
the image data to determine tracking information associated
with the surgical tool.

27. The method of claim 26, wherein the tracking informa-
tion includes at least one of an orientation of the surgical tool
and a position of the surgical tool.
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