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(57) ABSTRACT

Systems and methods for real time laparoscopic navigation.
Exemplary embodiments can comprise scanning a structure
of interest internal to a patient to provide image data; gener-
ating a first three-dimensional reconstruction of the structure
of interest based on the image data; annotating the first three-
dimensional reconstruction of the structure of interest with a
plurality of reference points; obtaining spatial coordinates of
the plurality of reference points during a laparoscopic proce-
dure; and generating a second three-dimensional reconstruc-
tion of the structure of interest based on the spatial coordi-
nates.

137
\
138
e 430
- 434
140



Patent Application Publication  Sep. 24,2015 Sheet 1 of 18 US 2015/0265369 A1

SR
R

S

FIG. 1



Patent Application Publication

Sep. 24,2015 Sheet 2 of 18

US 2015/0265369 A1

s e

FIG. 2

o ”’5“‘)@‘”

R

.X..&w.

e ). 58

SR,
R

e *.*, o5 ,'V')‘. 25



Patent Application Publication  Sep. 24,2015 Sheet 3 of 18 US 2015/0265369 A1

Laparoscopic View

FIG. 5



Patent Application Publication  Sep. 24,2015 Sheet 4 of 18 US 2015/0265369 A1

FIG. 6




Patent Application Publication  Sep. 24,2015 Sheet 5 of 18 US 2015/0265369 A1

FIG. 8



Patent Application Publication  Sep. 24,2015 Sheet 6 of 18 US 2015/0265369 A1

181 152

FI1G. 10



Patent Application Publication  Sep. 24,2015 Sheet 7 of 18

--m2‘§0

R sm}a /

. f ¥y
Tool axis—~ /

FIG. 11

US 2015/0265369 A1



Patent Application Publication  Sep. 24,2015 Sheet 8 of 18 US 2015/0265369 A1

(8

FI1G. 12



Patent Application Publication  Sep. 24,2015 Sheet 9 of 18 US 2015/0265369 A1

FI1G. 13



Patent Application Publication

Sep. 24,2015 Sheet 10 of 18

US 2015/0265369 A1

. D

A5

445}

*

¥
£
&
!

£

B3

.....
B

3. B, -

08 2%

&4 2

¥

FIG. 14



Patent Application Publication  Sep. 24,2015 Sheet 11 0f18  US 2015/0265369 A1




Patent Application Publication  Sep. 24,2015 Sheet 12 0f18  US 2015/0265369 A1

AL

110

FI1G. 16



Patent Application Publication  Sep. 24,2015 Sheet 130f18  US 2015/0265369 A1

0 1a :I:;
$ ¥ ' 1. i i B
ad ‘ : 1 i X, $




Patent Application Publication  Sep. 24,2015 Sheet 14 0f18  US 2015/0265369 A1

s
W e LA
=1
1&5’3%&;‘:&‘
I

FI1G. 18



Patent Application Publication  Sep. 24,2015 Sheet 150f18  US 2015/0265369 A1

i‘*‘iu{i

\ * ,, K Pondaok

{‘f’
s ¥

ng*g@“ ? P

oA
-
‘/ -

E B ” L L L L 1A Ao e

H

b

N SN NN

ﬁﬁuwh""‘

g X i‘ﬁ

s prnds

.

?"&

£

g
SN

= Ky o makod Sk 4p.

F1G. 19



Patent Application Publication  Sep. 24,2015 Sheet 16 0f 18  US 2015/0265369 A1

. -

4“

.
Ry 2o AT L o
.i;&%g?g R ;

¥

ALRMAPNIREY SR
S LT AN
T o A

o
%

@ b
0

AR SR 2P

O
art
PSRN N SLISE
KA
! .
AL A
2 ALY
S h it ¥ ke

P, ¥, . * ~, » 5 Vh
"&' 2ETRLS \wti"\h‘;]:c"«i‘\ ERAL o2 ');:’;'\:
SN IRe PO A AN 2

Ay A raigie
OGS _3’,‘(}"’)n AN 53 > y )
SAATINE SR P L] NSRRI NE L)
A e 3 ¢ ; SO R Da 3
& % ¥ SN DGy
RERINEREL b
RESCRACT IR Yy Fib s SR

o L

p Nl g

é

R A%
(R IEG

2 21 hgn?
BT el e
xR e B
P NS & s

Ty e

X
oy
N %

X4

wg}b’ 2t

> o fl

A PO R Vo ; e
N TS W s

5%
3 3

FIG. 20



Sep. 24,2015 Sheet170f18  US 2015/0265369 A1

Patent Application Publication

o740 T ARy gV d Y IA
TSR
(el
SRR

¥

SR
RIS\ b
oS
A
oA
WAV ek
X TR
1Y .i',[v:.\{:\z"x”' NP Y MR
fok GO P ebsing SR R Rioe
PR EREAH AL S Raeds 3 A
P Sk NG B et > FIn R
- ) X
s %, ¥ pEtyd [ ake 4
>
8 ST i ;25‘.»
e
2 3
AN e o A E R W
ey

SRR

d
5
x} ¥
o

1
2%

S
o

i
73 f“,(e‘
L

A
o7
Lty

£

S
ol
e

NN,

AL
e

3o

3
3

ﬂ‘i‘s},ﬁ o
TR AR oy R !
RS KO B T8 e

R S QR3S

PO on e e R

ch
¢ ar S e
: AN S AN s X
F 3 N
%.t, Yo AL
AR AR R RS * LD L 3
st fh RN P el VI B
R0 TRV A A AR
PR IO R ), A Wt ST el e b
PN RS N R e TN AR DR s
: Yl alze i
SRk
PEORS
; CREENN

olva 2 &
IR

b3
e Hale
SATREIRS

5 i

d“g‘; 1, ,2? f,xg

»

Z
2
>

L
oA
A v -

Fa
s
S
e
<

2
¥

N
Eor

xS d s

PR RN S e
S Mg WLy
RN
, NS
4 T

¢

%

S
Fiet
AN S L
TN ey
P A
DN
SIRORNTLOR
FA A




Patent Application Publication  Sep. 24,2015 Sheet 18 0f18  US 2015/0265369 A1

Ry

1

FIG. 22



US 2015/0265369 A1l

INTERACTIVE SYSTEMS AND METHODS
FOR REAL-TIME LAPAROSCOPIC
NAVIGATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Patent Application Ser. No. 61/969,805 filed Mar. 24, 2014
and entitled “Interactive Systems and Methods for Real-Time
Laparoscopic Navigation,” the entire contents of which are
incorporated herein by reference.

TECHNICAL FIELD

[0002] Exemplary embodiments of the present disclosure
relate to systems and methods for real-time laparoscopic
navigation.

BACKGROUND

[0003] Non-invasive procedures, including laparoscopic
surgery, are a common and popular alternative to open sur-
gery due to the considerable reduction of recovery time, pain
and complications. However, many obstacles make the sur-
geon’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 aware-
ness.” Operating room awareness refers to creating an opet-
ating 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 evaluation.

[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] Numerous navigation systems are based on com-
puter tomography (CT) data acquired prior to the surgery.
These systems propose an accurate three-dimensional recon-
struction of the liver with its Couinau decomposition into
segments, blood vessel tree and tumor location. Additionally,
the biliary duct network can be provided too. IRCAD (Re-
search Institute against Digestive Cancer) has provided a data
base of twenty patients that demonstrates a technique for this
image analysis from CT.

[0006] This three-dimensional reconstruction can be dis-
played in the operating room: one uses various graphic tools
to represent the structure of interest by combining rotation in
the three dimensional space and transparence. As the proce-
dure progresses, the surgeon can use a mouse or similar
control device to remove virtually on that representation the
tissue that has been taken away. This manually driven correc-
tion through the Graphic User Interface (GUI) may help the
surgeon to visualize the next structure of interest to be
reached or preserved.

[0007] This approach is quite pragmatic but loses its accu-
racy and relevance as soft tissue gets greatly shifted and
deformed during the procedure. The surgeon has to keep
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connecting mentally his observation during the procedure
through the endoscope camera display, to the display of the
subset of preoperative data.

[0008] A technique that has potential in laparoscopy is
“virtual endoscopy” or image-enhanced endoscopy. This
approach uses computer graphics to render the view seen by
a navigated video laparoscope inside the abdomen, based on
a representation of the cavity calculated from preoperative
MRI or CT images. Using segmented structures (e.g. tumor
and vessels) overlaying the real laparoscopic video, is often
termed augmented reality or multimodal image fusion visu-
alization. Such a view may help the surgeons to quickly
interpret important information beyond the surface of the
organs as seen by the conventional video camera. More
research into segmentation of anatomic and pathologic struc-
tures may improve the usefulness of e.g. overlay or side-by-
side view of virtual endoscopy and tracked laparoscopic
images. But the fundamental problem of shifted positions due
to tissue deformation and resection remains.

[0009] Ultrasound can be used intra-operatively to follow
up this displacement and replace in context the tumor location
for example. In 1991, Jakimowicz and Reuers introduced
Laparoscopy Ultrasound (LUS) scanning for examination of
the biliary tree during laparoscopic cholecystectomy. Intra-
operative ultrasound is becoming routine in some surgical
disciplines, e.g. neurosurgery. LUS is today applied in lap-
aroscopy in numerous ways for screening, diagnostics and
therapeutic purposes.

[0010] Combining imaging, virtual reality and LUS could
help detect organ shifts and also augment the scene view
further for the surgeon, providing more details in depth and in
real time.

[0011] However, manipulating the LUS probe requires
additional work and may go into the way of the laparoscopic
instruments. For example, the LUS probe is inserted through
a trocar, which limits the ability of the probe to acquire the
right view and may cause disorientation. In addition, LUS has
also a lower signal to noise ratio than CT.

[0012] LUS may be useful to guide a biopsy or stage a
tumor, but it is not however designed to follow continuously
a surgical procedure. Finally, LUS provides a fairly limited
field of view and does not help laparoscopy in that respect.
[0013] 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 evaluation tools.

SUMMARY OF THE INVENTION

[0014] Presented are systems and methods directed to real-
time navigation for minimally invasive procedures, including
for example, laparoscopic procedures. Exemplary embodi-
ments of the present disclosure are able to combine tissue
deformation with preoperative data to produce accurately
intraoperative map of a structure of interest (e.g., a liver)
anatomy adapted to the real surgical procedure itself as the
procedure progresses.

[0015] Exemplary embodiments of the invention may com-
prise: (a) a “smart” trocar and an endoscope camera, going
through that smart trocar, equipped with a system that gives
the distance from the lens of the endoscope camera to the
tissue location centered in the endoscope camera view; and
(b) a simulator of tissue deformation that starts from preop-
erative imaging data.
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[0016] Exemplary embodiments may use the elements
described in (a) and (b) above to compute at any time of the
surgery, and on-demand, the three-dimensional map of the
tissue in the region of interest. In exemplary embodiments,
this map can to help the surgeon to navigate through this
anatomy and achieve exact resection as planned. Embodi-
ments of the system are designed to make surgery safer, e.g.
by avoiding damage to tissue that should not be cut during the
surgery.

[0017] Certain embodiments include a method of scanning
a structure of interest internal to a patient to provide image
data, and generating a first three-dimensional reconstruction
of the structure of interest based on the image data. Exem-
plary methods can also include annotating the first three-
dimensional reconstruction of the structure of interest with a
plurality of reference points, and obtaining spatial coordi-
nates of the plurality of reference points during a laparoscopic
procedure. Exemplary methods may further comprise gener-
ating a second three-dimensional reconstruction of the struc-
ture of interest based on the spatial coordinates.

[0018] In particular embodiments, obtaining the spatial
coordinates of the plurality of reference points comprises
obtaining a distance from each of the plurality of reference
points to a camera on a surgical port used during the laparo-
scopic procedure. In some embodiments, the distance is
obtained via a laser. In specific embodiments, the distance is
obtained via acoustic waves. In certain embodiments, the
distance is obtained via an autofocus feature of the camera. In
particular embodiments, the autofocus feature incorporates
an algorithm to increase local pixel contrast. In specific
embodiments, the structure of interest is a liver. In some
embodiments, the plurality of reference points comprise loca-
tions where hepatic arteries enter the liver and where a portal
vein exits the liver. In particular embodiments, the plurality of
reference points comprise locations including a transverse
fissure of the liver that divides a left portion of the liver into
four segments. In certain embodiments, the plurality of ref-
erence points comprises a coupling point between the liver
and a gall bladder. In particular embodiments, the plurality of
reference points comprises a location of the hepatic lymph
node. In some embodiments, the plurality of reference points
comprise the ligamentum venosum and the ligament teres.
[0019] Certain embodiments include a real time laparo-
scopic navigation system comprising a scanner configured to
provide image data of a structure of interest internal to a
patient, and a processor. In particular embodiments, the pro-
cessor is configured to: generate a first three-dimensional
reconstruction of the structure of interest based on the image
data; annotate the first three-dimensional reconstruction of
the structure of interest with a plurality of reference points;
obtain spatial coordinates of the plurality of reference points
during alaparoscopic procedure; and generate a second three-
dimensional reconstruction of the structure of interest based
on the spatial coordinates. In certain embodiments, the scan-
ner is a magnetic resonance imaging (MRI) scanner. In some
embodiments, the scanner is a computed tomography (CT)
scanner.

[0020] Specific embodiments further comprise a camera
coupled to a surgical port, and wherein the processor is con-
figured to obtain the spatial coordinates of the plurality of
reference points by obtaining a distance from each of the
plurality of reference points to the camera. In particular
embodiments, the processor is configured to obtain the dis-
tance via a laser. In some embodiments, the processor is
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configured to obtain the distance via acoustic waves. In spe-
cific embodiments, the processor is configured to obtain the
distance via an autofocus feature of the camera. In particular
embodiments, the autofocus feature incorporates an algo-
rithm to increase local pixel contrast.

[0021] Certain embodiments can comprise a scanner (e.g. a
magnetic resonance imaging [MRI] scanner or a computer
tomography [CT] scanner) to scan the structure of interest.
Bxemplary embodiments may also comprise one or more
processors and graphic displays to analyze the image data and
generate reconstructions of the structure of interest.

[0022] Exemplary embodiments of the present disclosure
extract spatially and timely accurate data from the minimally
invasive procedures. In certain embodiments, the system can
be passive in the sense that it can provide feedback, but the
surgical team has still the ability to ignore or override the
outcome. In certain embodiments, it may be desirable to
implement the system in a passive manner to allow the sur-
gical team to become familiar and comfortable using the
system.

[0023] In other embodiments, the system may be operated
in an active manner (e.g. after the surgeon team has become
familiar the operation of the system in a passive aspect). In
suich embodiments, the system can be configured to restrict or
stop the procedure when it determines the surgical instrument
has entered a restricted area (e.g. a “no-fly zone”) that could
place critical structures in danger.

[0024] Challenges faced in such systems and methods
include the difficulty in tracking landmarks that can be
acquired in a non invasive way. Exemplary embodiments of
the present disclosure utilize a global positioning system to
provide the location of the surgical port used during the
laparoscopic procedure, as well as image data from the struc-
ture of interest to address such challenges.

[0025] Exemplary embodiments of the system can also
include a surgical port, and one or more reference markers
and tracking elements associated with a surgical tool and a
camera. The surgical port may have a proximal end config-
ured to be located outside the body of a patient and a distal end
configured 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 inter-
nal portion of the body of the patient through the channel of
the surgical port. The reference markers may be located distal
to the camera, and 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.

[0026] 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.

[0027] 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



US 2015/0265369 A1l

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.

[0028] The details of one or more embodiments of the
invention are set forth in the accompanying drawings and the
description below.

[0029] 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-
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.

[0030] In the following, the term “coupled” is defined as
connected, although not necessarily directly, and not neces-
sarily mechanically.

[0031] 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.”

[0032] 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.

[0033] 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.

Sep. 24, 2015

BRIEF DESCRIPTION OF THE DRAWINGS

[0034] 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.

[0035] FIGS. 1-2 illustrate an initial three-dimensional
image reconstruction of a structure of interest.

[0036] FIGS. 3-4 illustrate an image reconstruction anno-
tated with landmarks or reference points.

[0037] FIGS. 5-6 a tissue deformation simulation is illus-
trated for a structure of interest.

[0038] FIG. 7 is a validation of a tissue deformation model
for a structure of interest.

[0039] FIG. 8 is a schematic view of an example system
configured for surgical tool global positioning;

[0040] FIG. 9 is view of example reference markers of the
system of F1G. 8;

[0041] FIG. 10 is a schematic diagram of an example tool
configured for use with the system of FIG. 8;

[0042] FIG. 11 is a schematic view of a tracking element
configured for use with the tool of FIG. 10;

[0043] FIG. 12 is a schematic diagram of a surgical port of
the system of FIG. §;

[0044] FIG. 13 is a schematic of the surgical port of the
system of FIG. 8 in a coordinate system,

[0045] FIG. 14 is a graph of the trajectory of a reference
marker of the system of FIG. 8;

[0046] FIG. 15 is a schematic of the rotation of the surgical
port of the system of FIG. 8;

[0047] FIG. 16 is a schematic of the relationship of the
surgical port of the system of FIG. 8 to new image coordi-
nates;

[0048] FIG. 17 is aschematic of the initial reconstruction of
the coordinates of the surgical port of FIG. 8;

[0049] FIG. 18 is a photograph of the camera used to vali-
date data acquired by the system of FIG. 8;

[0050] FIG. 19 is a schematic of the camera of FIG. 18.
[0051] FIG. 20 is a photograph of reference marks.
[0052] FIG. 21 is a photograph of reference marks before

and after rotation.
[0053] FIG. 22 is a graph of a computational result with
different angles.

DETAILED DESCRIPTION

[0054] Referring now to FIGS. 1-2, an initial three-dimen-
sional image reconstruction 10 of a structure of interest 20
(e.g. aliver in this embodiment) is generated from image data
obtained from a preoperative scan. In certain embodiments,
the image data may be obtained via a computed tomography
(CT) scanner, while in other embodiments the image data
may be obtained from a magnetic resonance imaging (MRI)
scanner. While a liver is shown as structure of interest 20 in
this embodiment, it is understood that other embodiments
may be directed to other anatomical structures.

[0055] As shown in the figures, initial three-dimensional
image reconstruction 10 includes representations 22 of the
Couinaud system, arteries, venous and hepatic ductal struc-
tures of structure of interest 20. As shown in FIGS. 3 and 4,
image reconstruction 10 can be annotated with landmarks or
reference points 25 that will be encountered during the
planned laparoscopic procedure. In certain embodiments, ref-
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erence points 25 can include the locations where hepatic
arteries enter the liver and portal vein exit the liver, as well as
the transverse fissure of the liver which divides the left portion
of the liver into four segments. Other exemplary embodi-
ments may include reference points 25 such as gall bladder
attachment location and the location of the hepatic lymph
node. As shown in FIG. 4, still other reference points 25 may
include, for example, the location where the falciform liga-
ment which attaches the liver to the posterior portion of the
anterior body wall, as well as the locations of the ligamentum
venosum (ligamentum of Arancio) and the round ligament
(ligamentum Teres). The foregoing list of reference points is
merely exemplary, and other embodiments may comprise
different reference points than those listed here.

[0056] Referring now to FIG. 5-6, a tissue deformation
simulation is illustrated for a structure of interest 40 (e.g. a
liver) from zero gravity to standard gravity with a support
surface 30 comprising two articulated plates. The figures
illustrate a simulation set up of the tissue mechanical defor-
mation module, with an initial shape for structure of interest
40 shown in FIG. 5. The tissue deformation simulation for
structure of interest 40 is shown in FIG. 6. Such a deformation
can be used to simulate the changes in the shape of the
structure of interest that may be encountered during a non-
invasive procedure such as a laparoscopic surgery. Such pro-
cedures can make it difficult for the surgeon to visualize the
shape of the structure of interest due to limited visual access.
In exemplary embodiments, the simulation of the structure
deformation can be established with boundary conditions that
match the three-dimensional reconstruction from preopera-
tive computer tomography data.

[0057] Referring now to FIG. 7, a validation of a tissue
deformation model is illustrated utilizing a pig liver as struc-
ture of interest 40. The upper right portion of the figure shows
structure of interest 40 on support surface 30 with two articu-
lated plates. The solid line in FIG. 7 illustrates the tissue
surface of structure of interest 40 before articulation of sup-
port surface 30, and tissue surface deformation as recorded in
amagnetic resonance imaging (MRI). The dashed line in FIG.
7 illustrates the tissue deformation of structure of interest 40
after articulation of support surface 30 as modeled with a
linear elastic model (LEM). Although the LEM utilized to
generate the data shown in FIG. 7 can be computed in real-
time, exemplary embodiments can utilize a hyper elastic
model along with a reduction method. Such features can be
implemented to combine accuracy and computational speed
improvements in real-time accuracy.

[0058] Exemplary embodiments of the present disclosure
can rely on a real-time navigation system that utilizes the
image base simulation of the structure of interest deforma-
tion. Exemplary methods may comprise scanning a structure
of interest to provide image data and generating a first three-
dimensional reconstruction of the structure of interest based
on the image data. Exemplary methods can also comprise
annotating the first three-dimensional reconstruction of the
structure of interest with a plurality of reference points, and
obtaining spatial coordinates of the plurality of reference
points during a laparoscopic procedure. Furthermore, meth-
ods may comprise generating a second three-dimensional
reconstruction of the structure of interest based on the spatial
coordinates.

[0059] Referring now to FIGS. 8-9, a system 100 config-
ured for surgical tool global positioning is displayed. As
explained in further detail below, system 100 can be used to
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obtain position data for system components (e.g. a surgical
tool or a camera coupled to a surgical port). The position data
of the system components can be used to assist in obtaining
spatial coordinates for reference points of the structure of
interest.

[0060] 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 comprises a channel 117 extending between proxi-
mal end 125 and distal end 115.

[0061] Inthe embodiment of FIGS. 8-9, 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.

[0062] 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 F1G. 9, reference marker 131 may comprise a first segment
141 intersecting with a second segment 151 to form a cross
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.

[0063] 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. Certain embodi-
ments can utilize camera 120 in a manner similar to a “virtual
optical pointer” to get accurate spatial coordinate of land-
marks as they appear in the procedure. For each new set of
landmarks that has been selected, system 100 can compute on
demand (e.g. via a processor) the new three-dimensional map
of the structure of interest that matches the landmark and
visualizes the internal structure of interest.

[0064] With a new coordinate system, camera 120 can be
used as a pointer to let system 100 register where the cut or
resection should occur for the structure of interest. In exem-
plary embodiments, camera 120 can be directed toward a
landmark, similar to how one would use a laser pointer in a
presentation. Camera 120 may not include the capability of
providing accurate three-dimensional spatial coordinates.
However, surgical port 110 can provide the three-dimensional
spatial coordinates of the camera 120 and its orthogonal opti-
cal axis (as explained in the discussion of FIGS. 8-9).
[0065] The distance from the camera 120 to the point of
interest along that axis on the surface of a structure of interest
needs to be computed in order to complete the registration.
There are multiple ways of providing such information. For
example, a hardware solution may comprise laser measure-
ment or acoustic wave measurement. Furthermore, a software
solution may be implemented using a passive autofocus tech-
nique that for example increases the local pixel contrast, or
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any similar algorithmic technique to get the depth map. Still
other embodiments may utilize a hybrid solution by project-
ing two light spots from some fixed optical fibers coupled to
the surgical port 110, and using the known view angle of the
endoscope camera to give this distance accurately.

[0066] In certain exemplary embodiments, the number of
constraints in the tissue mechanical problem set up from
landmark identifications should be larger than needed to pro-
vide redundancy. If matching the structure of interest position
to the landmark generates too much local mechanical stress in
the simulation, the system can interpret that result as a fault,
and may require new recalibration of the landmark to the
operator.

[0067] Once the structure of interest position has been
recalculated, one can use the surgical port 110 to tentatively
show the location of a planned resection: the system may then
compute estimates of the margin to structure such as vessel
that should be preserved, or volume of the tissue that will be
removed or even negative margin for tumorremoval. In exem-
plary embodiments, the plan for cut can be set in the new
coordinate system at that step of the intervention with the
updated position of the structure of interest.

[0068] Itis anticipated that exemplary embodiments can be
even more powerful if used with existing methods that are not
fully satisfactory as standalone solution. For example, pattern
recognition on the structure of interest surface image of the
endoscope is not arobust method by itself. However, the same
method combined with landmark annotation according to
exemplary embodiments would perform better since it
becomes a local optimization mathematical problem as
opposed to a global mathematical one that has to deal with
many local optimums. Laparoscopic ultrasound (LUS) also
provides local information on localization that complements
registration techniques based on spatially distributed land-
marks according to exemplary embodiments. LUS that comes
with elastography measurements can also improve image
base tissue deformation models by providing more accurate
tissue properties to feed the mechanical model.

[0069] Systems and methods to provide global position and
orientation coordinates will be described in the discussion of
FIGS. 8-22. As previously mentioned, image data associated
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.

[0070] Referring now to FIG. 10, a tool 200 is configured
for insertion into surgical port 110 (shown in FIG. 8). In this
embodiment, a tracking element 210 is coupled to surgical
tool 200. As shown in FIG. 10, tracking element 210 is cir-
cular in shape and includes a pattern of geometric shapes on
one side (e.g. segments of a circle in this embodiment). Dut-
ing use, tool 200 may be inserted into surgical port 110 such
that the circular shape and pattern 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.

[0071] 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
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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. 10), can be
inserted into the patient’s body via channel 117.

[0072] 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 sur-
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
information can be used to track the motion/path of the sur-
geon’s hands and/or surgical tool 106 during the medical
procedure.

[0073] 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.

[0074] 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. Ina
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-
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138, tracking element 210 and/or surgeon’s hand as surgical
tool 106 approaches and is located within surgical port 110.
[0075] 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.

[0076] 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.

[0077] As explained in further detail below, image data
obtained by camera 120 and associated with reference mark-
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. 10.

[0078] Themotion of laparoscopic 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.

[0079] The position of the tool 200 in a coordinate system
coupled to surgical port 110 can then be determined. If the
axis 0f't00l1 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 ofa 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.

[0080] The ratio of the largest diameter of the ellipse to the
smallest diameter of the ellipse can provide the angle o. viaa
basic trigonometric formula (see FIG. 11). In practice, o 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
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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.

[0081] Surgical port 110 can have complex motion in three
dimensions. Referring now to FIG. 12, 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 0 and @ in FIG. 13. 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.

[0082] Referring now to FIG. 14, 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.

[0083] 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.

[0084] In general, if the tool has mobile parts such as a
scissor insert as shown in FIG. 10, 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
endoscope) to fully reconstruct the position of the tool. Simu-
lated 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 con-
firm the theoretical result.

[0085] 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-
pendicular toits axis, one can retrieve the angle of rotation ()
as shown in FIG. 12, since there will be multiple reference
marker shapes (e.g. crosses of intersecting segments) to
reconstruct the additional unknown.
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[0086] 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.

[0087] 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.

[0088] 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.

[0089] Al Method

[0090] For clarity, most of the mathematical presentation
below is restricted first to motion in the vertical plane (x,z)
that contain trocar. We will discuss briefly second the gener-
alization to three spatial dimension in the (X,y,z) coordinate

system of the OR.
[0091] Rotation:
[0092] Let us consider a rotation of the trocar clockwise in

the (x,z) plane. We note this rotation T, The trocar has a fixed
point that is the center of the rotation. Let is assume the trocar
and the marker denoted by the triplet (x_,, X, X,)) are in the
same vertical plane.

[0093] We consider first the direct problem: given 6, what
would be the position of the marker in the new image?
[0094] In the new coordinate system (X, §¥)—see FIG.
15—the coordinate of the marker (x_,, X,, X,)), is, forj=-1, 0,
1

¥ycos(0)(-H tan(0)+x)), 1)
F=sin(0){~H tan(0)+x)), 2)
[0095] Let us denote ©,, the view of the angle of the cam-

era—see FIG. 16—The physical dimension of the new image
frame is (-L, L), on the line =¥ ,, is:

[0

. H
L=l o+ i)

[0096] The position of the marker x; in the image (-1, 1)
will be

4

—
I
| 2

[0097] For any landmark of coordinate x; in the initial
image, the map

0—I(x)

Sep. 24, 2015

[0098] 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.
[0099] 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. 17. The
two unknown are the physical location of the point O at the
vertical of the trocar and the ceiling denoted H. For simplicity
we will still restrict ourselves to the (x,z) plane. The gener-
alization to 3D is straightforward.

[0100] To start we get the coordinate 1, 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.

[0101] We have:

] A 6. L 5
tan(8y) = % tan(9)) = %,m(f) - &)
and
X =1L, x; =L L. ®)

[0102] We obtain:
.0
H= d((ll - Io)tan(i)) _
and

Xo = IoHtan(e—zc), X = IlHlan(:O—ZC).

[0103] This concludes the reconstruction of the rotation of
the trocar by tracking the landmarks on the ceiling.

[0104] 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.

[0105] Translation:

[0106] To take into account these two translations, denoted
T, and T, the landmark of the initial coordinate x; has for
new coordinates

£ 77c0s(0)(—H-dz tan(0)+xy-dx), (7))
P sin(0)(—-H-dz tan(0)+xy-dx), (8)
[0107] We have now three unknowns that are dx and dy and

0. We need then three landmarks. We need to solve the non-
linear set of equations with the image coordinate 1_,, I, 1,
from these landmarks. We can now use 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 the three geometric transform:

Tg0T .07 5,.
[0108] A similar reasoning can be applied in three space

dimensions. We consider the three d coordinate systems (x,V,
z) of the OR. We work with the transformation:

TooTyoT 40T, 0T,
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 in a cross motif—see FIG. 15. This code
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applies successively each transformation to the image viewed
from the trocar. This simulator helps us compute the sensitiv-
ity 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
abdominal cavity.
[0109] The exact accuracy of the system needs to be
checked with an experiment that will carry various types 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.
[0110] A2 Experiment
[0111] Ourgoal 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.
[0112] Rotation:
[0113] Let’s start with the rotation component in one space
dimension. FIG. 18 and FIG. 19 show a rapid prototyping to
check that result.
[0114] Wehave seton the ceiling two black crosses that are
visible from the digital camera—see FIG. 20. We set first the
camera in a flat position, and measure on the wall height of the
laser beam projection. We shoot in that position an image of
the ceiling.—see FIG. 21 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 purpose to get
more realistic conditions.
[0115] We set the second camera in a position that forms a
small angle with the desk as in FIG. 18. 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. 21 on right.
[0116] We observe indeed the displacement of the markers
due to the change of orientation of the camera.
[0117] Weapply 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 interference of
the GIMP2 software. An automatic image segmentation will
be actually more accurate.
[0118] Second we map the transformation we defined ear-
lier

0—1(x)

and look for the angle that minimizes the matching between
the compound coordinate of the point A, B and C after rota-
tion, in the L2 norm—7FI1G. 22. Ourresults are for 0.=5.3° and
=9.6°. Our algorithm based on computer vision gives: o=4.
4° and 0=9.2°. We did this experiment several times, and
observed a good reliability of the method.

[0119] 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 laparoscopic tool of the order of
3 mm for a ROI with a 20 cm depth from the abdominal wall.
[0120] Translation:

[0121] Next let us consider a different displacement of the
trocar that can be for example resulting from a patient breath-
ing.
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[0122] We have run a similar 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
afew centimeters. Let’s denote 0z the increase in thickness of
the support. For 8z=2 cm we get from our computer vision
algorithm a value of 8z=1.62 cm. Similarly for §z=3 cm we
get from our computer vision algorithm a computed 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.
[0123] While the foregoing description and drawings rep-
resentexamples of the present invention, it will be understood
that various additions, modifications, combinations and/or
substitutions may be made therein without departing from the
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
1s 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 method for real time laparoscopic navigation, the
method comprising:
scanning a structure of interest internal to a patient to
provide image data;
generating a first three-dimensional reconstruction of the
structure of interest based on the image data;
annotating the first three-dimensional reconstruction of the
structure of interest with a plurality of reference points;
obtaining spatial coordinates of the plurality of reference
points during a laparoscopic procedure; and
generating a second three-dimensional reconstruction of
the structure of interest based on the spatial coordinates.
2. The method of claim 1 wherein obtaining the spatial
coordinates of the plurality of reference points comprises
obtaining a distance from each of the plurality of reference
points to a camera on a surgical port used during the laparo-
scopic procedure.
3. The method of claim 2 wherein the distance is obtained
via a laser.
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4. The method of claim 2 wherein the distance is obtained
via acoustic waves.

5. The method of claim 2 wherein the distance is obtained
via an autofocus feature of the camera.

6. The method of claim 5 wherein the autofocus feature
incorporates an algorithm to increase local pixel contrast.

7. The method of claim 1 wherein the structure of interest
is a liver.

8. The method of claim 7 wherein the plurality of reference
points comprise locations where hepatic arteries enter the
liver and where a portal vein exits the liver.

9. The method of claim 7 wherein the plurality of reference
points comprise locations including a transverse fissure of the
liver that divides a left portion of the liver into four segments.

10. The method of claim 7 wherein the plurality of refer-
ence points comprises a coupling point between the liver and
a gall bladder.

11. The method of claim 7 wherein the plurality of refer-
ence points comprises a location of the hepatic lymph node.

12. The method of claim 7 wherein the plurality of refer-
ence points comprise the ligamentum venosum and the liga-
ment teres.

13. A real time laparoscopic navigation system compris-
ing:

ascanner configured to provide image data of a structure of

interest internal to a patient; and

a processor configured to:

generate a first three-dimensional reconstruction of the
structure of interest based on the image data;

annotate the first three-dimensional reconstruction of
the structure of interest with a plurality of reference
points;

obtain spatial coordinates of the plurality of reference
points during a laparoscopic procedure; and

generate a second three-dimensional reconstruction of
the structure of interest based on the spatial coordi-
nates.

14. The system of claim 13 wherein the scanner is a mag-
netic resonance imaging (MRI) scanner.

15. The system of claim 13 wherein the scanner is a com-
puted tomography (CT) scanner.

16. The system of claim 13 further comprising a camera
coupled to a surgical port, and wherein the processor is con-
figured to obtain the spatial coordinates of the plurality of
reference points by obtaining a distance from each of the
plurality of reference points to the camera.

17. The system of claim 16 wherein the processor is con-
figured to obtain the distance via a laser.

18. The system of claim 16 wherein the processor is con-
figured to obtain the distance via acoustic waves.

19. The system of claim 16 wherein the processor is con-
figured to obtain the distance via an autofocus feature of the
camera.

20. The system of claim 19 wherein the autofocus feature
incorporates an algorithm to increase local pixel contrast.
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