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ADAPTIVE NAVIGATION TECHNIQUE FOR NAVIGATING A

CATHETER THROUGH A BODY CHANNEL OR CAVITY

RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional Application Serial No.

60/865,379 filed November 10 , 2006 entitled Adaptive Navigation Method; U.S.

Provisional Application Serial No. 60/867,428 filed November 28, 2006 entitled Adaptive

Navigation Technique For Navigating A Catheter Through A Body Channel Or Cavity;

and U.S. Provisional Application Serial No. 60/887,663 filed February 1, 2007 entitled

Adaptive Navigation Technique For Navigating A Catheter Through A Body Channel Or

Cavity, all of which are hereby incorporated by reference.

BACKGROUND OF THE INVENTION

[0002] Breakthrough technology has emerged which allows the navigation of a

catheter tip through a tortuous channel, such as those found in the pulmonary system,

to a predetermined target. This technology compares the real-time movement of a

locatable guide (LG) against a three-dimensional digital map of the targeted area of the

body (for purposes of explanation, the pulmonary airways of the lungs will be used

hereinafter, though one skilled in the art will realize the present invention could be used

in any body cavity or system: circulatory, digestive, pulmonary, to name a few).

[0003] Such technology is described in U.S. Patents 6,1 88,355; 6,226,543;

6,558,333; 6,574,498; 6,593,884; 6,61 5,1 55; 6,702,780; 6,71 1,429; 6,833,81 4 ;

6,974,788; and 6,996,430, all to Gilboa or Gilboa et al.; and U.S. Published Applications

Pub. Nos. 2002/01 93686; 2003/007401 1; 2003/021 6639; 2004/0249267 to either Gilboa

or Gilboa et al. All of these references are incorporated herein in their entireties.

[0004] One aspect of this background technology pertains to the registration of the

CT images that were used, collectively, as a three-dimensional digital map against the

actual movement of the LG through the pulmonary system. The user interface shows



three separate CT-based images reconstructed by software from x , y, and z directions,

simultaneously with the LG location superimposed onto the intersection point of the

reconstructed images. If the CT images do not accurately reflect the actual location of

the airways, the LG will quickly appear to drift out of the airways as the LG is advanced,

thereby diminishing the utility of the navigation system.

[0005] Presently, registration points at chosen known landmarks in the central area

of lungs are used to register or align the CT based digital map with the patient's chest

cavity. These registrations points are first chosen during a planning stage and marked

on the internal lung surface. At the beginning of the procedure, the corresponding

points are touched and recorded using the LG aided by a bronchoscope in the patient's

airways. Doing so allows a computer to align the digital map with the data received from

the LG such that an accurate representation of the LG's location is displayed on a

monitor.

[0006] However, due to various factors, the accuracy of the registration diminishes

as the distance between LG and the registration points increases. In other words, the

navigation system is less accurate at the periphery of the lungs, where it is most

needed. This is due to various factors, two of which are the focus of the present

invention. The first factor involves the rigidity of the CT digital image utilized as a digital

map by current system while the lung structure is flexible. Second, as the distance

increases from the last registration point, errors compound. Compounded errors,

coupled with the flexible airways, result in LG that appear to be outside of the airways

on the CT images.

[0007] As a result of the accumulative inaccuracies, the performance of the existing

system is limited. For example, once the bronchoscope is too big to advance, the

existing system provides guidance to the user as to whether the LG is being advanced

in the direction of the target ignoring the inaccuracies created by the flexibility and

internal movement of the living airways. In addition, the guidance instructions to the

target are given without regard to the geometries of the airways leading to the target.

As a result, user gently advances the LG and watches whether the LG is moving in the



direction of the target. If it is not, the LG is retracted and the user "feels" for another

airway that may lead to the target rather than see it directly on the CT cross-sections.

Hence, two problems arise. First, the LG no longer appears to be located within the

airways. Second, the guidance provided does not guide the user along a logical path, it

merely provides a general direction to the lesion.

[0008] The present invention addresses these two issues by using a unique

algorithm to create a BT skeleton, which is a three-dimensional virtual map of the

bronchial airways, and by continuously and adaptively matching the LG path to the BT

skeleton. Due to the increased accuracy of the BT skeleton and the registration, three-

dimensional guidance is extended past the limits of the bronchoscope.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Figure 1 is a graphic representation of an algorithm of the present invention;

[0010] Figure 2 is a table showing relative importance of sources of error uncertainty

encountered in a method of the present invention;

[001 1] Figure 3 is a chart showing steps of the pathway generation process of the

present invention;

[0012] Figures 4-1 3 are screen captures of the user interface during the pathway

generation process of the present invention; and

[0013] Figure 14 is a screen capture of the user interface of the present invention

while a procedure is being performed on a patient.

DETAILED DESCRIPTION OF THE INVENTION

Method of Generating a Pathway to a Target in the Lungs

[0014] The present invention includes a unique method of generating a BT skeleton

such that an accurate and logical pathway to the target may be formed. Generally, this



method begins with an algorithm that automatically detects the trachea inside the CT

volume, a three-dimensional image created from a plurality of CT scans, and uses this

as a starting point for the generation of the BT. Next, a different segmentation step is

applied to mark those voxels of the CT scan that represent air inside the bronchi. Next,

the segmented and filtered data is skeletonized - center lines of the perceived airways

are defined and used to build an anatomically valid virtual model of the airways.

[0015] More specifically, the method of generating a pathway to a target inside the

lungs is outlined as follows:

[0016] 1. BRONCHIAL TREE GENERATION

[0017] Bronchial tree generation is a fully automatic process that runs in the

background and is thus transparent to the user while working with the application

software.

[0018] 2 . AUTOMATIC SEED POINT DETECTION

[0019] Automatic seed point detection is an algorithm that detects the trachea by

searching for a tubular object having the density of air in the upper region of the CT

volume. The center of gravity of the found tubular object is defined as a seed point for

further segmentation.

[0020] 3 . SEGMENTATION: LUNG'S AIR DIFFERENTIATION

[0021] Segmentation is a process based on a Region Growing Algorithm (see p. 73

of Handbook of Medical Imaging, Processing and Analysis , Isaac N. Bankman,

Academic Press, 2000, incorporated by reference herein in its entirety.), which defines

and displays the bronchial airways from the CT volume images of the human chest. The

purpose of the Region Growing Algorithm is to construct homogeneous regions of points

connected to the starting seed point and satisfying the following condition: Hounsfield

values (HU) in all of these points are lower than a predefined maximum threshold value.

[0022] The implemented process is fully automatic, iterative and consists of several

steps:



[0023] 3.1 Anatomical feature segmentation:

[0024] The purpose is to mark (or segment) the portion of voxels (voxel = Volume

Pixel) of a substance inside a recognizable feature of the lumen network This

recognizable feature is used as a starting point. For example, in the case of the airways

of the lungs being the lumen network, the trachea is preferred for selection as the

anatomical feature. Hence the portion of voxels representing air inside the trachea,

avoiding the bubbles caused by noise and artifacts inside the CT images is marked.

Region growing with a high threshold value is then applied inside the volume for this

purpose. If the blood vessels constitute the lumen network of interest, for example, the

aorta could be used as the anatomical feature.

[0025] 3.2 Adaptive threshold detection for region growing algorithm:

[0026] 3.2.1 Starting from the boundary of the previously segmented area from step

3.1 , multiple iterations of a region growing algorithm are performed. With each iteration

the following steps occur:

[0027] 3.2.1 . 1 A threshold value is defined and all voxels lower than the threshold

value are deemed to be containing only air and are thus segmented. This process is

iterative, but growth rate and geometry are not considered.

[0028] 3.2.1 .2 After the segmentation process is completed for that iteration, the

whole number of segmented voxels inside the lungs stemming from the seed point are

recorded.

[0029] 3.2.2 Next the threshold value is increased and the next iteration is

performed. After this iteration is completed, the number of segmented voxels between

the current iteration and the previous one are compared.

[0030] 3.2.3 Each iteration should result in a greater number of connected voxels

because the threshold value increases with each iteration. Increasing the threshold

value means that more voxels are considered as air.



[0031] 3.2.4 If the difference in the number of segmented voxels between two

consecutive iterations has increased significantly, this event is considered as leakage.

Practically it means that somewhere the bronchi wall was "broken" by segmentation and

in addition to the air inside the lung, the outside lung air is now connected to the

segmented volume. So a conclusion is drawn that the current threshold is too high and

the threshold value from the previous iteration is used.

[0032] 3.2.5 Finally segmentation is performed with the selected threshold. This

time the segmentation result is added to the step 1 and stored. This will be used as a

starting point for the next step.

[0033] 3.3 Leakage control:

[0034] This is required in order to improve the results of the region-growing algorithm

using the adaptive threshold local values by segmenting additional areas. The

technique of section 3.2 is applied for every boundary point (point located on tissue) of

previously segmented area.

[0035] 3.4 Geometry control wave propagation:

[0036] This is described in the article, "Hybrid Segmentation and Exploration of the

Human Lungs, IEEE Visualization 2003, Dirk Bartz, Dirk Mayer, Jan Fischer, Sebastian

Ley, Anxo del Ro, Stef Thust, Claus Peter Heussel, Hans-Ulrich Kauczor, and Wolfgang

Stra βer, the entirety of which is incorporated by reference herein. This article enables

additional improvement over previous steps using higher threshold levels due a

mechanism of geometrical parameter control of growing branches.

[0037] 3.5 "Template matching":

[0038] This approach is based on the aforementioned article by Bartz et al. and

evaluates the candidate area below templates with the values of uncertain density

(between -950 HU and -775 HU). This is organized in two stages; the first stage

establishes templates that are used in the second stage to evaluate the local voxel

neighborhood. First, 2D template matching applies 2D region growing starting from the

boundary voxels of the previous segmentations. The thresholds are varied - from the



upper threshold of the uncertain density value interval (-775 HU) - until the number of

selected voxels is below the critical limit, since it can be assumed that they did not leak

out. Based on this selected voxel area, circular templates of varying sizes is generated.

In the second stage, we apply a 2D region growing. The shape of each connected

segmented area is compared with set of circular templates from the 1st stage. The

positive comparison result is then selected and added to the segmentation.

[0039] 3.6 Bubble filter:

[0040] Finally a bubble filter is applied. A bubble filter is a combination of

morphological dilation and erosion operations. It is used to eliminate small non-

segmented regions (bubbles) from the final segmented area. These bubbles appear due

to the noisy nature and artifacts of CT images.

[0041] 4 . SKELETONIZATION AND FEATURE CALCULATION

[0042] Skeletonization and feature calculation refers to the extraction of centerlines

of previously segmented bronchi, the building of a valid anatomical hierarchy of

bronchial airways, the calculation of bronchi diameters and geometric features, and the

surface generation for each segmented bronchi. The following steps are involved:

[0043] 4.1 Thinning algorithm:

[0044] The iterative object reduction technique described in the article, A Sequential

3D Thinning Algorithm and Its Medical Applications K ' alm ' an Pal ' agyi, Erich Sorantin,

Emese Balogh, Attila Kuba, Csongor Halmai, Bal ' azs Erd'Ohelyi, and Klaus Hausegger,

17th Int. Conf. IPMI (2001 ) 409-41 5 the entirety of which is incorporated herein by

reference, and is used to convert the previously segmented airways into a geometric

skeleton representation.

[0045] 4.2 Branches and node points detection:

[0046] A map of all the skeleton voxels is generated, so for each voxel we have a list

of neighbor voxels. Voxels with three or more neighbors are considered to be "node

points". The voxels with two neighbors are considered as points on the branch. The

entire voxel map is rearranged as a graph with nodes and branches.



[0047] 4.3 Filtering of false branches:

[0048] This involves the following steps:

[0049] 4.3.1 Identify and remove disconnected branches.

[0050] 4.3.2 Resolve graph loops by removing the longest branch of two branches

connected to a common node.

[0051] 4.3.3 Remove relatively short leaves in the graph, considering them a result of

a leakage.

[0052] 4.3.4 Remove leaves that are relatively close to each other.

[0053] 4.4 Convert graph to tree:

[0054] Find the root point on the graph as one nearest to the seed point found in 1.

The graph is converted to a binary tree. Branches are approximated by polynomials.

[0055] 4.5 Branch labeling: logical and hierarchical:

[0056] This is performed according to the technique described in the article,

Automated Nomenclature Labeling of the Bronchial Tree in 3D-CT Lung Images Hiroko

Kitaoka from Osaka University, Yongsup Park , Juerg Tschirren, Joseph Reinhardt,

Milan Sonka, Goeffrey McLennan, and Eric A . Hoffman from University of Iowa, Lecture

Notes in Computer Science, T. Dohi and R. Kikinis, Eds. Amsterdam, The Netherlands:

Springer-Verlag, Oct. 2002, vol. 2489, pp. 1- 1 1, the entirety of which is incorporated by

reference herein.

[0057] 4.6 Automatic evaluation of tree quality

[0058] Tree quality is evaluated based on the recognition of the following main parts

of the skeleton:

[0059] 4.6.1 right lower lobe (RLL) and right middle lobe (RML),

[0060] 4.6.2 right upper lobe (RUL)



[0061] 4.6.3 left upper lobe (LUL)

[0062] 4.6.4 left low lobe (LLL)

[0063] Branch numbers and branch length features are calculated separately for

each area and compared to statistical model or template of acceptable anatomy to

evaluate the tree quality.

[0064] 4.7 Extraction of External surfaces of bronchial tubes:

[0065] Modification of a widely known method called "marching cubes" is used to

extract airways surface from volumetric CT data.

[0066] 5 . PLANNING THE PATH TO THE PERIPHERAL TARGET

[0067] This process plans the pathway from the trachea entrance to the target area.

[0068] As the CT resolution limits the final quality of automatically generated

bronchial tree described in 1. , the user is enabled to perform the pathway fine tuning.

[0069] 6 . TARGET MARKING

[0070] The planning software is used for planning the bronchoscopic procedure of

navigating to suspect lesion (target) inside the human lungs.

[0071] The target center and target dimensions are manually marked with the

planning software.

[0072] 7 . PATHWAY SEMI-AUTOMATIC GENERATION

[0073] At this point there are both the automatically generated bronchial tree and the

target. However the target may be located out of the tree. This happens for several

reasons, including:

[0074] - The target may lay inside the tissue

[0075] - Some small bronchi may be missing from the automatically generated tree

due to the CT resolution limitations.



[0076] Therefore, a gap is created and shall be completed manually. Using both the

interactive display of the bronchial tree and CT cross-sections, the user manually

selects the point on the bronchial tree that shall be connected to the target center. This

is called the "exit point".

[0077] The pathway from the trachea to the "exit point" is automatically generated. In

addition the original tree is extended by a linear branch that connects the "exit point"

and the target center.

[0078] 8 . PATHWAY FINE TUNING

[0079] Using the CT cross-section user is optionally able to define split the

automatically created linear branch into segments, defining the intermediate waypoints

by intuitive graphic user interface.

[0080] 9 . ON-PATH GUIDANCE

[0081] On-Path guidance is designed to keep the locatable tool inside the planned

path (displayed in green). In this approach the path is approximated by an automatically

generated 3D poly-line. The poly-line segments are connected with the vertex. Each

vertex is defined as an intermediate target in our system. During navigation when an

intermediate target is reached, it disappears and the next intermediate target appears

and becomes the current target. The mathematical vector connecting the actual

location of the locatable tool with the incoming intermediate target is calculated. This

mathematical vector is translated to the locatable tool operation through the following

instructions set:

[0082] 9.1 Push Forward\Backward

[0083] 9.2 Set the specific rotation angle

[0084] 9.3 Apply bending ON\OFF.

Additional methods are contemplated that may improve the accuracy of the BT

generated by the aforementioned method. First, arterial blood vessels may be tracked

and used to regenerate missing airway data from the CT. Because the arterial blood



vessels from the heart to the lungs terminate at the alveoli, deductions can be made

regarding the location of the bronchioles leading to the alveoli. Second, an anatomic

atlas created from data derived from multiple lung models can be used to evaluate and

complete the generated BT geometry. Though every lung is unique, each has common

characteristics portrayed in an anatomic atlas. This information can be used to deduce

and fill in missing BT geometry data.

[0085] Accuracy may also be improved by utilizing multiple sensors. For example,

acquiring the location and orientation data from the electromagnetic system may be

performed using multiple external and/or multiple internal sensors. These could be

located on the extended working channel (EWC), the beatable guide (LG), the

bronchoscope, or attached to the interior of the lung.

[0086] The location and orientation data acquired from the electromagnetic system,

regardless of the number of sensors used, may be used to complete any missing

branches from the BT due to limitation in CT resolution.

[0087] It is also contemplated that flexibility may be added to the generated BT

structure by utilizing multiple sets of CT data, each representing different points in the

patient's breathing cycle. For example, three CT scans could be taken, one at the peak

inhalation point of a normal breathing cycle, one at the peak exhalation point of a normal

breathing cycle, and one midway in between. External sensor positions may optionally

be noted to record chest positions during these various "snapshots" taken with the CT.

Noting the differences in positions of the bronchial features in each of the three locations

provides information on the individual movement paths of the features during the

breathing cycle. The movement paths can be estimated by connecting the three

recorded points. Once the flexible BT is generated, external position sensors on the

patient can be used to detect the patient's breathing cycle, and for determining the

corresponding locations of the various bronchial features along their respective

movement paths.

[0088] This simulated flexibility can be calculated and used individually for each

patient or, if it is desired to minimize the cost and radiation exposure of multiple CT



scans, can be used as a model for other patients. Several models can be recorded and

kept on file for later matching to patients as a function of anatomic location, patient

dimension, gender age, phase of breathing cycle, etc.

Adaptive Navigation Method

[0089] The present invention also provides unique method of continually and

adaptively matching the automatically generated BT skeleton to the patient during the

procedure. Generally, this method records consecutive locations of the LG as it is

advanced through the airways. Because it is known that the LG travels through airways,

the BT skeleton is continually matched such that the LG appears in an airway. Hence,

the accuracy of the navigation improves, rather than degrades, as the LG is advanced.

[0090] More specifically, this method is outlined as follows:

[0091] 1. GENERAL CONSIDERATIONS

[0092] Adaptive Skeleton Navigation method is developed to detect the current

location of a locatable guide ("LG") being introduced through a patient's bronchial airway

on a map of the bronchial tree obtained using a CT Scan. This is achieved by constant

and adaptive correlation between the two data sets: the bronchial airway tree map and

the sensor data history. The correlation above is performed via two steps:

[0093] 1) Adaptive Skeleton-based Registration.

[0094] 2) Adaptive Skeleton-based Navigation.

[0095] Note that these steps, described in detail below, may be performed

recursively.

[0096] 2 . THE ADAPTIVE SKELETON-BASED REGISTRATION ALGORITHM

[0097] This section includes the description of the proposed algorithm of adaptive

skeleton-based registration. Registration, generally, is a method of computing



transformations between two different coordinate systems. Here, the goal is to register

the bronchial tree (BT) skeleton to the locatable guide (LG) path.

[0098] 2.1 Requirements:

[0099] 2.1 . 1 The registration accuracy improves as the locatable guide gets closer to

the lower levels of the lumen network (e.g. bronchial tree) and the peripheral target.

[00100] 2.1 .2 The registration is updated continuously and adaptively, depending on

the location of the LG in the bronchial tree. The LG path is a history of LG locations as

the LG is manipulated through the bronchial tree.

[00101] 2.2 Technical issues:

[00102] 2.2.1 Geometrically paired 3D/3D points (or other objects) from the BT

skeleton and the LG path are the registration basis (see, e.g. pairs 1- 1 ' and 2-2' in

Figure 1) .

[00103] 2.2.2 The registration is continuous and adaptive . "Continuous" means that

the registration is continually (iteratively) re-computed as new LG path points are

obtained. "Adaptive" means that different paired points, weights, and registration

methods are used as the LG advances towards the target.

[00104] 2.2.3 The registration consists of two main phases: global rigid registration

followed by local deformable registration . Deformable registration is only performed in

the lower levels of the bronchial tree and near the peripheral target. The idea is to start

with rigid registration when the bronchus is wide and switch to constrained and localized

deformable registration when the diameter of the probe is close to the diameter of the

bronchus and the bronchus becomes flexible.

[00105] 2.2.4 Global rigid registration is performed with the sophisticated Weighted

Iterative Closest-Point (WICP) method with outlier removal. The pairing is performed by

using the weighted function of position distance and orientation difference of the paired

objects. The optimization function is the weighted sum of paired point distances. The

parameters to determine are the weight function and the number of points to use.



[00106] 2.2.5 Local non-rigid registration is performed with a constrained elastic

registration method in which paired points are connected with springs and the

optimization function is the springs' potential energy.

[00107] 2.2.6 The LG path is not monotonic therefore it should be judiciously sampled

and windowed so that the path data is of good quality.

[00108] 2.2.7 The accuracy or the registration improves when user-defined landmark

points are acquired with the LG.

[00109] 3 . REGISTRATION ALGORITHM

[001 10] 3.1 Input: BT path from CT scan, initial registration guess, LG locations

(stream)

[001 11] 3.2 Output: Rigid registration (6 parameters) + local deformation map

[001 12] 3.3 Algorithm Method - Figure 1 shows an outline of the actual bronchus

100, with a line showing the BT skeleton 110 and a second line 120 showing the path of

the LG 115 through the bronchus 100. The path 120 of the LG 115 will be used to

register the BT skeleton 110 to the actual bronchus 100, such that the BT skeleton,

seen by the physician, is an accurate representation of the actual bronchus location.

The LG path 120 includes a plurality of actual LG locations 130. Corresponding

projected points 140 are shown on the BT skeleton 110 . The differences between the

actual points 130 and the projected points 140 are represented with lines (e.g. d 1 , d2)

between the skeleton 110 and the path 120. With continued reference to Figure 1, the

registration algorithm is described:

[001 13] 3.3.1 Perform first registration with an initial registration guess. Apply

transformation to the BT. Use the registration results, obtained from the initial

registration phase.

[001 14] 3.3.2 While enroute to the target:

[001 15] 3.3.2.1 Obtain new stream of LG locations from sensor.



[001 16] 3.3.2.2 Perform cleaning, decluttered and classification (weighting) on the

stream of LG locations.

[001 17] 3.3.2.3 Perform selection of the LG location stream according to the

optimization decision and registration history.

[001 18] 3.3.2.4 Project the selected LG location segments/points on BT skeleton to

obtain paired segments/points. The projection is performed by optimizing the following

criteria.

[001 19] 3.3.2.4.1 Minimal Distance relative to the local bronchi diameter.

[00120] 3.3.2.4.2 Minimal Orientation difference.

[00121] 3.3.2.4.3 The matched branch points (p1 , p2, etc.) on the path.

[00122] 3.3.2.5 Global rigid registration: weight paired points and obtain new rigid

registration with WICP. Apply new computed transformation to the LG.

[00123] 3.3.2.6 Local deformable registration: when appropriate (only when the

Extended Working Channel - EWC and bronchus diameters are close to each other),

perform deformable registration on chosen window. Apply transformation to the BT local

branches. The usefulness of this correction shall be determined empirically. .

[00124] 3.3.3 Validation that the registration doesn't get worse as a result of noise

sensor data:

[00125] 3.3.3.1 Perform LG history classification by breathing averaging or specific

phase. Define the maximal deviation from the initial registration.

[00126] 3.3.3.2 Make sure that the LG history is mostly inside the bronchus.



[00127] 4 . THE ADAPTIVE SKELETON-BASED NAVIGATION

[00128] 4.1 The basic idea

[00129] The implementation of navigation shall be similar to the navigation with the

map. Similar tasks have been implemented in GIS (Geographic Information System)

systems, such as PDA (Personal Digital Assistant) systems for blind people. It has

been proven by that data topology is important for higher navigation accuracy. However

our problem is significantly different from above due to the bronchial tree flexibility and

movement.

[00130] 4.2 The needed input information

[00131] 4.2.1 Current sensor position and orientation data

[00132] 4.2.2 The history of sensor position and orientation data

[00133] 4.2.3 The registration (matrix) history.

[00134] 4.2.4 The sources of navigation uncertainty

[00135] Figure 2 is a table that presents the sources of error uncertainty in the order of

importance, with the values having a higher contribution into the final error at the top of

the table. The error prediction model based on this table shall be developed to predict

the navigation uncertainty. The assumed prediction model is the sphere around the

computed location whose radius includes the localization uncertainty. The radius of this

sphere is a function of time and location.

In Use

[00136] Figures 3-1 3 show several stages of the aforementioned methods. First, the

pathway generation process is described. Figure 3 is a chart showing the pathway

generation steps 10 - 18 . Figures 4-1 3 are representations of the user interface that

guides a user through these steps during the planning stage prior to a procedure.



[00137] A user engaged in the first step 10 , adding a target, is shown in Figure 4 . The

upper left quadrant is a CT cross-section reconstructed from the viewpoint of the

patients feet looking toward his head. The lower left quadrant is a CT cross-section

reconstructed from the front of the patient such that the plane is parallel to the table on

which the patient is lying. The upper right quadrant is a cross-section reconstructed

from CT directed at the side of the patient. Cross-hairs mark the targeted spot that is

the intersection of all the cross-sections reconstructed from CT. Each of the CT cross-

sections shows a projection of a small camera that represents the virtual bronchoscope

inside the CT volume. The lower right quadrant is a virtual bronchoscopy view of the

targeted spot from within the BT as though seen from the camera. Notably, the display

shown in the Figures is just an example. If the user feels the need for different views,

the system allows for views from any angle to be displayed in the various quadrants.

Hence, the system is completely configurable and customizable to the user's

preferences.

[00138] In Figure 5 , the user has selected the target and the message "Crosshairs

positioning" appears in the user messages box in the upper right corner of the user

interface. Selecting the very bottom button 20, marks the target, as seen in Figure 6 .

The user may enter a target name in the box 22, thus beginning the next step of Figure

3 .

[00139] Figure 7 illustrates that the user has the option of displaying the BT skeleton

in the upper right quadrant, rather than the side view.

[00140] In Figure 8 , the selected target is being measured. In Figure 9 , a name has

been assigned to the target.

[00141] The pathway creation step 14 begins in Figure 10 . The pathway button 24 is

pressed and a name is given to the pathway.

[00142] Figure 11 shows the exit point marking step 16 . The exit point is marked on

the map, from which a straight line will be drawn to the target. Having identified a

destination (exit point), the pathway can be determined.



[00143] Next the add waypoints step 18 is completed, as seen in Figures 12 and 13 .

Waypoints may be added to assist the user to follow the pathway by marking the turns

enroute to the exit point.

[00144] Figure 14 shows the user interface during a procedure being conducted on a

patient. In the upper right quadrant, the three-dimensional BT skeleton is shown with an

LG indicator 30 visible. The aforementioned AN algorithm ensures that the BT skeleton

remains registered with the patient.

[00145] Although the invention has been described in terms of particular embodiments

and applications, one of ordinary skill in the art, in light of this teaching, can generate

additional embodiments and modifications without departing from the spirit of or

exceeding the scope of the claimed invention. Accordingly, it is to be understood that

the drawings and descriptions herein are proffered by way of example to facilitate

comprehension of the invention and should not be construed to limit the scope thereof.

Additionally, it should be noted that any additional documents referenced in the attached

documents are incorporated by reference herein in their entireties.



We claim:

1. A method of generating an intra-lumen pathway to a target inside the body,

comprising:

imaging a patient to obtain a plurality of scans;

creating a 3D image volume from the scans comprising a plurality of voxels;

selecting a target in the 3D image volume;

detecting a anatomical feature related to the network;

segmenting voxels that represent space inside the lumens of the network;

generating a computerized three-dimensional model of the lumen network using

the segmented voxels;

marking a pathway to the target on the three-dimensional model of the lumen

network.

2 . The method of claim 1 wherein detecting an anatomical feature related to the

network comprises detecting the trachea.

3 . The method of claim 2 wherein detecting the trachea comprises searching for a

tubular object in the lumen network having the density of air in the upper region of the

network.

4 . The method of claim 1 wherein detecting an anatomical feature related to the

network comprises detecting the aorta.

5 . The method of claim 1 wherein segmenting voxels that represent space inside

the lumens of the network comprises marking voxels that represent a substance

contained within the lumens of the network.



6 . The method of claim 5 wherein segmenting voxels that represent a substance

inside the lumens of the network further comprises avoiding bubbles caused by imaging

noise and artifacts.

7 . The method of claim 1 wherein segmenting voxels that represent space inside

the lumens of the network comprises:

a) defining a threshold value;

b) defining a seed point at a center point insideof the anatomical feature related

to the network;

c) marking all related voxels according to said threshold value beginning with said

seed point;

d) recording a whole number of marked voxels;

e) increasing said threshold value;

f) repeating steps c) and d), thereby beginning a next iteration;

g) comparing the number of marked voxels to the number determined in a

previous iteration;

h) setting a limit for the increase determined at g) over which the increase is

attributed to leakage and the increased threshold value at e) is reset to that from the

previous iteration, thereby establishing a selected threshold;

i) segmenting the marked voxels using the selected threshold;

j) adding the segmented voxels to said seed point, thereby growing a pathway

and resetting said seed point to a center of a distal end of the pathway;

k) repeating steps c) through j) until said pathway is complete.

8 . A method of registering a computer model of a lumen network to an actual lumen

network of a patient while navigating the lumen network with a probe, comprising:

collecting data pertaining to an actual location of a probe;

processing successive data points to establish a probe path;



iteratively registering the probe path to a path shape on a computer model of a

lumen network while tracking the location of the probe;

iteratively adjusting the location of the computer model such that said probe path

lies within the path shape.

9 . The method of claim 8 wherein collecting data pertaining to an actual location of

a probe comprises receiving location data from a tip of said probe.

10 . The method of claim 8 wherein processing successive data points to establish a

probe path comprises cleaning.

11. The method of claim 8 wherein iteratively registering the probe path to a path

shape on a computer model of a lumen network while tracking the location of the probe

comprises rigidly registering the probe path to a path shape on a computer model of a

lumen network while tracking the location of the probe.

12 . The method of claim 8 wherein iteratively registering the probe path to a path

shape on a computer model of a lumen network while tracking the location of the probe

comprises deformably registering the probe path to a path shape on a computer model

of a lumen network while tracking the location of the probe.

13 . The method of claim 8 wherein iteratively registering the probe path to a path

shape on a computer model of a lumen network while tracking the location of the probe

comprises:

rigidly registering the probe path to a path shape on a computer model of a

lumen network while tracking the location of the probe while a diameter of a lumen

containing the the probe is large relative to the probe;

deformably registering the probe path to a path shape on a computer model of a

lumen network while tracking the location of the probe while a diameter of a lumen

containing the probe is not large relative to the probe.



14 . The method of claim 8 wherein iteratively registering the probe path to a path

shape on a computer model of a lumen network while tracking the location of the probe

comprises:

obtaining a stream of probe locations;

decluttering and assigning weights to the probe locations;

selecting probe locations for projecting;

projecting the selected probe locations onto the computer model.
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