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ABSTRACT

To improve the care of lung-cancer patients, we are devising a diagnostic paradigm that ties together three-
dimensional (3D) high-resolution computed-tomographic (CT) imaging and bronchoscopy. The system expands
upon the new concept of virtual endoscopy that has seen recent application to the chest, colon, and other anatomical
regions. Our approach applies computer-graphics and image-processing tools to the analysis of 3D CT chest images
and complementary bronchoscopic video. It assumes a two-stage assessment of a lung-cancer patient. During Stage
1 (CT assessment), the physician interacts with a number of visual and quantitative tools to evaluate the patient’s
“virtual anatomy” (3D CT scan). Automatic analysis gives navigation paths through major airways and to prese-
lected suspect sites. These paths provide useful guidance during Stage-1 CT assessment. While interacting with these
paths and other software tools, the user builds a multimedia Case Study, capturing telling snapshot views, movies,
and quantitative data. The Case Study contains a report on the CT scan and also provides planning information for
subsequent, bronchoscopic evaluation. During Stage 2 (bronchoscopy), the physician uses (1) the original CT data, (2)
software graphical tools, (3) the Case Study, and (4) a standard bronchoscopy suite to have an augmented vision for
bronchoscopic assessment and treatment. To use the two data sources (CT and bronchoscopic video) simultaneously,
they must be registered. We perform this registration using both manual interaction and an automated matching
approach based on mutual information. We demonstrate our overall progress to date using human CT cases and
CT-video from a bronchoscopy-training device.

Keywords: virtual endoscopy, virtual bronchoscopy, CT bronchography, 3D imaging, pulmonary imaging, high-
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1. INTRODUCTION

The standard procedure for diagnosing lung cancer and many other intrathoracic diseases involves three-dimensional
(3D) X-ray CT assessment followed by bronchoscopy.! Electron-beam CT (EBCT) and helical (spiral) CT scanners
provide high-resolution 3D images of the chest.? These images give visual data for detecting lung cancer and can aid
the bronchoscopist in constructing a roadmap to perform biopsies and treatment. The basic procedure in examining a
patient is to first analyze the 3D CT image for any suspect sites (locations of possible lesions or suspect lymph nodes)
and then mentally plan a path to that site for the bronchoscopist to follow. Once the bronchoscope is inserted, the
site may be biopsied or treated. Analysis of the 3D images is still done manually in clinical practice. Resultant images
are mentally interpreted slice by slice. All interactions with the data, from identifying suspect sites to planning a
path to a suspect site, occur in 2D and are done manually.

A new field, virtual endoscopy, has emerged to allow more information to be extracted from 3D images. Proposed
approaches for virtual endoscopy permit 3D endoluminal renderings, global 3D structural renderings, multiplanar
reformatted 2D slice views, and others for augmenting the physician’s vision for 3D image assessment and planning.3°
Focusing on the chest, this field is referred to as virtual bronchoscopy (VB). (We point out that virtual endoscopy and
VB are often focused on generating mere endoluminal renderings. This need not be the case, as computer-graphics
offers many possibilities for improving the physician’s vision of a case.l1%11)

VB is a new field and most effort to date has focused on 3D image assessment only."»7*715 Despite the potential
benefits thus far demonstrated for VB, no definitive set of tools and protocols have yet to be defined to fully exploit
the diagnostic potential of VB for 3D radiologic image assessment. Further, only incipient efforts have been made
to integrate VB with follow-on bronchoscopy.'®718

We believe the ideal scenario for performing a complete VB-based examination of a pulmonary-disorder patient
must tightly couple the processes of 3D image assessment and follow-on bronchoscopy. VB-based image assessment
needs to provide a complete CT exam, consisting of a stored case report. This report need not be restricted to
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standard text and radiographic film. It can contain various visual views, movies, and quantitative summaries of the
case. It must also provide a follow-on assessment and treatment plan for bronchoscopy. During bronchoscopy, the
physician should be able to get direct quantitative and visual guidance beyond the bronchoscopic video on precisely
where and how to perform tissue biopsy or treatment.
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Figure 1. Defining the data necessary for running tree analysis. Upper left corner displays the Case Study Manager.
The Coronal Slicer tool presents a 2D (2-y) MPR slice through the chest. The user points the mouse to any acceptable
point near the proximal end of the trachea (dark vertical tube near the center of the view) to specify a root site.
This information is recorded as a new data abstraction for the Case Study in the Fdit Key Sites panel (part of the
Case Study Manager), as shown. (An optional key site was also defined as an example, with additional text data.)
After this data is defined, the data abstractions pertaining to the tree can then be computed

We present our progress on an integrated computer-based paradigm for complete VB-based CT-bronchoscopy
chest assessment and treatment delivery. We provide the physician with a number of graphics and image-analysis
tools to carry out a complete patient examination. Our approach assumes a two-stage assessment of a lung-cancer
patient and centers around the concept of a multimedia Case Study.'® The Case Study can contain many graphical
and quantitative components in addition to the usual text-based report. (Others have also recently proposed the
concept of a multimedia case study for 3D radiologic image assessment.!*2%) The Case Study also acts as a “roadmap”
during bronchoscopy to provide an “augmented reality” to the bronchoscopist.’

The two stages of our approach are as follows. During Stage 1 (CT assessment), the physician interacts with
visual and quantitative tools to evaluate the “virtual anatomy,” as embodied by a patient’s 3D CT scan. During this
stage, the physician builds the Case Study. During Stage 2 (Bronchoscopy), the physician can use the “roadmap”
information in the Case Study for bronchoscopic assessment (e.g., tissue biopsy) or treatment (e g., stent design and
placement). All tools for CT assessment and bronchoscopy run interactively on an inexpensive personal computer
(PC). The Case Study is built on the PC. Automatic analysis provides considerable guidance and quantitative data
for building the Case Study. Thus, complete Stage-1 CT assessment can be done in minutes. The bronchoscope is



linked to the PC through a standard frame-grabber board. A critical step in using the two data sources (CT and
bronchoscopic video) simultaneously during live bronchoscopy requires precise interactive registration of the CT data
to the position of the bronchoscope. Our approach to performing this registration involves both manual interaction
and an automated matching approach based on mutual information.

Section 2 of this paper overviews the complete two-stage CT-bronchoscopy approach. Section 3 uses two human
cases to illustrate the elements of building a Case Study during Stage-1 CT-only assessment. Progress to date on
devising the complete two-stage approach, using a rubber bronchoscopy training model, is detailed in Section 4.
Finally, Section 5 offers concluding remarks.
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Figure 2. Beginning the formal building of reporting abstractions. The Surface Render tools shows the segmented
airway tree along with the its computed axial structure (depicted as solid lines superimposed on the rendered airway
tree). The weighted-sum Coronal Projection tool also shows the computed tree projected onto the coronal (z-z)
plane; the solid squares on the tree are branch (bifurcation) points of the tree. These global tools in tandem with
the tree data abstractions provide systematic navigation capability during Case-Study construction.

2. VB-BASED CT-BRONCHOSCOPY PARADIGM
This section describes the basic two-stage procedure for performing a complete two-stage CT-to-bronchoscopy exam-
ination. Section 2.1 presents the visualization and analysis tools available for building a Case Study and performing
an examination. Section 2.2 describes the elements of the Case Study. Finally, Section 2.3 outlines how to perform
a complete two-stage examination from initial CT scan to final bronchoscopy.

2.1. Visualization and Analysis Tools

A suitable VB assessment of a lung-cancer patient undoubtedly requires more than just the traditional rendered
endoluminal views. For VB-based CT-video assessment, our approach provides a wide range of visual and quantitative
tools. These tools offer a variety of viewing, quantitation, and documentation options and greatly facilitate building
a complete Case Study. Below is a list of the available tools:



a) Surface Render tool b) Sagittal Slicer tool

c) Transverse Slicer tool d) Transverse STS-MIP tool

e) Orthogonal Cross-Section tool f) Longitudinal Cross-Section tool

Figure 3. A variety of static tool views for a viewing site selected from the Surface Render tool’s tree. (a) Surface
Render tool view, showing rendered airway tree and the axial tree representation; the solid ball on a path passing
through left main bronchus of this tree is a manually picked site (using the mouse); all following views pass through
this viewing site. (b) Sagittal Slicer view. (c¢) Transverse Slicer view. (d) Transverse STS-MIP view. (e) Orthogonal
Cross-Section tool, which shows a local view perpendicular to the viewing site of interest. (f) Longitudinal Cross-
Section view, parallel to the viewing site of interest.



Case Study Manager - Interactive clearinghouse for constructing the Case Study.

Virtualscope - Provides computed endoluminal volume-rendered views. The views are computed interactively based on rapid
coherence-based volume rendering that requires no prior image segmentation or surface definition.?!

Projection Tools - Gives either weighted-sum or maximum-intensity 2D projection images of the complete 3D CT image.
Views from the coronal, sagittal, and tranverse directions are available.

Surface Render Tool - Presents a 3D surface-rendered view of the airway tree. The surface representation is calculated
off-line, prior to analysis, using a segmented airway tree provided by the Tree Analysis Tool and by using the standard
marching-cubes surface-rendering algorithm.??

Slicer Tools - Gives transverse, sagittal, and coronal multiplanar reformatted (MPR) (“slicer”) views (i.e., 2D slice images
along the standard z, y, or z axes).2

Cross-Section Tools - Provides local cross-sectional images passing through interior viewing sites of interest. Views are
available through a local plane either parallel or perpendicular to the viewing site of interest.

Sliding Thin Slab (STS) Tools - Gives transverse, sagittal, and coronal sliding thin-slab (STS) rendered views. The stan-
dard STS-MIP view and newly devised depth-weighted maximum and extreme-gradient STS views are available.?

2D Plot Tool - Provides a 2D plot of quantitative data computed along a navigation path.

Tree Analysis Tool - computes a wide variety of guidance and quantitative data for the 3D airway tree.

Video Match Tool - Used during bronchoscopy, it displays the bronchoscopic video and corresponding matching surface-
rendered CT-based endoluminal view. It enables CT-guided bronchoscopy and performs the registration between the
bronchoscopic video and CT data.

Nearly all tools can be active simultaneously while building a Case Study. This provides a diverse environment
for saving the information desired. Further discussion on the use of the tools appears in Section 2.3.

All software tools run on standard PCs using Windows 98 or Windows N'T 4.0. Development and testing was done
with the Windows NT 4.0 operating system, running on a 450MHz Pentium IT class machine (384 MB of RAM, 18
GB of hard drive space). A Matrox Meteor IT frame-grabber PCT card interfaces to the bronchoscope’s video output.
Currently, such systems cost about $3,000, including the frame grabber. All code was written using Microsoft Visual
C++ 5.0 and MFC. The C4++ STL was used extensively for data storage, retrieval and manipulation. OpenGL and
vtk were used for much of the graphics development.?? The top-level software for the approach and associated tools
conform to an object-oriented framework developed in the Unified Modeling Language using Rational Rose.?%2°

Many of the tools above have been proposed in some form previously for VB-based radiologic image-assessment
systems implemented on Unix-based worktstations. A previous system we have devised for Sun workstations incor-
porated the Virtualscope, Projection tools, Slicer tools, and Cross-Section tools.!?! Also, other proposed systems
have given tools such as the Surface Render tool'1:2%1% and Slicer tools (MPR views).*10

It is well acknowledged that precomputed guidance data are required for effective virtual-endoscopic evaluation
of a 3D radiologic scan.’»?"2% Such data become even more critical for a complete VB-based CT-to-bronchoscopy
patient assessment. OQur Tree Analysis tool provides the following quantitative guidance data:

1. Smooth central axes and labeled branch (bifurcation) points for the major airway branches.
2. Cross-sectional area measurements along the extents of the extracted airway branches.
3. Paths to predefined key sites.

4. Segmented airway tree.

As discussed further in Section 2.3, the Tree Analysis tool uses easily defined root-site and key-site data to perform
these calculations. It uses a procedure, based on local incremental ray casting, contour definition, and spline analysis,
to define the desired analysis data rapidly. For the cases presented in Section 3, the Tree Analysis tool computes the
desired guidance data in several minutes on a standard 450 MHz PC. A recent paper®® gives a complete description
of the Tree Analysis tool’s methodology, with earlier work3'32 discussing many of the fundamental underlying ideas.

2.2. Case Study

The Case Study serves as both a multimedia report of a given 3D CT scan and as a supplemental plan for bron-
choscopy. The elements of a Case Study can be divided into three categories: (1) data sources, (2) data abstractions,
and (3) reporting abstractions. The data sources consist of raw information input from the CT scanner and broncho-
scope. The data abstractions capture specific key details on interesting thoracic structures. They facilitate navigation
through the chest, and they provide quantitative and structural data for regions of interest. The data abstractions
are created and modified using the software tools and the input data sources. In general the software tools require
both the data sources and certain data abstractions to function. Finally, the reporting abstractions are created by
the user specifically to be saved with the final Case Study. They capture the physician’s interpretations and thoughts
on the case, and they may take a visual, quantitative, or textual form. The following list details the elements of a
Case Study:



1. Data Sources

Image - The 3D CT image of the patient’s chest.
Bronchoscopic Video - The video stream of the bronchoscope.

2. Data Abstractions

Root Site - A 3D location that marks the beginning of the airway tree. It is generally within the trachea.

Key Site - A 3D location marking an area of interest in the image (e.g., site of a narrowing or suspect lymph node).
A key site need not be located within an airway.

Viewing Site - Specifies a viewing/navigation location within a 3D image. A viewing site consists of a 3D position
and 3D viewing direction.?!

Path - A 3D navigation path within the 3D image. It consists of a sequence of viewing sites originating from the root
site and terminating at either an airway branch endpoint or a key site. If the key site is within a solid tissue region
(e.g., it corresponds to a mediastinal lymph node site), then the computed path will stay within the airways s long

as feasible and then “burst” through the airway wall to the site; such a path corresponds to the path that a real
bronchoscope must follow for a needle biopsy (transbronchial needle aspiration or TBNA).

ROI - (Region Of Interest) - A segmented region of diagnostic significance (e.g., the airway tree or a cancer nodule).

Tree - Detailed branching and geometrical information of the segmented tracheobronchial tree. Tt consists of a labeled
sequence of paths and a segmented airway tree.

3. Reporting Abstractions

Snapshot - Captured display of a tool view.
Plot - Labeled 2D graph of cross-sectional area along a specific airway path.

Measurement - Numerical measurement of a labeled area of interest, along with a textual description. The mea-
surements are made by positioning graphical calipers on key sites of Slicer tool views. An example would be a
measurement, of a narrowed airway in the vicinity of the stenoses.

Mowie - Captured dynamic image sequence from a tool. A movie is formed from a consecutive sequence of tool views
along a path.

Case Notes - Additional text input documenting the case.

A Case Study in general requires one root site. There is no restriction on the number of key sites, snapshots, plots,
measurements, and movies. A Case Study can be reevaluated and altered at any time. The next section discusses
how a Case Study is built, and Sections 3 and 4 give examples.

2.3. Performing a Complete Examination

Stage-1: CT Assessment — A Case Study begins with the input 3D CT chest image. To proceed in building a Case
Study, the user manually specifies a root site and one or more key sites to potential suspect regions. The Tree Analysis
tool then computes the tree and all of its associated components, per Section 2.1. It also generates individual paths
beginning from the root site and terminating at each key site.

All of this guidance data assists the user in constructing the desired reporting abstractions. Generally, to begin
this construction, the user invokes the weighted-sum Coronal Projection tool and Surface Render Tool. These tools,
which act as global references to the shape of the thoracic structures, depict the extracted tree and key-site paths.

The user now more formally begins the process of examining the case and building a possible bronchoscopic
assessment plan. Other tools are started. The user now graphically selects individual viewing sites, paths, or
sections of paths depicted in the Projection or Surface Render tools. If the Plot tool is invoked for a specific path, the
user can also select individual viewing sites on the plot to view in other tools. In general any number of tools or any
number of instances of the same tool can be invoked while performing this analysis. Nearly all tools are dynamic.
For example, if the user selects a specific path, all tools will present views simultaneously and dynamically as a
movie sequence along the selected path. In this way, the user gets a sophisticated multipart display of the structure
and characteristics of the case. If a particular tool view or movie has diagnostic significance, the user can save this
element as part of the Case Study. Also, particular observations can be recorded as text through the Case Study
Manager, as is traditionally done in 3D radiologic image assessment. When the user finishes the VB examination,
he can move on to bronchoscopy if needed.

Stage 2: Bronchoscopy — We will describe the scenario of performing a tissue biopsy for a suspect site. With the
bronchoscope’s video output interfaced to the computer, the user loads the Case Study built during the Stage-
1 assessment. The Coronal Projection and Surface Render tools are invoked, with the tree and and with the
precomputed path to the key site depicted. Also, at this point, the Video Match tool and Virtualscope are begun.
The user now selects a viewing site along the key-site path part way down the trachea (e.g., near the carina). This
viewing site is then rendered in all tools, except the Video Match tool. The user moves the bronchoscope until



it roughly corresponds to the current virtual position, as depicted in the other active tools. The bronchoscope’s
view-i.e., it’s video ouput—appears in the Video Match tool’s display.

The user then moves further down the key-site path, say, for example, to a viewing site just past the carina
in the left main bronchus. The user does this by selecting another viewing site of the key-site path on either the
Coronal Projection or Surface Render tool. This is analogous to moving a virtual bronchoscope through the airway
tree within the virtual environment of the 3D CT scan. After this virtual movement, the user then moves the real
bronchoscope roughly to the same position. The user iterates this process until he has approached the wall that
must be punctured to make the tissue biopsy.

At this juncture, the Video Match tool then performs an iterative mutual-information-based matching between
the rendered 3D CT data and current bronchoscope view to precisely register the CT to the bronchoscope. Basically,
the coordinate system of the virtual environment is centered about and registered to the current real in vivo position
of the bronchoscope. During this matching, we assume that the bronchoscope is stationary and that the virtual
position within the 3D CT-image environment undergoes adjustment. This takes the burden off the human to
position the device precisely. When the registration is complete, the user can then observe views in other tool views
or in snapshot views saved earlier to plan an entry point for the biopsy needle. The tools and captured views provide
extra anatomical information to the bronchoscopist outside the field of view of the bronchoscope.

3. CT-ONLY EXAMPLES (STAGE 1)

This section offers two stage-1 CT-assessment examples. The first example emphasizes the operation of the global
navigation tools and tree analysis. The second case provides validation of our approach’s ability to quantitatively
assess airway abnormalities. Section 4 discusses progress on performing a complete two-stage examination.

3.1. Healthy Human

An Imatron EBCT scan was performed on a healthy adult female. The subject held her breath for one 20-sec
breath-hold during the scan. Her lung volume was held at 90% TLC using a lung-volume controller.! The resulting
3D CT image contained 115 contiguous slices, with each slice consisting of 512x512 voxels (slice thickness = 3.0mm,
axial-plane [x-y] resolution = 0.684mm).

The 3D EBCT image was loaded into a new Case Study. The user then defined a root site, which roughly marked
the proximal end of the trachea. The 2D MPR view offered by the Coronal Slicer tool offers an easy interactive
mechanism for defining this site. See Fig. 1. After the root site is defined, the Tree Analysis tool computes the tree
data. For this case, the analysis required approximately 5 minutes on a 4560MHz PentiumII PC.

The formal building of the report can now begin. The guidance data from the Tree Analysis tool, now a part
of the Case Study, is displayed in the Coronal Projection and Surface Render global-reference tools, as shown in
Fig. 2. Other tools of interest can also now be started at this time. The user can then select individual viewing
sites, a branch, or complete path of the airway tree interactively on either of the two global-reference tools. The
other activated tools then synchronously display the information—be it a static view, plot, or dynamic movie—for
this selection. See Fig. 3. Views, such as those shown in Fig. 3, movies, measurements, and other annotations can
be saved with the Case Study. The next example highlights some of the useful diagnostic observations that can be
made.

3.2. Pathology Case

A patient suffering from tracheomalacia (collapsed trachea) underwent an EBCT scan. Using a single 20-sec breath-
hold, a 3D EBCT image made up of 133 contiguous slices was reconstructed. Each slice consists of 512x512 voxels
(slice thickness =1.5mm; axial-plane [x-y] resolution = 0.586mm).

After creating a new Case Study using the EBCT image, the user selected a root site near the proximal end of the
trachea and a key site beyond the location of the collapse. The user quickly gained an impression of the abnormality
by perusing the 3D image data in the Coronal Slicer tool. Selection of the root site and key site are straightforward,
and considerable leeway exists in picking these sites. A path from the root site to the key site was then generated
using the Tree Analysis tool.

Once the path was generated and the airway tree had been segmented, the visualization tools then provided a
detailed inspection of the narrowed trachea. Fig. 4 presents such an inspection with multiple endoluminal volume-
rendered views, generated by the Virtualscope, along selected viewing sites of the computed path. This visualization
approach provides a qualitative assessment of the suspect area that could not have been achieved from 2D views
alone. This assessment can be done quickly, because the tree analysis gave the quantitative guidance data in only
a few minutes. Alternatively, the user could have begun visualizing the narrowing by relying on the quantitative
data provided by the Plot Tool as Fig. 5 depicts. This figure shows revealing cross-sectional assessments of the
pathology obtained by clicking on interesting sites in the cross-sectional area plot of the generated path. These
two visualization approaches provide the user with an efficient method for gathering useful information on pertinent
regions. The information demonstrated here could conceivably be used for stent design or treatment follow-up.



a) Viewing site #20 approaching tracheal collapse, b) Viewing site #56 within tracheal collapse,
c) Viewing site #86 leaving treachea, d) Key site used to initiate automated tree analysis,
e) Viewing site #99 near carina, f) looking back toward trachea from viewing site #99.

Figure 4. Examination of patient suffering from tracheomalacia. Weighted-sum Coronal Projection view shows
the computed Path, after tree analysis. Multiple labeled endoluminal renderings, computed with the Virtualscope,
at selected viewing sites illustrate the position, structure, and extent of the abnormality. Note that precise viewing
locations are known for the depicted views.

Documentation of the information gathered from the visualization tools can now be recorded and added to the
Case Study. As the Case Study matures, movies of any moving image sequence can be saved and annotated as well
as telling snapshots that detail the investigation of the case. A full text report of observations and remarks can be
placed in the case notes of the Case Study. All of the elements of the Case Study can be graphically managed from
the Case Overview window.

4. PROGRESS IN COMPLETE CT-VIDEO ANALYSIS

Per Section 2.3, we discuss our progress for the complete two-stage VB-based CT-video paradigm for tissue biopsy.
Obtaining biopsy samples is a critical step for the diagnosis and staging of lung cancer. A desired procedure is
TBNA, where a physician performs either bronchoscopy or mediastinoscopy to sample hilar and mediastinal lymph
nodes.'®33 The difficulty is that these lymph nodes are not visible in the scope’s field of view. This leads to a blind
procedure where the physician estimates the lymph-node location and puncture point by referencing the CT scan
of the patient. Research shows that TBNA is underutilized because physicians have great variability in their skill
levels for performing the procedure (they can lose their orientation and point of reference to precisely determine the
puncture location).!”3* Our VB-based paradigm can conceivably alleviate these difficulties.

We demonstrate our results using 3D CT data and bronchoscopic video acquired from a rubber bronchoscopy
training device.?® A 453x155x 160 3D EBCT image was generated for this device. Next, a bronchoscopist inserted
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a) orthogonal Cross-Section view of viewing site #18 near the tracheal collapse,
b) orthogonal cross-section view of viewing site #48 within tracheal collapse.

Figure 5. Interaction with a plot to focus on viewing information of interest. The Plot tool depicts airway cross-
sectional area versus viewing site index for the automatically generated path passing through the abnormality (same
path as in Fig. 4. By picking a viewing site on the plot, we can observe corresponding views in the other activated
tools. The figure shows to two telling orthogonal Cross-Section tool views. At site (a), the cross-sectional area is
nearly normal and this is corroborated by the cross-sectional image. At site (b), though, the cross-sectional area
drops abnormally. The corresponding cross-sectional view visually indicates the tracheal narrowing.

an Olympus fiberoptic bronchoscope into the device, traversed various “airways,”

Figure 7 depicts a rendering of the 3D CT data for this device.

Before performing the CT-video “examination” of this device, it is first necessary to correct the bronchoscope’s
inherent barrel distortion.3® This distortion, purposely integrated into the bronchoscope’s optics to enable wide
field-of-view video viewing, must be corrected before it can be matched to the rendered undistorted endoluminal
CT data. The user does this by first imaging a known test grid. An algorithm then generates the proper video
transformation for correcting the distortion.?”38 This transformed video data is used by the Video Match tool for
subsequent CT-to-video matching. Fig. 8 demonstrates the distortion-correction procedure.

As discussed in Section 2.3, for Stage-1 CT assessment, a Case Study is begun, root site and key site points
are selected, and a path to the desired biopsy key site is computed. This information is then used during Stage-2
bronchoscopy. Fig. 9 illustrates results. The user progressively moves down the path, selecting viewing sites. These
viewing sites are rendered by the Virtualscope using the CT data. The user moves the bronchoscope approximately
to the site, following the video views presented by the Video Match tool.

and recorded the resulting video.
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top) Coronal Slicer view showing collapsed trachea,
bottom) Various views of surface-rendered airway tree clearly shows the pathology.

Figure 6. Further views of tracheal collapse. The coronal Slicer view situated at viewing site #48 (see Fig. 5) clearly
shows the collapse region within the trachea. The various rotations of the surface-rendered airway tree (particular at
y = 90° and y = 130°) also give strong visual confirmation on the extent of the collapse. Any of the depicted views
can be added as snapshots to the Case Study.

Upon nearly reaching the end of the path near the key site, a matching algorithm is invoked on the rendered
endoluminal CT view and the corrected bronchocopic video. The endoscope position and orientation in CT co-
ordinates are calculated using a mutual-information registration criterion.3*4° The system starts with an initial
estimate of the bronchoscope position and viewing direction. As live video is fed into the system, 1t is registered to
a virtual view of the scene from the CT data and estimated scope position. The tracking position that optimizes
the mutual-information criteria is deemed the best position of the 3D CT image environment.*! The Normalized
Mutual Information criteria is used for the minimization.*? This has been found to be effective, since it is a consistent
registration criteria when only portions of the two images are consistent. As an added adjustment, entropy terms in
the mutual-information calculation have higher weighting on the dark points in the image than the brighter points.
This helps matching performance since the lighter areas contain noise from various textures where the darker areas
are more consistent between the two images.

5. DISCUSSION

We have presented an approach that applies computer-graphics and image-processing techniques to the analysis of 3D
CT chest images and complementary bronchoscopic video. Assuming a two-stage approach for pulmonary disorder



Figure 7. Rendering 3D CT image of Figure 8. Example of bronchoscopic video correction.?” The

rubber training device. High-resolution bronchoscope first images a test pattern. A correction trans-
CT data and bronchoscopic video was col- formation is then computed from this pattern. TFor subse-
lected for this device in our CT-video quent CT-video matching, the corrected video is used. Re-
tests. sults shown: (a) distorted bronchoscopic video image of a test

pattern; (b) corrected video image.

assessment, we demonstrated the potential of complete case-study construction, assisted by automated analysis and
visualization tools, for patient assessment. Not only is this analysis applicable to CT assessment, but it can also
supplement real-time bronchoscopy, a major benefit.

The demonstrated approach is currently undergoing validation studies. We hope to determine effective protocols
for lymph-node analysis, thick-wall detection, pathology follow-up, and stent design. At this time, the proper
sequence of operations and cadre of tools needed is unknown for such protocols. In the long run, we believe such
tools will give a more effective means for the early detection, staging, diagnosis, and treatment of lung cancer than the
traditional approach. Such tools also could prove useful for general pulmonary disease assessment and treatment.
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Figure 9. Examples of the Video Match tool. Top part is near the carina of the bronchoscopy training device. A
surface-rendered endoluminal view is calculated and displayed that matches the live bronchoscopic video. A mutual-
information optimization algorithm is run that adjusts the virtual system’s viewpoint in the rendered CT to match
the video viewpoint. The global position of this viewing site is indicated by the “4+” in the Coronal Slicer view (a
cross-section through the original 3D CT scan of the model). Bottom part of figure is at the second bifurcation point
of the model. This image shows how a best match of the rendered CT to the video frame is done by weighting the
dark values more than the light values. In both images the lighter areas contain inconsistent textures.
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