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(57) ABSTRACT 

An endoscopic surgical navigation system comprises a 
multi-dimensional video generation module that enables a 
user to visually navigate captured endoscopic video with six 
degrees of freedom. This capability provides the user with 
control of a virtual camera (point of view) that can be 
translated in three orthogonal axes in 3-D space as well as 
allowing control of vertical panning (pitch), horizontal pan­
ning (yaw) and tilt (roll) of the virtual camera, as well as 
zoom. 
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MULTI-DIMENSIONAL NAVIGATION OF 
ENDOSCOPIC VIDEO 

FIELD OF THE INVENTION 

[0001] At least one embodiment of the present invention 
pertains to medical devices, and more particularly, to a 
method and apparatus for enabling a user to navigate endo­
scope video with multiple degrees of freedom. 

BACKGROUND 

[0002] To reduce the trauma to patients caused by invasive 
surgery, minimally invasive surgical techniques have been 
developed for performing surgical procedures within the 
body through very small incisions. Endoscopy is a technique 
that is commonly employed in minimally invasive surgery. 
Endoscopy allows internal features of the body of a patient 
to be viewed through an endoscope, either directly or 
through video generated by a video camera coupled to the 
endoscope. The endoscope typically can also be used as a 
conduit through which other surgical instruments can be 
inserted into the body. 
[0003] Endoscopes can be of the rigid type or the flexible 
type. A rigid endoscope is typically inserted into the body 
through a small external incision, as in laparoscopy, arthros­
copy, etc. Flexible endoscopes, on the other hand, are 
commonly used in procedures where the endoscope is 
inserted through a natural body orifice, such as the mouth or 
anus, as in gastroscopy or colonoscopy, respectively. 
[0004] Endoluminal surgery is a newer form of minimally­
invasive surgery, in which the surgical instrument (i.e., the 
endoscope or an instrument inserted through it) initially 
enters the body through a natural bodily orifice, such as the 
mouth. Typically a flexible endoscope is used. The instru­
ment is then "threaded" through a natural body lumen, such 
as the esophagus, until its distal tip is close to the target 
anatomy. Often the target anatomy is not in the immediate 
proximity of the orifice of entry, however. Therefore, the 
surgeon must navigate the endoscope to the target anatomy 
and may have to operate on portions of the anatomy that are 
not directly visible or are not easily visible. 
[0005] Because endoscopes have limited field of view, 
localization of target lesions and navigation to the desired 
areas through small entry points can be difficult. Further­
more, some parts of the body contain extremely small and/or 
complex structures that are difficult for a surgeon to see 
through an endoscope or in endoscopic video. The chal­
lenges become larger as the distance from the entry point to 
the target anatomy increases, as is the case in endoluminal 
surgery. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0006] One or more embodiments of the present invention 
are illustrated by way of example and not limitation in the 
figures of the accompanying drawings, in which like refer­
ences indicate similar elements and in which: 
[0007] FIG. 1 is a high level diagram of a system for 
performing endoluminal surgery; 
[0008] FIG. 2 schematically illustrates an example of a 
display of multiple coregistered, multi-modal images; 
[0009] FIG. 3 schematically illustrates an endoscopic sur­
gery visualization system that includes a Visual Navigation 
System (VNS); 
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[0010] FIG. 4 is a block diagram showing the elements of 
the VNS, according to certain embodiments of the invention; 
[0011] FIG. 5 illustrates an example of the overall process 
that can be performed by the VNS while the VNS is in a 
particular operating mode to coregister multi-modal images; 
[0012] FIG. 6 is a block diagram showing the VNS in 
greater detail, according to certain embodiments of the 
invention; 
[0013] FIG. 7 is a block diagram showing an example of 
the implementation of the multi-modal image coregistration 
module; 
[0014] FIG. 8 is a block diagram showing an example of 
the user input portion of the user interface subsystem; 
[0015] FIG. 9 is a block diagram showing the model 
generator according to certain embodiments of the inven­
tion; 
[0016] FIG. 10 schematically shows an example of a 
system configuration for tracking the position and orienta­
tion of the endoscope using electromagnetic sensors; 
[0017] FIG. 11 schematically shows an example of a 
system configuration for tracking the position and orienta­
tion of the endoscope using optical curvature sensors; 
[0018] FIG. 12 shows the construction of an optical cur­
vature sensor that can be used to track the endoscope; 
[0019] FIG. 13 shows the use of the light channel in the 
endoscope to provide a light source for optical curvature 
sensors on the endoscope; 
[0020] FIG. 14 shows the use of different length optical 
curvature sensors on the endoscope; 
[0021] FIG. 15 illustrates an example of a process for 
determining the current position and orientation of the distal 
tip of the scope; 
[0022] FIG. 16 shows the tagging of video frames with 
position and orientation information; 
[0023] FIG. 17 illustrates the relationship between the 
endoscope tip, the image plane and the object being viewed; 
[0024] FIG. 18 illustrates the placement of various video 
frames into a common 3D coordinate space; 
[0025] FIG. 19A shows a process of acquiring and pro­
cessing video data to enable subsequent visual navigation; 
[0026] FIG. 19B shows a process by which a user can 
visually navigate through video that has been processed as 
in FIG. 19A; 
[0027] FIG. 20 illustrates an endoscopic camera view of 
an anatomical object; 
[0028] FIG. 21 shows a process of automatically measur­
ing one or more parameters of an anatomical feature; 
[0029] FIG. 22 shows an example of a display of slice 
images, which can be generated automatically by the VNS 
in response to movement of the endoscope; 
[0030] FIG. 23 shows an example of a 3D rendering of a 
computed path taken by an endoscope during endoscopic 
surgery; 
[0031] FIG. 24 shows an example of how the spatial 
relationship between two paths can be displayed; 
[0032] FIG. 25 illustrates an example of projecting a path 
onto three orthogonal planes; 
[0033] FIG. 26 illustrates the connection of endpoints of 
two paths; 
[0034] FIG. 27 illustrates the computation of correlation 
between the current position of the endoscope tip and a 
reference path; and 
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[0035] FIG. 28 shows an example of a process for deter­
mining a correlation between two paths. 

DETAILED DESCRIPTION 

[0036] A visual navigation system for use in endoscopic 
surgery, particularly (though not exclusively) in endolumi­
nal surgery, is described. References in this specification to 
"an embodiment", "one embodiment", or the like, mean that 
the particular feature, structure or characteristic being 
described is included in at least one embodiment of the 
present invention. Occurrences of such phrases in this speci­
fication do not necessarily all refer to the same embodiment. 
[0037] In view of the challenges mentioned above, it is 
desirable to provide a visual navigation system to provide 
coupled three-dimensional (3D) visualization and naviga­
tion assistance to the surgeon in navigating an endoscope to 
the target anatomy, particularly during endoluminal surgery. 
As described in greater detail below, therefore, according to 
certain embodiments of the invention, a visual navigation 
system (VNS 30) comprises a data acquisition subsystem, an 
endoscope tracking subsystem, a registration subsystem, a 
data processing subsystem and a user interface subsystem. 
The data acquisition subsystem inputs intra-operative scan 
data from a medical scanning device during an endoscopic 
procedure. The tracking subsystem captures data represent­
ing positions and orientations of a flexible endoscope during 
the endoscopic procedure. The registration subsystem deter­
mines transformation parameters for coregistering the intra­
operative scan data and the data indicative of positions and 
orientations of the endoscope. The data processing sub­
system coregisters the intra-operative scan data and the data 
indicative of positions and orientations of the endoscope 
based on the transformation parameters and generates real­
time image data representing 3D internal views of a body 
that are coregistered with live video from an endoscopic 
video camera. The user interface subsystem receives input 
from a user for controlling the system and provides output 
to the user. 
[0038] The following definitions and explanations shall 
apply to terms used herein: 
[0039] "Coregistering" means bringing into a common 
coordinate space and orientation. 
[0040] "Flexible" means designed to be flexed substan­
tially without incurring damage to the instrument (not just 
capable of being deformed). 
[0041] A "flexible endoscope" is an endoscope, a substan­
tial portion of the length of which is flexible, including the 
distal end. (A "flexible endoscope" can and usually does 
have a rigid proximal portion, or "base".) 
[0042] "Intra-operative scan data" is scan data acquired by 
a scan performed during a particular endoscopic procedure 
on a body. This term does not include video acquired from 
an endoscopic video camera. 
[0043] "Logic" can be or include (but is not limited to) any 
one or more of: special-purpose hardwired circuitry, pro­
grammable circuitry, software, firmware, or any combina­
tion thereof. 
[0044] A "module" means any one or more of: special­
purpose hardwired circuitry; software and/or firmware in 
combination with one or more programmable processors; or 
any combination thereof. 
[0045] "Positions" is synonymous with "locations". 
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[0046] "Pre-operative scan data" is scan data acquired by 
a scan performed prior to a particular endoscopic procedure 
on a body. 
[0047] During an endoscopic procedure on a body, the 
VNS inputs intra-operative scan data generated by a medical 
scanning device, such as an x-ray computed tomography 
(CT) device, an MRI device, ultrasound imaging device, etc. 
The intra-operative scan data is representative of a region of 
interest in the body. The VNS also captures data indicative 
of positions and orientations of a flexible endoscope during 
the endoscopic procedure, from various sensors on the 
endoscope. The VNS further generates real-time three­
dimensional scan images of the region of interest based on 
the intra-operative scan data and/or the pre-operative scan 
data and the data indicative of positions and orientations of 
the flexible endoscope. The VNS coregisters the real-time 
three-dimensional scan images with live video images gen­
erated by the endoscopic video camera that is coupled to the 
endoscope. The VNS then causes the real-time three-dimen­
sional (volumetric) scan images and the live video images to 
be displayed coregistered on a display device. 
[0048] The VNS can automatically detect movement of 
the flexible endoscope during an endoscopic procedure and, 
in response, identify a particular slice of scan data corre­
sponding to a current location and orientation of the endo­
scope tip and cause an image of the slice to be displayed, and 
similarly cause other slices of scan data to be displayed in 
response to additional movements of the endoscope. 
[0049] The VNS can also coregister and display the intra­
operative scan data with pre-operative scan data represen­
tative of the region of interest in the body and generated 
prior to the endoscopic procedure by a medical scanning 
device. 
[0050] Another feature of the VNS is the ability to correct 
for barrel lens distortion in the live video. Barrel lens 
distortion is divergence, in the acquired endoscopic video, 
from the rectilinear projection in geometric optics where 
image magnification decreases with increasing distance 
from the optical axis. 
[0051] Another feature of the VNS is a technique for 
employing model-fitting technique which enables a user 
easily to obtain in vivo measurements of anatomical features 
in the body during an endoscopic procedure. 
[0052] Yet another feature of the VNS is that it enables a 
user to visually navigate captured endoscopic video with six 
degrees of freedom. This capability provides the user with 
control of a virtual camera (point of view) that can be 
translated in three orthogonal axes in 3-D space as well as 
allowing control of vertical panning (pitch), horizontal pan­
ning (yaw) and tilt (roll) of the virtual camera, as well as 
zoom. 
[0053] Still another feature of the VNS is surgical instru­
ment path correlation. In particular, the VNS can compute 
the path taken by an endoscope scope ( or other medical 
instrument) during a procedure and various related attributes 
and parameters, and can compute and display a correlation 
between two paths. 

I. Overall System Architecture and Operation 

[0054] FIG. 1 is a high level diagram of a system for 
performing endoluminal surgery. A flexible endoscope 
("scope") 1 is inserted into the body of a patient 2 through 
a natural orifice, such as the mouth 3. The scope 1 includes 
a rigid base 4 and a flexible portion 5 which is inserted into 
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the body. The distal tip 6 of the scope 1 is part of the flexible 
portion 5 and can be flexed about two or more orthogonal 
axes by the surgeon, by using controls (not shown) mounted 
on the base 4. The surgeon navigates the scope 1 through a 
natural body lumen, such as the esophagus 7 and stomach 8 
until the distal tip 6 of the scope 1 is in proximity to the 
target anatomy. 
[0055] Optically coupled to the base 4 of the scope 1 is an 
endoscopic video camera 9, which outputs a video signal to 
a display device (monitor) 10, which may be, for example, 
a cathode ray tube (CRT) display, liquid crystal display 
(LCD), or other suitable type of display device. High­
intensity light from a light source 11 is provided through a 
light conduit to a light port on the base 4 of the scope 1 and 
is transmitted through the flexible portion 5 and output 
through the distal tip 6. The scope 1 may include an 
instrument channel (not shown), through which a surgical 
instrument (such as a grabbing instrument for biopsies) can 
be passed through to an opening at the distal tip 6. The entry 
port for the instrument channel is normally on or near the 
base 4 of the scope 1. 
[0056] As noted above, the VNS introduced here (not 
shown in FIG. 1) provides a display that includes coregis­
tered views of intra-operative scan images and/or intra­
operative scan images with live endoscopic video, among 
other features. FIG. 2 illustrates schematically how such a 
display may be presented to a user. The VNS may include its 
own display device, on which such a display can be pre­
sented. Alternatively, the display can be presented on a 
separate external display device that is connected to the VNS 
30, such as the monitor 10. 
[0057] As shown in FIG. 2, a display 20 generated by the 
VNS includes several windows in proximity to each other, 
including a window 21 that contains a scan image and a 
window 22 that contains a corresponding live video image, 
presented side-by-side. The scan image is generated and 
updated in real-time based on intra-operative scan data 
acquired during the endoscopic procedure from a CT scan­
ning device, MRI device, ultrasonic imaging device, or other 
medical scanning device. The scan image is coregistered 
with the live video image, according to the technique 
described herein. Other data, such as text, graphics, touch­
screen controls, etc., can be included on a separate portion 
23 of the display 20. 
[0058] FIG. 3 schematically illustrates an endoscopic sur­
gery visualization system that includes the VNS 30. The 
VNS 30 receives intra-operative scan data from a medical 
scanning system 31, which can be, for example, a CT 
system, MRI system, ultrasonic imaging system in, or the 
like. The VNS 30 also receive live video from the endo­
scopic video camera 9 that is coupled to the scope 1. The 
VNS 30 also receives inputs 32 from various sensors on the 
endoscope 1, which are used to determine the current 
position and orientation of the distal tip 6 of the endoscope 
1. The VNS 30 may also input pre-operative scan data from 
a data storage facility 33 (e.g., a computer hard drive, file 
server, or the like). The pre-operative scan data can be 
coregistered with the intra-operative scan data and or the 
live video. 
[0059] The VNS 30 may have speech recognition/voice 
response capability; in that case, the VNS 30 further receives 
audio inputs from a microphone 34, through which to 
receive voice commands. The VNS 30 may also receives 
various other user inputs 35, such as from touchscreen 
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controls or other input devices such as a keyboard, mouse, 
buttons, switches, etc. The VNS 30 outputs coregistered 
images such as described above to its own display device, if 
it is so equipped, and/or to an external monitor 10. The VNS 
30 may also output synthesized speech and/or other forms of 
audible output (e.g., warnings or distance to target) to the 
user through an audio speaker 36. The VNS 30 may also 
include a network interface 37 through which to transmit 
and/or receive data over a network, such as a local-area 
network (LAN), a wide area network (WAN), a corporate 
intranet, the Internet, are any combination thereof. The VNS 
30 may also include a separate video camera and appropriate 
software (not shown) to capture and recognize gestures of 
the user as commands, in real-time, and to cause correspond­
ing actions to be performed. 
[0060] FIG. 4 is a block diagram showing the major 
subsystems of the VNS 30, according to certain embodi­
ments of the invention. As shown, the VNS 30 includes a 
data acquisition subsystem 41, a scope tracking subsystem 
42, a measurement subsystem 43, a data processing sub­
system 44, a registration subsystem 45 and a user interface 
subsystem 46. The purpose of the data acquisition subsystem 
44 is to load intra-operative and pre-operative scan data 
representative of a region of interest of a given patient. The 
purpose of the registration subsystem is to bring the various 
data acquired into a common coordinate space. The regis­
tration subsystem 45 determines the transformation param­
eters needed to coregister the data acquired by the data 
acquisition subsystem 41 and the tracking subsystem 42 to 
a common coordinate space. These parameters are passed to 
the data processing subsystem 44, which transforms the 
input data, performs segmentation and creates the desired 
visualizations. The data processing subsystem is the main 
processing subsystem of the VNS 30. 
[0061] The visualizations are passed to the user interface 
subsystem 46 for audio and visual output. The user interface 
subsystem 46 also interprets and passes user commands 
received in the form of any one or more of: voice, gestures, 
touch screen inputs, button presses, etc. 
[0062] The purpose of the endoscope tracking subsystem 
42 is to capture, in real-time, data indicative of the position 
and orientation of the endoscope, particularly its distal tip, to 
enable coregistration of multi-modal images. Note, how­
ever, that the techniques introduced here can also be used to 
track a surgical instrument other than an endoscope, such as 
a catheter, guide wire, pointer probe, stent, seed, or implant. 
[0063] The measurement subsystem 43 receives user 
inputs and processed data via the data processing subsystem 
44, computes measurements of anatomical features, and 
formats the results to be passed to the user interface sub­
system 46 for audio and/or visual output. These subsystems 
are described further below. 
[0064] FIG. 5 illustrates an example of a process that can 
be performed by the VNS 30, according to certain embodi­
ments of the invention, while the VNS 30 is in an operating 
mode to coregister scan images and live video images. 
Initially, the VNS 30 concurrently inputs intra-operative 
scan data, position/orientation data from the sensors on the 
scope, and live video from the endoscopic video camera, at 
501a, 501b and 501c, respectively. At 502 the VNS 30 
determines the current position and orientation of the 
scope's distal tip. At 503 the VNS 30 generates real-time 
3-D (volumetric) scan images, based on the intra-operative 
scan data and the current position and orientation of the 
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scope's distal tip. The VNS 30 then coregisters the real-time 
3-D scan images with the live video from the endoscopic 
video camera at 504. The coregistered scan images and live 
video are then sent to a monitor (which may be integral with 
or external to the VNS 30) for display, to an image recording 
device for recording, and/or to a network interface for 
transmission over a network. The process then repeats from 
the beginning with new data while the VNS 30 is in this 
operating mode. It should be understood that the process of 
FIG. 5 is illustrated and described here at a conceptual level; 
consequently, the exact sequence of operations shown in 
FIG. 5 does not necessarily have to be the actual sequence 
in practice. For example, input data can be received (501a, 
501b and 501c) and buffered as necessary while the other 
operations in the process are being performed on previously 
received data (i.e., pipelined processing). 
[0065] FIG. 6 shows the architecture of the VNS 30 in 
greater detail. The subsystems of the VNS 30 shown in FIG. 
4 will now be further described with reference to FIG. 6. 
[0066] The purpose of the data acquisition subsystem 44 is 
to load scan data representative of a region of interest of a 
given patient. This subsystem includes the following three 
modules: 

[0067] 1) An interface 61 to an intra-operative imaging 
device ( e.g., CT device, MRI device, positron emission 
tomography (PET) device, fluoroscopy device, ultra­
sound device) to receive real-time intra-operative scan 
data from such device and to configure and read the 
scan data. This can be, for example, software within the 
imaging device. 

[0068] 2) An image reader module 62 to read medical 
images stored in, for example, DICOM format, for 
loading pre-operative scan data. The pre-operative scan 
data can be from, for example, an MRI scan, CT scan, 
PET scan, fluoroscopic scan, or ultrasound scan. 

[0069] 3) A video interface 63 to the endoscopic video 
camera feed, to receive and capture real-time intra­
operative video of the patient's anatomy. This interface 
can be, for example, a Firewire interface, Universal 
Serial Bus (USB) interface, RS-232 interface, or the 
like, along with a frame grabber and appropriate soft­
ware to package frames as a real-time feed. 

[0070] The purpose of the endoscope tracking subsystem 
42 is to capture, in real-time, data indicative of the position 
and orientation of the endoscope, particularly its distal tip. 
Note, however, that the techniques introduced here can also 
be used to track a surgical instrument other than an endo­
scope, such as a catheter, guide wire, pointer probe, stent, 
seed, or implant. 
[0071] The data processing subsystem 44 is the main 
processing subsystem of the VNS 30. In the illustrated 
embodiment, this subsystem includes an image reslicer 64, 
a graphical model generator 65, an affine transform module 
66, a rigid (similarity) transform module 70, a barrel­
distortion correction module 67, a multi-dimensional video 
generation module 78, and a path correlation module 79. 
[0072] The image reslicer 64 produces reformatted images 
from scan data to desired positions and orientations. A 
reformatted image is derived by arbitrarily orienting a plane 
in 3D space, and assigning values to each 2D pixel of the 
slice by interpolating the 3D voxels of the volume data 
intersected by the plane. 
[0073] The graphical model generator 65 generates sur­
face models of the anatomical region of interest from the 
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patient scan data provided by the data acquisition subsystem 
41. This module provides two types of images: 

[0074] 1) A volumetric perspective image which is 
rendered from a point of view that correlates to one of 
the position/orientation sensors attached to the endo­
scope. 

[0075] 2) A volumetric perspective image which is 
rendered from a point of view that correlates to the 
position and orientation of the patient. This will allow 
the surgeon to have, in effect, "x-ray vision", to see the 
neighboring anatomy relative to the position of the 
surgical instrument. 

[0076] The graphical model generator 65 provides seg­
mentation functions such as thresholding, automatic detec­
tion of borders, creation of objects within the volume, 
extraction of surfaces, and further provides visualization 
functions, e.g., rendering using different parameters ( depth 
shading, gradient shading, maximum intensity projection, 
summed voxel projection, surface projection, transparency 
shading). 
[0077] FIG. 9 is a block diagram showing the graphical 
model generator 65 according to certain embodiments of the 
invention. The segmentation parameters, such as threshold, 
histogram, region of interest, shape a prioris, etc., are loaded 
from a file for that anatomical region. The input image 
volume 81 is cropped ( cut) to the specified region of interest 
(ROI) by a Cut ROI unit 83. The segmentation unit 84 then 
applies a segmentation algorithm on the cropped volume. An 
example of the segmentation algorithm is the well-known 
seeded region growing. Other segmentation algorithms, 
such as level sets, can also be used. The output of the 
segmentation unit 84 is a label map that specifies which 
pixels belongs to the segmented object and which do not. 
The label map is sent as input to the surface generation unit 
85, which in one embodiment applies the marching cubes 
algorithm, i.e., by using polygons (e.g., triangles) to repre­
sent the segmented surface. Since the number of triangles 
can be very large, the decimation unit 86 applies a decima­
tion algorithm to reduce the triangles and produce a 
smoother surface. The triangles are reduced so that more can 
fit into the graphics card memory (not shown). 
[0078] In parallel with the above-described operations, the 
data representative of the co-registered location and orien­
tation of the tracked scope is passed as input to the model 
fitting unit 87. The model fitting unit 87 fits a predetermined 
model to the data received. In one embodiment the model 
used to represent the tracked surgical instrument is a line. 
The model fitting unit 87 produces model parameters 88, 
such that the position and orientation of the line (i.e., the 
model) is the same as that of the scanned data. The model 
parameters 88 are then sent to the merge module 74 for 
rendering. 
[0079] Referring again to FIG. 6, the transform modules 
66 and 70 apply a geometric transform to 3D points. The 
inputs expected by the transform modules 66 and 70 are an 
image, a transform and the output of an interpolation func­
tion. The interpolation is required since the mapping from 
one space to another will often require evaluation of the 
intensity of the image at non-grid positions. Nearest neigh­
bor interpolation is an example of the type of interpolation 
that can be used in this regard. 
[0080] The transform modules 66 and 70 include affine 
transform module 66 and similarity transform module 70. A 
similarity (or "rigid") transform is defined as a transforma-
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tion that preserve magnitudes of all lengths and angles. An 
affine transform is defined as a transformation which pre­
serves parallelism of lines and includes rotation, scaling, 
shearing and translation. Each of the transforms is specified 
by an NxN matrix and an Nxl vector, where N is the space 
dimension. The number of parameters is (N+l)xN. The first 
NxN parameters define the matrix in colunm-major order 
(where the colunm index varies the fastest). The last N 
parameters define the translation for each dimension. The 
number of dimensions is three (3). 
[0081] The barrel distortion correction module 67 corrects 
the barrel distortion inherent in endoscopic video in order to 
facilitate accurate measurements and one-to-one comparison 
with visualization. Barrel distortion is a divergence from the 
rectilinear projection in geometric optics where image mag­
nification decreases with increasing distance from the opti­
cal axis. This type of distortion is a lens aberration or defect 
that causes straight lines to bow outward, away from the 
center of the image. The inverse mapping function used to 
correct the barrel lens distortion can be determined a priori, 
or it can be obtained from the manufacturer of the endo­
scopic video camera. 
[0082] The multi-dimensional video generation module 78 
processes video frames acquired by the endoscopic video 
camera, to enable a user to navigate the captured video with 
six degrees of freedom. This feature is described in detail 
below. 
[0083] The path correlation module 79 computes the path 
taken by the scope (or other medical instrument) during a 
procedure and various related attributes and parameters, and 
can compute and display a correlation between two paths. 
This feature is also described in detail below. 
[0084] The purpose of the registration subsystem 45 is to 
bring the various data acquired into a common coordinate 
space. This subsystem includes a multi-modal image coreg­
istration module 68 and a surgical instrument registration 
module 69. 
[0085] The multi-modal image coregistration module 68 
coregisters pre-operative patient scan data with intra-opera­
tive patient scan data. Image coregistration is the process of 
determining the spatial transform that maps points from one 
image to the homologous points on a second image. FIG. 7 
is a block diagram showing an example of an implementa­
tion of the multi-modal image coregistration module 68. 
Input data to the coregistration process includes two images: 
one is defined as the "fixed image" f(X), which may be, for 
example, an MRI image; the other is defined as the "moving 
image" m(X), which may be, for example, a CT image. The 
output of the multi-modal image coregistration module is 
parameters of an affine transformation matrix. The fixed 
image f(X) is the intra-operative patient scan data and the 
moving image m(X) is the pre-operative patient scan data. 
The transform module T(X) represents the spatial mapping 
of points from the fixed image space to points in the moving 
image space. The metric module 70 performs a function S(f, 
mo T) to provide a measure of how well the fixed image is 
matched by the transformed moving image and outputs this 
as a fitness value to the optimizer 71. The optimizer 71 
continues invoking the affine transform module 66 with 
different parameters until an optimal value for the metric has 
been reached or a maximum allowed number of iterations is 
complete. In one embodiment, the well-known Mutual 
Information based Image-to-Image Metric is used for the 
metric module; affine transformation is used for the trans-
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formation module; and gradient descent optimization is used 
for the optimizer. Low-pass filtering of the images can be 
used to increase robustness against noise. In such cases the 
low-pass filter can be a Gaussian image filter. 
[0086] When an affine transformation is applied, many 
pixels in the output image do not have a corresponding 
input. That is, the corresponding input falls in the middle of 
other voxels. The B-spline interpolator 72 is therefore used 
to interpolate the voxel value at the output. 
[0087] Referring again to FIG. 6, the surgical instrument 
registration module 69 brings the data acquired by the 
tracking sub-system 42 into a common co-ordinate space. 
This module takes data indicative of the position and ori­
entation of the endoscope when placed on the origin of the 
co-ordinate system of the intra-operative imaging device as 
the parameters of the rigid transformation matrix. 
[0088] The user interface subsystem 46 takes user input 
from, and provides audio and visual output to, the user ( e.g., 
the surgeon). This subsystem includes a user input module 
73 and a merge module 74. The merge module 74 mixes 
graphical models from the graphical model generator 65, 
image slices from the image reslicer 64, endoscopic video 
from endoscopic video camera (via the barrel lens distortion 
correction module 67), and text at the desired position, 
orientation, resolution, and opacity, and produces an image. 
The displays generated by the merge module 74 include the 
following types of windows, any two or more of which can 
be displayed simultaneously and coregistered with each 
other: 

[0089] 1) Three orthogonal slices of the volume based 
on scan data: transversal slice, sagittal slice, and coro­
nal slice. 

[0090] 2) A rendering window that includes a volumet­
ric perspective image, based on scan data, rendered 
from a point of view that correlates to the outputs of the 
position/orientation sensors attached to the endoscope 
(i.e., the endoscopic camera point of view). 

[0091] 3) A rendering window that includes a volumet­
ric perspective image, based on scan data, rendered 
from a point of view that correlates to the position and 
orientation of the patient (not necessarily the camera 
point of view; e.g., from the surgeon's eye point of 
view). 

[0092] 4) A video image from the endoscopic video 
camera (after barrel-distortion correction). 

[0093] FIG. 8 is a block diagram showing the user input 
module 73 of the user interface subsystem 46. The user input 
module 73 includes a speech-to-text converter 75, a gesture 
recognition module 76, and an input module 77 to receive 
the outputs of those modules and to receive user inputs from 
camera controls on the endoscopic video camera and from 
controls on the VNS 30. 
[0094] In operation, data generated by the intra-operative 
scanning device is coregistered with the pre-operative scan 
at the beginning of the endoscopy procedure. The output of 
the coregistration is affine transform parameters. This trans­
formation is applied to the pre-operative scan data on 
iterations of intra-operative data acquisitions. The coregis­
tered patient scan is processed for visualization, i.e., model 
generation of anatomical regions of interest. The model is 
sent to the merge module 74 for mixing with other models, 
images and text. The position/orientation data from the 
sensors on the scope is also registered to the common 
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co-ordinate space and sent to the model generator to provide 
a simulation of the surgical instrument, to be mixed by the 
merge module 74. 
[0095] Data from the intra-operative scan is also processed 
for visualization, i.e., model generation of anatomical 
regions of interest. The model is sent to the merge module 
7 4 for mixing with other models, images and text. The image 
reslicer module 64 generates slices of the pre-operative or 
intra-operative scan. The selection of the current slices 
(transversal, coronal, sagittal) is done either by user-input or 
automatically by the tracking subsystem using a defined 
position on the endoscope, e.g., the distal tip, as reference. 
The vide from the endoscopic camera feed is corrected for 
barrel lens distortion and then sent to the merge module 74 
for mixing with other models, images and text. 

[0096] As noted above, the tracking subsystem 42 can 
automatically detect movements of the flexible endoscope 
during an endoscopic procedure. Specific techniques and 
apparatus for detecting the current position and orientation 
of the scope are described below. In response to scope 
movements, the data processing subsystem 44 can also 
automatically identify a particular slice of intra-operative or 
pre-operative scan data corresponding to the current location 
and orientation of the endoscope tip and cause an image of 
that slice to be displayed to the user from the viewpoint of 
the scope tip or another viewpoint, and in the same way 
cause other slices of intra-operative or pre-operative scan 
data to be identified and displayed automatically in response 
to further movements of the endoscope during the proce­
dure. 

[0097] An example of a display that can be generated 
using this technique is shown in FIG. 22, in which three 
orthogonal slice images (e.g., transverse, saggital and coro­
nal planes) from intra-operative or pre-operative scan data 
are displayed coregistered with a 3D volumetric image of a 
portion of a colon. Also displayed is a computer-generated 
representation of the distal end of the scope, so that the user 
can see the relationship between the current viewpoint and 
the endoscopic camera viewpoint. Although the displayed 
images are selected based on the current position and 
orientation of the scope tip, the viewpoint of the displayed 
images can be a viewpoint other than the endoscopic camera 
viewpoint, as shown in FIG. 22. 
[0098] Multi-Planar Reconstruction (MPR) can be used to 
facilitate this process. MPR is a well-known post-processing 
technique that can reconstruct axial scan images into coro­
nal, sagittal and oblique anatomical planes. The same tech­
nique can also be used to obtain slices at any position and 
orientation through the volume. The data processing sub­
system 44 can use the MPR algorithm to obtain the slices at 
the position and orientation of the tip of the scope and 
display them in real-time. The end result is that when the 
user moves the scope, the slices corresponding to that 
position and orientation are automatically displayed both 
over the 3D model and in the coronal, axial and sagittal 
windows. 

II. Scope Tracking 

[0099] As noted above, the VNS 30 uses signals from 
position/orientation sensors on the scope to track the current 
position and orientation of the distal tip of the scope. 
Techniques to accomplish this will now be described in 
greater detail. 
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[0100] Referring that FIG. 10, in accordance with a first 
embodiment, an electromagnetic field generator is used as 
the center of the tracked volume and is hence placed under 
the patient table 101 at a configurable location. The location 
of the generator constitutes the origin 102 of the tracking 
system. In certain embodiments, each sensor 104 on the 
scope 1 contains three small wire coils (not shown) oriented 
perpendicular to each other. The electromagnetic field 103 
generated by the generator induces current through these 
coils. The currents in these coils at any particular instant in 
time is dependent upon the electromagnetic field strength at 
the location of the sensor and the orientation of the sensor 
relative to the generator. Hence, the distance and orientation 
of the sensor 104 relative to the generator can be determined 
from those currents. Electromagnetic sensors such as the 
MicroBird sensors from Ascension Technology Corporation 
of Burlington, Vt., for example, are believed to be suitable 
for this purpose. 
[0101] The currents produced by the coils in each sensor 
104 are then transmitted by one or more thin wires 105 to a 
pre-amplifier 106 in the scope, which amplifies the current. 
The pre-amplified current is sent to a signal processor (not 
shown) within (or used by) the tracking subsystem 42 of the 
VNS 30, which computes the position and orientation of the 
sensor relative to the generator. The signal processor can be, 
for example, a conventional programmable microprocessor, 
digital signal processor, microcontroller, or other suitable 
processing device. 
[0102] In certain embodiments of the invention, instead of 
using a separate channel for the sensor output wires 105, the 
light channel 108 of the scope 1, which is used to transmit 
light from the light source 11 to the scope tip, is used is used 
as a conduit for the sensor output wires 105, as depicted in 
FIG. 10. Since the dimension of the sensor output wires 105 
is much smaller than the diameter of the light channel 108, 
embedding the wires 105 in the light channel 108 has 
negligible effect on the light transmitted and has the advan­
tage of not requiring any protective coating over the trans­
mitting wire 105, since the walls of the light channel serve 
that dual purpose. 
[0103] Note that electromagnetic tracking of the scope 
may be susceptible to interference when operating in the 
vicinity of CRTs, MRI scanning devices or other devices that 
produce magnetic fields, as well as metal objects such as 
office furniture, that disrupt magnetic fields. Also, with 
electromagnetic tracking devices the working volume tends 
to be relatively small. Furthermore, electromagnetic track­
ing is expensive and sensitive to errors because of the 
complex signal processing involved. 
[0104] Consequently, in alternative embodiments of the 
invention, optics are used to track the scope's distal tip 
rather than electromagnetic sensors. Optical tracking is 
advantageous, because it is benign, free from electromag­
netic interferences, robust, and inexpensive. Optical trackers 
in general have high update rates, and sufficiently short 
~elays. However, they are limited by line-of-sight problems, 
m that any obstacle between the sensor and the source can 
seriously degrade the tracker system's performance. To 
overcome this problem, a hybrid optical tracking approach 
can be used. 
[0105] In the hybrid approach, the base 4 of the flexible 
scope 1 can be tracked using conventional line-of-sight ( e.g., 
LED based) optical trackers. In one embodiment, two cam­
eras 110 are mounted on the ceiling or on a fixed frame 111, 
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and several light emitting diodes (LEDs) 112 are placed at 
fixed, known positions on the base 4 of the scope, as shown 
in FIG. 11. Projections of the light emitted by the LEDs 112 
onto the camera image planes 113 contain enough informa­
tion to uniquely identify the position and orientation of the 
base 4 of the scope, using well-known methods. Various 
photogrammetric methods, particularly triangulation, can be 
used to compute this transformation and obtain the 3D 
coordinates of the base of the scope. These coordinates serve 
as a reference point for determining the position and orien­
tation of the distal tip 6 of the scope 1. 
[0106] For purposes of scope tracking, the LEDs 112 can 
be referred to in more general terms as location elements. As 
an alternative to LEDs 112, other types of location elements 
could be used, such as essentially any other type of device 
or devices by which the current position of the base 4 can be 
determined. Other types of location elements might include 
other types of light-emitting devices, one or more radio 
frequency (RF) transmitters, or even passive location mark­
ers such as reflective tags. In such alternative embodiments, 
the cameras 110 may be replaced by a different type of 
device, to be compatible with the type oflocation element(s) 
used, and may be an active device such as an RF transmitter 
if the location elements are passive. As another example, 
video cameras in combination with sophisticated shape 
recognition software can be used to identify and precisely 
determine the current position and orientation of the base 4 
of the endoscope, without using any location elements on the 
base 4. 

[0107] The flexible portion 5 of the scope 1 can be tracked 
by using optical fiber curvature sensors. As represented 
schematically in FIG. 12, an optical fiber curvature sensor 
120 includes a light source 121, optical fibers 122 to carry 
light from the light source 121, a connector 125 for the light 
source 121, a photodetector 126 to measure the intensity of 
light transmitting through the optical fibers 122, a connector 
127 for the photodetector 126, an amplifier (not shown) to 
amply the sensed signal and a signal processor (not shown). 
A typical phototransistor can be used as the photodetector 
126. It is desirable that the selected type of photodetector be 
the type most sensitive to the wavelength of the light emitted 
from the light source 121. The output signal 128 from the 
optical curvature sensor can be transmitted back to the 
tracking subsystem of the VNS 30 via thin wires rounded 
through the light channel, as described above in relation to 
FIG. 10. 
[0108] Note that in certain embodiments of the invention, 
some of the abovementioned elements may be external to 
the optical curvature sensor 120; for example, the output 
signal amplifier and/or the signal processor can be in the 
tracking subsystem 42 of the VNS 30. As another example, 
the external light source 11 for the endoscope 1 can also 
serve as the light source 121 of all of the optical curvature 
sensors 120 in the endoscope 1. In that case, the light source 
connector 125 on each sensor 120 is connected with the light 
transmitting channel 108 (FIG. 10) of the endoscope 1, as 
shown in FIG. 13, to optically couple each sensor 120 to the 
light source 11. 
[0109] Since the output signal of the sensor corresponds to 
the average bend or twist in the sensor, depending on the 
type of the curvature sensor used, the length of the sensor is 
an important consideration. Hence, using a single sensor as 
long as the flexible portion 5 of the scope is not advisable, 
because the end-tip accuracy will be low. Instead, multiple 
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fiber optic curvature sensors 120 can be placed in along the 
flexible portion 5 of the scope 1. As shown in FIG. 14, 
optical curvature sensors 120 of variable lengths can be 
placed along the flexible portion 5 of the scope 1, instead of 
using sensors of the same length. It is known a priori that the 
flexible portion 5 of the scope tends to deflect most at the 
distal tip 6 and least where it is closer to the base 5. With 
increasing proximity towards the distal tip 6, the possible 
deflection increases, and hence, the length of the curvature 
sensors 120 should decrease, as shown in FIG. 14. 
[0110] Based on the data of the state of curvature at each 
sensor 120 and the known separation between sensors 120, 
the signal processing device in the VNS 30 can determine 
the shape, position and orientation of the flexible portion 5 
of the scope 1. Those computed coordinates are with respect 
to a reference point, which in this case is the coordinates of 
the base 4, computed as described above. Therefore, if 
sufficient curvature measurements are taken and appropri­
ately integrated, the exact position and orientation of the 
distal tip 6 of the scope can be computed, relative to the 
origin 102 of the tracking system (FIG. 10). This informa­
tion can then be used to coregister live video from the 
endoscopic camera 9 with intra-operative and/or pre-opera­
tive scan images as described above. 
[0111] FIG. 15 illustrates an example of the process that 
may be performed by the tracking subsystem to determine 
the current position and orientation of the distal tip 6 of the 
scope 1, according to the hybrid approach discussed above. 
At 1501A, the VNS 30 receives signals from the position/ 
orientation sensors or LEDs 112 on the base 4 of the scope 
1. Concurrently with 1501A, at 1501B the tracking sub­
system 42 receives signals from the position/orientation 
sensors 120 on the flexible portion 5 of the scope 1. At 
1502A the tracking subsystem 42 then computes the current 
position of the base 4 of the scope 1 as a reference point 
(relative to the origin 102 of the tracking system), based on 
the signals from the sensors/LEDs 112 on the base, and 
concurrently at 1502B, it computes the current position and 
orientation of the distal tip 6 of the scope 1, relative to the 
reference point. At 1503, the tracking subsystem 42 com­
putes the current position and orientation of the distal tip 6 
of the scope 1 relative to the origin 102 of the tracking 
system, based on the current computed reference point and 
the current computed position and orientation of the distal 
tip 6 of the scope 1 relative to the reference point. The 
process then repeats using new inputs from the sensors. 

III. Multi-Dimensional Navigation of Video 

[0112] During endoscopic surgery, the video that is 
acquired from the endoscopic video camera 9 is a sequence 
of images captured through the scope 1, while the scope 1 
is pointed in different directions at different instants in time. 
The video can be recorded as it is acquired. When playing 
back that video in the prior art, there is no known way to 
navigate through that video except to play it frame by frame, 
which provides only a single degree of freedom for visual 
navigation, i.e., time. Time is not always the best dimension 
in which to view the video, since it forces video playback 
from the scope's point of view. 
[0113] It is therefore desirable to provide multi-dimen­
sional navigation, i.e., visual navigation of endoscopic video 
with multiple degrees of freedom, or dimensions, i.e., not 
just time. The other navigation dimensions that the tech­
nique introduced here adds are position and orientation. 
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More precisely, the technique which will now be introduced 
provides six degree of freedom for visual navigation of 
endoscopic video. In effect, this technique allows the user 
control of a virtual camera (point of view) that can be 
translated in three orthogonal axes in 3-D space as well as 
allowing control of vertical panning (pitch), horizontal pan­
ning (yaw) and tilt (roll) of the virtual camera, as well as 
zoom. 
[0114] This technique will be described now is reference 
to FIGS. 16 through 19. Initially, the position x(t) and 
orientation v(t) of each captured video frame 160-i or image 
is determined when the frame is captured, and the frame is 
tagged with this information, as shown in FIG. 16. Hence, 
the acquired video becomes a set of images with known 
positions and orientations. 
[0115] Referring to FIG. 17, given the position X and unit 
orientation vector V of the scope's distal tip 6, the position 
X' and unit orientation vector V' of the image plane 171 can 
be computed as X'=X+f.V' where X=[x,y,z]T, and V=[i,j,k] 
T and f is the distance between the distal tip 6 and the image 
plane 171. 
[0116] V'=V since the normal to the image plane 171 is the 
orientation vector of the distal tip 6. 
[0117] X' and V' can then be used to place the image plane 
171 in virtual 3D space at the position X' and the orientation 
V'. The OpenGL and VTK software libraries can be used to 
place the image at the specified position and orientation in 
space. 
[0118] Hence, as the scope tip's position and orientation 
information is obtained, a frame or image 160-i is grabbed 
from the video feed and placed in the 3D window coordinate 
system 180, as illustrated in FIG. 18. Also text indicating the 
timestamp can be overlaid on each frame 160-i, so that the 
user will know at what instant the frame was grabbed. 
[0119] Thus, at any given point in the surgery, when the 
user wishes to navigate through the grabbed frames, he 
navigates through the 3D space by using a mouse, keyboard, 
or other user input device. The class vtkRenderWindowin­
teractor in the VTK library captures mouse and keyboard 
events in a render window. Accordingly, mouse and key­
board events can be applied to control the viewpoint and the 
orientation of the virtual camera associated with the render 
window in which the frames or images are being placed. 
This in effect allow the user to navigate through the video 
with six degrees of freedom, i.e., translation along all three 
coordinate axes as well as pitch, yaw and roll, of the virtual 
camera. In order to provide smooth transitions between 
intersecting image planes, interpolation can also be 
employed. For example, bilinear interpolation, nearest 
neighbors interpolation or other types of interpolation can be 
used. 
[0120] FIGS. 19A and 19B show processes associated 
with this navigation technique. These processes are per­
formed by the multi-dimensional video generation module 
78 (FIG. 6). More specifically, FIG. 19A shows a process of 
acquiring and processing video data in order to enable 
subsequent visual navigation as described above. At 1901 
the VNS 30 acquires video frames from the endoscopic 
camera video feed. At 1902 the VNS 30 determines the 
position and orientation of the distal tip of the scope for each 
frame as it is acquired. At 1903 the VNS 30 associates the 
corresponding position and orientation information with 
each frame in memory. An at 1904 the VNS 30 computes, in 
the manner described above, the position and orientation of 
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the image plane for each of the video frames, as a function 
of the corresponding position and orientation of the distal tip 
for each frame. 

[0121] FIG. 19B shows the process by which the user can 
visually navigate through video that has been processed as 
described above. Using this process, a user can navigate 
previously-recorded processed video, or a user can navigate 
video as it is being acquired, in near real-time (subject only 
to the delay required to process the video as described in 
reference to FIG. 19A). At 1921 the VNS 30 receives user 
input specifying a visual navigation action. The action may 
be, for example, a mouse input or joystick input specifying 
movement of the virtual camera in translation and/or in 
rotation relative to any one or more of the three coordinate 
axes. In 1922 the VNS 30 identifies the frame or frames that 
are affected by the user input. The VNS 30 then transforms 
the image plane for each affected frame to a new spatial 
position and orientation, based on the user input, as 
described above. The VNS 30 then causes each affected 
frame to be displayed according to its new image plane at 
1924. 

IV. Model Fitting Measurement Technique 

[0122] It is desirable to be able to obtain in vivo measure­
ments of anatomical features in the body during an endo­
scopic procedure. For example, during endoscopic surgery it 
may be desirable to know the size of a colon polyp, such as 
polyp 201 shown in FIG. 20. If an incision needs to be made, 
it is desirable to know the required size of the incision so that 
the instrument used for making the incision can be selected 
or configured accordingly. Alternatively, if there is a need to 
ablate tissue, then it is desirable to know the size of the 
region that needs to be ablated, so that the ablation instru­
ment strength and range can be configured. If an implant 
needs to be placed inside the body, such as in the esophagus 
for the GERD procedure or a heart valve implant needs to be 
positioned, it is desirable to know the size of the opening so 
that the implant's size, orientation and position can be 
selected. 
[0123] With this in mind, the VNS 30 can also include 
capability to obtain approximate measurements of an ana­
tomical feature or region of interest in vivo, through the 
measurement subsystem 43. The approach introduced here 
includes fitting a user selected implicit model to a set of 
points that reside on the surface of the anatomical region of 
interest. Implicit functions are of the form F(x,y,z)=constant. 

[0124] An example of an implicit function that can be used 
is a sphere S of radius R and centered at the origin, which 
can be described by the equation F(x,y,z)=R2-x2-y2-z2. 
The equation F(x, y z)<0 describes a sphere that lies inside 
the sphere S, and when F(x,y,z)>0, a sphere that lies outside 
the sphere S is defined. The unknown in the above implicit 
function is the radius R of the sphere. Note that the technique 
described here is not restricted to one implicit function; a list 
of implicit functions may be made available, from which the 
user can choose. 

[0125] The set of points needed to fit the implicit function 
are initially collected by the user's pressing a predetermined 
control input ( e.g., pressing a designated button on the scope 
1 or the endoscopic video camera 9) when the tracked distal 
tip 6 of the scope is touched to three or more locations of the 
surface of the anatomical feature of interest, such as loca-
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tions 202, 203 and 204 on the surface of the polyp 201 
shown in FIG. 20. FIG. 20 illustrates an endoscopic camera 
view of a polyp. 
[0126] The implicit model fitting problem can be phrased 
as follows: 
[0127] The goal is to approximate a real valued function 
f(x) by s(x) given the set of values f=(fl, ... , fN) at the 
distinct points X={x1 , ... , xN} c Il-
[0128] For the fitting process a least squares schema can 
be used, that minimizes the distance between the global 
implicit surface field function and the 3-D points. Orthogo­
nal distance regression can be used to minimize the distance 
function, where the sum of squares of orthogonal distances 
from the data points to the surface is minimized. An alter­
native approach can use radial basis functions to approxi­
mate the implicit surface. Note that a product FastRBF from 
ARANZ can be used to smoothly interpolate scattered 2D 
and 3D data with Radial Basis Functions (RBFs ). 
[0129] Once the model is fitted, it is meshed and displayed 
to the user along with the associated parameters. The user 
can mark additional points on the surface to improve the 
accuracy of the model; in that sense, the model and this 
approach in general are adaptive. 
[0130] The user can also perform binary operations of 
union and intersection between models. One possible use of 
such an operation is to allow the surgeon to see how the 
model of an anatomical feature intersects with a graphical 
model of a surgical implant. Measurements from the ana­
tomical model will be the attributes associated with the 
selected implicit function, such as volume, surface area, 
minimum extent, maximum extent, etc. 
[0131] FIG. 21 illustrates an example of this process. At 
2101 the VNS 30 receives user input specifying three or 
more points on the surface of an anatomical feature. As 
noted above, this can be done by the user's touching the 
distal tip 6 of the scope 1 to the surface of the anatomical 
feature and providing a predetermined control input at each 
point to command the system to capture the coordinates of 
the point. At 2102 the tracking subsystem 42 computes the 
3D locations of the captured points. The measurement 
subsystem 43 then fits a model volume (e.g., a sphere), as 
defined by the user-selected implicit function, to the cap­
tured points. At 2104 the measurement subsystem computes 
a mesh to form the surface of the model volume. At 2105 the 
VNS 30 causes the surface to be displayed to the user, and 
the measurement subsystem 43 computes one or more 
physical parameters of the anatomical feature as represented 
by the model surface, such as its volume. The parameters 
that can be computed depend on the implicit model that is 
used. If the implicit model is a sphere, then another param­
eter that can be computed to reflect an attribute of the 
anatomical feature is the surface area, for which a standard 
formula can be used. Other parameters can also be calcu­
lated using standard formulas, depending on the implicit 
model. 
[0132] The computed parameter or parameters are then 
output to the user at 2106 by the user interface subsystem 46. 
The user can at this point specify one or more additional 
points on the surface of the anatomical feature to refine the 
model and, hence, the measurements. If no such additional 
user inputs are received (2107), the process ends. 
[0133] If additional user inputs specifying points are 
received, the model is then refit to all of the specified points 
at 2108, and the surface of the refitted model is then 
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computed at 2109. The new surface is displayed to the user 
and the parameter or parameters are recomputed at 2110. 
The recomputed parameter or parameters are then output to 
the user at 2111. 

V. Path Computations and Display 

[0134] As noted above, the data processing subsystem 44 
in certain embodiments includes a path correlation module 
79 (FIG. 6) that can compute the path taken by the scope ( or 
any other surgical instrument) during a procedure and vari­
ous attributes and parameters related to that path. The path 
correlation module 79 receives data indicating the current 
position and orientation of the scope from the tracking 
subsystem 42. It converts the data into a dataset representing 
the path taken by the scope, and transforms that dataset into 
graphic model parameters to enable the path to be rendered 
and displayed to a user in 3D. An example of how such a 
path can be displayed to a user by the VNS 30 is shown in 
FIG. 23. The path, such as path 230 in FIG. 23, may be 
shown in 3D and in color, where different colors are used to 
indicate the distance between particular points on the path 
230 and the viewing plane. 

[0135] The path correlation module 79 can also determine 
a correlation between two or more paths, e.g., between the 
actual path of the scope (or other medical instrument) and a 
predefined reference path, and can display the two paths and 
output an indication of that correlation to a user. FIG. 24 
shows an example of how the spatial relationship between 
two paths can be displayed. More specifically, FIG. 24 
shows an example of a display that includes a 3D rendering 
of a colon 240, a pre-surgery planned path 241 for the 
endoscope, and the actual path 242 taken by the endoscope 
(which may be determined in real-time or based on previ­
ously recorded movements of the scope). With such a 
display, the user can easily see the deviation of the actual 
path 242 from the planned path 241. 
[0136] The correlation may be determined as the amount 
and location of deviation between a given position and 
orientation of the scope from the reference path. More 
specifically, this may be determined by first finding a posi­
tion along the reference path which is closest to a current 
position of the scope, and then determining the deviation as 
the distance between the current location of the scope and 
that position along the reference path. FIG. 27 illustrates the 
computation of correlation between the current position of 
the scope tip 6 and a reference path 271, where the corre­
lation is represented by line 272. 

[0137] The path correlation module 79 can also determine 
a correlation between two recorded paths (e.g., an amount 
and location of deviation between the two paths) and output 
an indication of that correlation to a user. An example of a 
process for determining a correlation between two recorded 
paths is illustrated in FIG. 28. 
[0138] Referring to FIG. 28, at 2801 the process projects 
both a first recorded path and a second recorded path onto 
one of the three orthogonal image planes, i.e., x-y, y-z or z-x 
plane (this operation will also be done for the other two 
planes, as described below). FIG. 25 illustrates an example 
of projecting a path onto three orthogonal planes. Projection 
252 is the projection of path 251 onto the x-y plane, 
projection 253 is the projection of path 251 onto the y-z 
plane, and projection 254 is the projection of path 251 onto 
the z-x plane. 
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[0139] At 2802 the process computes a first line that 
connects the starting point of the first recorded path with the 
starting point of the second recorded path and, at 2803, 
computes a second line that connects the end point of the 
first recorded path with the end point of the second recorded 
path. Operations 2802 and 2803 are illustrated in FIG. 26, in 
which lines 261 and 262 connect the starting point and 
endpoints, respectively, of two recorded paths 263 and 264 
projected onto a plane. 

[0140] At 2804 the process computes an area, medial axis, 
of a shape, the boundary of which is collectively defined by 
the first and second recorded paths and the first and second 
lines. Operations 2801 through 2804 are then repeated for 
the y-z and the z-x planes (2805/2807). At 2806 the process 
computes the total area for all three iterations of 2801 
through 2804 as a measure of the correlation between the 
first and second recorded paths. 

[0141] The path correlation module 79 can also identify a 
landmark along the path ( e.g., from previously recorded user 
input, such as a voice input or a button click on the 
endoscopic video camera, identifying the landmark) and 
metadata associated with the landmark (e.g., voice and/or 
text), and transform an associated position and orientation of 
the endoscope and the metadata into graphics primitives, to 
allow rendering and display of data indicative of the asso­
ciated position, orientation and the metadata. In addition, the 
path correlation module 79 can also compute the distance 
between the current position of the endoscope and the 
landmark and cause an indication of the distance to be output 
to a user. 

[0142] Thus, a visual navigation system for use in endo­
scopic surgery, particularly endoluminal surgery, has been 
described. The techniques introduced above, including all of 
the modules of the VNS 30, can be implemented in logic 
such as special-purpose hardwired circuitry, software and/or 
firmware that runs on one or more programmable proces­
sors, or in a combination thereof. Special-purpose hardwired 
circuitry may be in the form of, for example, one or more 
application-specific integrated circuits (ASICs), program­
mable logic devices (PLDs ), field-programmable gate arrays 
(FPGAs), etc. 

[0143] Software or firmware to implement the techniques 
introduced above may be stored on a machine-readable 
medium and may be executed by one or more general­
purpose or special-purpose programmable microprocessors. 
A "machine-accessible medium", as the term is used herein, 
includes any mechanism that provides (i.e., stores and/or 
transmits) information in a form accessible by a machine 
(e.g., a computer, network device, personal digital assistant 
(PDA), manufacturing tool, any device with a set of one or 
more processors, etc.). For example, a machine-accessible 
medium includes recordable/non-recordable media (e.g., 
read-only memory (ROM); random access memory (RAM); 
magnetic disk storage media; optical storage media; flash 
memory devices; etc.), etc. 

[0144] Although the present invention has been described 
with reference to specific exemplary embodiments, it will be 
recognized that the invention is not limited to the embodi­
ments described, but can be practiced with modification and 
alteration within the spirit and scope of the appended claims. 
Accordingly, the specification and drawings are to be 
regarded in an illustrative sense rather than a restrictive 
sense. 
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What is claimed is: 
1. A method comprising: 
acquiring video frames of an anatomical region of interest 

from a video camera optically coupled to an endoscope 
during an endoscopic procedure; and 

processing the video frames to produce a plurality of 
processed frames, to enable a user to visually navigate 
the anatomical region of interest using the processed 
frames, with at least one degree of freedom that is not 
represented in the video frames acquired from the 
camera. 

2. A method as recited in claim 1, wherein said processing 
the video frames comprises: 

processing the video frames to enable the user to visually 
navigate the anatomical region of interest with six 
degrees of freedom. 

3. A method as recited in claim 1, wherein said processing 
the video frames comprises: 

processing the video frames to enable the user to visually 
navigate the anatomical region of interest with control 
of a virtual endoscope point of view using spatial 
translation in each of three dimensions and yaw, pitch 
and roll. 

4. A method as recited in claim 1, wherein said method 
comprises: 

determining a position and orientation of a distal tip of the 
endoscope for each of the video frames as the video 
frames are acquired; 

associating with each of the video frames data indicative 
of the position and orientation of the distal tip; 

wherein said processing the video frames comprises: 
computing a position and orientation of an image plane 

for each of the video frames as a function of the 
corresponding position and orientation of the distal 
tip of the endoscope; and 

transforming the image planes for the frames to user­
specified spatial positions and orientations, in 
response to user inputs. 

5. A method as recited in claim 4, further comprising: 
applying interpolation to smooth transitions between 

intersecting image planes. 
6. A method comprising: 
acquiring video frames of an anatomical region of interest 

from a video camera optically coupled to a flexible 
endoscope during an endoscopic procedure; 

determining a position and orientation of a distal tip of the 
flexible endoscope for each of the video frames as the 
video frames are acquired; 

associating in memory, with each of the video frames, 
data indicative of the position and orientation of the 
distal tip; and 

processing the video frames to produce a plurality of 
processed frames, to enable a user to visually navigate 
the anatomical region of interest using the processed 
frames by controlling a virtual endoscope point of view 
with spatial translation in each of three dimensions and 
yaw, pitch and roll. 

7. A method as recited in claim 6, wherein said processing 
comprises: 

computing a position and orientation of an image plane 
for each of the video frames as a function of the 
corresponding position and orientation of the distal tip 
of the endoscope; and 
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in response to user input specifying a visual navigation 
action, transforming the image plane of one of the 
frames to a new spatial position or orientation based on 
the user input. 

8. A method as recited in claim 6, further comprising: 
causing said one of the frames to be displayed according 

to said new image plane. 
9. A method as recited in claim 6, further comprising: 
using interpolation to smooth transitions between inter­

secting image planes. 
10. A method comprising: 
automatically detecting a movement of a flexible endo­

scope during an endoscopic procedure; and 
in response to detecting the movement, automatically 

identifying a particular slice of scan data corresponding 
to a current location and orientation of the endo­
scope, and 

causing an image of the slice to be displayed. 
11. A method as recited in claim 10, wherein said iden­

tifying a particular slice of scan data comprises using 
Multi-Planar Reconstruction (MPR) to obtain the particular 
slice based on data indicative of a current position and 
orientation of a distal tip of the endoscope. 

12. A system comprising: 
a data acquisition subsystem to acquire video frames of an 

anatomical region of interest from a video camera that 
is optically coupled to an endoscope during an endo­
scopic procedure; and 

a video processing subsystem to process the video frames 
to produce a plurality of processed frames, to enable a 
user to visually navigate the anatomical region of 
interest, based on the processed frames, with at least 
one degree of freedom that is not represented in the 
video frames acquired from the camera. 
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13. A system as recited in claim 12, further comprising a 
user interface subsystem to receive user inputs for control­
ling visual navigation of the anatomical region of interest. 

14. A system as recited in claim 12, wherein the video 
processing subsystem comprises: 

logic to process the video frame data to produce the 
plurality of frames, to enable the user to visually 
navigate the anatomical region of interest with six 
degrees of freedom. 

15. A system as recited in claim 12, wherein the video 
processing subsystem comprises: 

logic to process the video frames to enable the user to 
visually navigate the anatomical region of interest with 
control of a virtual endoscope point of view using 
spatial translation in each of three dimensions and yaw, 
pitch and roll. 

16. A system as recited in claim 15, further comprising 
logic to determine a position and orientation of a distal tip 
of the endoscope for each of the video frames as the video 
frames are acquired; 

wherein the video processing subsystem comprises: 
logic to associate with each of the video frames data 

indicative of the position and orientation of the distal 
tip; 

logic to compute a position and orientation of an image 
plane for each of the video frames as a function of the 
corresponding position and orientation of the distal tip 
of the endoscope; and 

logic to transform the image planes for the frames to 
user-specified spatial positions and orientations, m 
response to user inputs. 

17. A system as recited in claim 16, further comprising 
logic to apply interpolation to smooth transitions between 
intersecting image planes. 

* * * * * 




