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(4) Introduction
4.1. Project Background

This is a project funded by Specified Appropriations Program Award (Award Category:
Advanced Cancer Detection) and sponsored by United States Army Medical Research and
Material Command (USMRMC). We originally proposed a two-year project. However, only
the first year of the research program was granted. Official funding period was from November
8, 1999 to November 7, 2000. In spring of 2000, the PI encountered severe physical problem
and had a major surgery resulting in some delay of project progress. In fall of 2000, a one-year
no-cost extension was granted by the USMRMC for the research team to complete this project.

4.2. Clinical Background and Significance of the Research
Since the early 1990s, the volumetric CT technique has introduced virtually contiguous

spiral scans that cover the chest in a few seconds. This technique has greatly reduced CT image
artifacts caused by unequal respiratory cycles, partial volume, and cardiac motion. Newer
models of the helical CT systems are capable of performing the scan and image reconstruction
simultaneously. Detectability of pulmonary nodules has been greatly improved with this
modality. High-resolution CT has also proved to be effective in characterizing edges of
pulmonary nodules [Zwirewich 1991 ]. Zwirewich and his colleagues reported that shadows of
nodule spiculation correlates pathologically with irregular fibrosis, localized lymphatic spread of
tumor, or an infiltrative tumor growth; pleural tags represent fibrotic bands that usually are
associated with juxtacicatrical pleural retraction; and low attenuation bubble-like patterns that
are correlated with bronchioloalveolar carcinomas. These are common CT image patterns
associated with malignant processes of lung masses. Because a majority of solitary pulmonary
nodules (SPN) are benign, three main criteria are used for determination of benignancy: (a) high
attenuation values distributed diffusely throughout the nodule, (b) a representative CT number of
at least 164 HU, and (c) hamartomas are lesions 2.5 cm or less in diameter with sharp and
smooth edges and a central focus of fat with CT number numbers of -40 to -120 FlU. These
reports suggest that there are features that a computer could use to differentiate benign and
malignant lesions.

Our project in computer-aided diagnosis (CADx) is aimed specifically at the smallest of
lung nodules, 3 to 20 mm, well within the size limits for TI cancer (< 30 mm). If there is to be a
detectable benefit in the use of the helical CT, it is likely to be in cancers at the lower limits of
size detectable by radiologists, at or just below the radiographically detectable size.

Since lung cancer continues to exact a significant toll on the American population, and
other methods of early detection have had only limited success, our continued efforts to improve
the accuracy of interpretation of helical CT images and chest radiographs to be quite important.
The helical CT represents an advanced clinical tool for high-risk patients. The chest radiograph
continues to be the clinical tool for lung cancer detection whether in symptomatic or
asymptomatic patients. When chest radiographs were read by two radiologists, the improved
detection rate is well documented [Stitik 1985]. This clinical outcome suggests that our
approach of using the computer as a second reader is clinically meaningful.
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(5) Body of the Report
Because the change to a smaller scope program requested by the sponsor (USMRMC),

we focused our tasks on the development of functional tools for diagnostic chest CT images in
this project.

(A) Collection of Thoracic of CT Images
When using the diagnostic protocol, thin-slice CT images near the nodule area were

acquired. At Georgetown, we are currently using a Siemens multislice multidetector helical CT
system for thoracic CT examinations. The CT parameters were set at a 2 mm beam width, 2
mm/sec table speed, reconstruction interval of 1-2 mm between adjacent slices, and tube current
of 150-200 mA. Each cross-sectional CT image is formatted at 512x512x12 bits. Typically,
each helical CT produces 30 to 50 images per examination while scanning the selected area. The
number of images can be as many as 300-500 images while scanning the entire chest. During the
funding period, we have collected 74 cases. Of which 31 are lung cancer cases and 43 normal
cases. In the normal cases, 38 of them have benign nodules. We have used these cases to
develop diagnostic function tools and analytic algorithms.

In the same time, we also helped our industrial partner - Deus Technology LLC - to
acquire a significant number of CT images from leading medical center in the country using their
internal fund. So far, they have collected 621 cases: 73 lung cancer cases and 414 benign
nodules were clinically identified. Our research team can access to this dataset for our long-team
collaboration with the company.

Deus, a subsdiary of Caelum Research Corp., is a unique lung cancer CAD company and
has been working in the field for ten years. Through many technical endeavors and collaboration
with researchers at Georgetown University and University of Chicago, a commercial product
resulting from this lung cancer CAD project has recently been approved by the FDA. The URL
of the FDA website is at http://www.fda.gov/cdrh/pdf/pOO0041.html. The Georgetown team
joined with the company design the clinical trial. The Georgetown team was also responsible for
performing the MRMC ROC study and clinical tests using the CAD system. The CAD team at
the University of Chicago was responsible for the ROC analysis. Both teams served as
subcontractors to Deus during the clinical evaluation period as a part of activities seeking FDA
approval.

(B) Segmentation of Lung Field in CT Images
B. 1. Theory

Our research finding was initiated by training and analyzing the convolution neural
network (CNN) [Lo 1995]. Although the CNN training usually takes a great deal of
computation, it provides an effective solution between the input and target images. The solution
is formatted as the internal kernels which function as convolution filters. Technically, these
kernels can be composed into a single kernel. One can also deconvolve the original input image
by the output image to obtain the filter that is equivalent to the CNN process. Although the
resulting filters obtained from deconvolution process may not be identical from every pairs of
input and output images, our experiment indicates that they are quite close as far as global
segmentation of a large area is concerned for a specific type of images. To be exact, we found
that a single linear filter can be found for each type of image segmentation mentioned above. In
addition, all linear filters discovered so far belong to a single set of filter family.
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Theoretical speaking, the frequency band associated with large area without detail
structures should be predominated by low frequency. The results, obtained by composing the
CNN kernel discussed above, prove this fact. We, therefore, hypothesize that the criteria of low
frequency filters for global segmentation should contain (i) significant amounts of low frequency
components, (ii) very few or no high frequency components, (iii) no band frequencies associated
with the structures that are intended to be removed, and (iv) a low (or zero) mean coefficients

(i.e., E t(x, y) = 0.) Although, a great deal of low frequency filter banks are available, there are
x,y

three types of known filters commonly used in digital signal processing: (a) uniform low-pass
filters in frequency domain, (b) local mean value operators (i.e., uniform column filter) in spatial
domain, and (c) Gaussian shape filters. Since main frequency components in (a) can be
approximately described by (b) and (c), we can assume that the filter to be constructed is
composed of (b) and (c) components in this study.

t(x, y) = m(x, y) + G(x, y) ... (1)

where
Y W, for (X 2 + y 2) 1/2 <•r (X2 + y2)U2)

m(x y)= 0for (x 2 +y 2 )1 2z>r ' G(x)=Wex( x )/2

and r is the cut-off range of the uniform column filter. In addition, the uniform column filter

possesses a property of irrrw 1 = 1. Substitute the components of the m(x,y) and G(x,y) filter in

eq. (1), we have

t(xy)w= WI+w 2 exp(-(x2+y2)/2U2) for (x 2 +y 2)" 2 <r .. (2)
tw2 exp(-(x2+y22 )/2U2) for (x 2 +y 2)/ 2 >r

We further constraint that the filter should be a zero mean filter (i.e., Y t(x, y) = 0), which is a
x,y

common requirement when designing an edge enhancement filter. With this constraint, a logical
solution in eq. (1) is

7 2W, = -w 2 f exp(- (x2 + y2)/2)=1. ... (3)

Xy

1 -
Hence, w1 = 2 and w2  -1 Substitute them into eq. (2), we have

t 1 1_ exp(_(x2+ Y2)/20r2) for (x 2 +y 2 )1/2 <_ rt(x, y) = 7ar2 zr2 ... (4)

21exp(-(x2+y2)/2a2) for (x 2 + y2)1/2 >r

Our initial experience indicates that the size of the largest structure to be removed should be
greater than 2r but smaller than 2 or.
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B.2. Determination of the filter parameters
We initially set parameters 2r = 2 cm and 2 a = 5 cm which led to w, =0.3183109886cm-2

and w2 = -0.02546479 cm-2. After some heuristic tuning based on observation of 50 CT filtered
images, we determines that 2r = 1.26 cm and 2oa = 5.18 cm which induce w1 =0.7771237 cm2

which is equivalent to 0.003807906 (pixel)-' and w2 = -0.023725785 cm-2 which is equivalent to
0.000116256 (pixel) -1. However, in our digital implementation, w1 =0.004016 (pixel)-1 and w2
= -0.000116256 (pixel) -. The difference in wl is because that small circle area possesses a large
imperfection of the partial area pixel effect.

With digital implementation, we replace FT by discrete Fourier transform (DFT) and
replace IFT with inverse discrete Fourier transform (IDFT). The digital form of the filter
becomes

A I exp(_(x2 + y2)/2oa2) for (X2 + y 2) 1/ 2 _< r
OX) Am _AG ... (5)

A Iexp(_(X2+y2)/2o-2) for (x 2 +y 2 )1/2 >r

whereA,, =El for (x 2 +y 2)1/2<r and AG•= exp((x2+y2)/2u-2)
x,y x, y

Since the size of each pixel is 0.7 mm, 2r is equivalent tol8 pixels (1.26 cm) in the flat column
filter and 2o- is 74 pixels (5.18 cm) in the Gaussian filter. Hence, Am = 249 and AG = 8,602.
These parameters were determined with consideration of trimming large vessels. This composed
2-D filter is named invert umbrella filter. Figure 1 shows the filter design intrigued by the
convolution neural network processing. Figure 2 shows an example of the CT images with a
large abnormality pattern and its filtered image.

Figure 1. Filter designed for the segmentation of lung in chest radiography (B). Note that the
filtered image is scaled to 255 for highest values for the display purposes which means the
scaling factor is (255Am,).

7
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(A) (B)
Figure 2. The original CT chest image (A) and its segmented image (B) filtered by Figure I(B).

B.3. Segmentation of Lung and Its Applications
The next step of segmentation was to find the contours of the lung field from the slices

processed with the segmentation filter. We used the contour tracking method for this purpose.
We observed that sometimes the contours of the lung field obtained with use of the filter covered
an area slightly larger than actual lung field. To account for this artifact, we chose to apply the
contouring algorithm more than once (usually 3-5 times) in a sequential order where the input
slice to the contouring procedure in the current run was the output from the previous run (except
the first run). In the last step of the segmentation, we used the last version of the contour as a
template to extract the lung field on the original CT image. Figure 3 shows the whole
segmentation path for a single slice.

Since lung parenchyma is the primary area of interest in the detection of lung cancer,
segmentation of lung region has a lot of application particularly in the field of automatic
computer functions and analyses, for example, (i) automatic lung cancer detection, (ii) automatic
image enhancement of lung and mediastinum regions, (iii) 3-D image viewing of lung etc. We
will report the result of 3-D image of lung in section (C). Section B.4 reports the application in
automatic image enhancement of lung and mediastinum regions.

B.4. Development of dual-window display functions for clinical viewing
In the current clinical practice, CT images shown on the monitor are read twice with two

window-level settings: lung and mediastinum windows. We have developed a dual-window
function that can automatically produces artifact-free CT images (processed from the original
CT) for clinical reading in a screening program. With this computer-assisted function, we can
expect that the radiologist's reading time in lung CT screening will be dramatically reduced. A
similar function can be applied to other medical imaging such as chest radiography.

For all thoracic CT cases come into the workstation, the images can be processed by a
computer program that is capable of automatically segmenting lung and non-lung areas. In the
screening mode, an automatic processing using the dual window/level function is recommended.
The coordinates of the segmented boundary were stored as a file. When dual window/level

8
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function was called, each CT slice and its corresponding lung boundary were loaded to the
computer program. Window/level settings for lung and mediastinum was then applied at the
corresponding areas respectively to generate an enhanced image for a single clinical reading.
Figure 3 shows an example of this potential clinical display function. The lung boundary also
can be used for other display and computer-aided functions.

The technical development was mainly on automatic segmentation of the lungs. Since this
procedure serve as fundamental information for display and computer-aided functions, attention
was paid to a number of important points: (1) the appearance of solid pulmonary nodules (SPNs)
along the chest wall, (2) inaccuracy of delineation on the boundary between the chest wall and
lung, and (3) inaccuracy of delineation on the boundary between the lung and liver, (4) hilum
and bronchus near the heart may contain lung nodules, which may require a more sophisticated
segmentation procedure. The filter based boundary detection method possesses a trimming
mechanism that can automatic cut the branches of a smooth curve. Nodules and bronchi less
than 3 cm were removed in the lung regions in the filtered images to facilitate the computer
delineation. The boundary detection for the lung region includes nodules and bronchi as
demonstrated in Figures 3(A) - 3(C).

(A) Original (B) IUF filtered image (C) Delineation of the lungs

(D) Lung window (E) Mediastinum window (F) Dual window

Figure 3. Dual-window single display optimized for lung and mediastinum in the same CT slice.
It allows the reading of both lung-enhanced (D), mediastinum-enhanced (E), and CT in a single
display (F). This is based on the IUF technique that can capture global region of interest and
lead to robust delineation of the lungs.

9
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(C) Modeling and Analysis of Lung Nodules
C.1. Superquadrics Deformable Model

We have used a superquadrics deformable technique, which is a parameterized model
[Ballard 1981; Barr 1981; Terzopoulos 1991], to study the nodules and vessels. The
superquadrics deformable method can describe the surface of a 3D object with a set of thirteen
parameters. By modifying the parameters, the shape of the 3D object is deformed accordingly.
The geometric characteristics of an object can be represented by the thirteen parameters. In
using this model, the goal is to establish a reference configuration for the extracted contour data
points. The thirteen parameters describe the geometric characteristics of an object with its
location, orientation, size, squareness, and tapering. Specifically, these parameters are: (1) x, (2)
y, and (3) z coordinates of the central point of an object; the angles at which the object is situated
in the (4) x-, (5) y-, and (6) z-axes describe the orientation; the radius of the (7-9) three directions
depicts the size; the squareness (10) one in the xy-plane (61) and (11) one in the xz-plane (82);

and the last two parameters are about tapering in the (12) x- and (13) y-axes. In this study, the
shapes of the target objects are either spherical or tubular, thus the parameters of squareness and
tapering will be fixed and the rest of nine parameters will remain flexible to represent the surface
function of the object, F.

C.2. Spatial Correlation and Differential Ratio
For a given target object within the pulmonary region, a seed object grows within the

target object. In this study, the seed starts as a small tube object. We define a cost function, Eq.
(1), as a correlation measurement between the seed object and the target. If the seed object
derived from a parameter set perfectly fits N contour points (xi, yi, zi) in the target object, where
i=1,2,3..., N, the output value of the cost function is zero. In other words, when the output value
is smaller, the similarity between the deformed object and the target object is higher.
Conversely, when the output value is larger, the two objects are less similar. In this study, a cost
value (Cb) was calculated before the seed object is deformed. During the iteration of the
deformation process, a Powell's quadratically convergent method was introduced to obtain the
optimal parameter set [Press 1992]. Once the optimal object is available, another cost value (Ca)

is then calculated. The cost function is given below:

N ] 2C [1 - -F ( x i , Y i , z i ; a l ..... a 9 ) 2.(6 )

i=1

Our method for determining the shape of a given target object is based on a cost ratio:
R = Ca / Cb ... (7)

The seed is a tubular shaped object and the parameters of squareness and tapering are fixed
during the deformation process. For this reason, the optimized seed object can fit a tubular target
object better than a spherical object. In other words, Ca will be much smaller than Cb for tubular
target objects. As a result, the cost ratio, R, would be a small number. For a spherical target
object, the difference between Ca and Cb will be relatively small. A result would thus be a large
R value.

Based on this algorithm development tailored for extracting lung structures, we have
processed a set of CT image slab containing 16 contiguous chest slices. The 3D visualization of
blood vessels, airways, and nodules by volume rendering of these test objects are shown in
Figures 4 and 5. The R values of the objects are listed in Table 1. It is obvious that object 18
has a low cost ratio, 0.967; thus, it is determined to be a round object (e.g., nodule).

10
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Table 1: R values of the 18 objects
Objects 1 2 3 4 5 6 17 8 9
R values 0.168 0.243 0.301 0.175 0.369 0.519 0.307 0.214 0.445

Vessel Vessel Vessel Vessel Vessel Vessel Vessel Vessel Vessel
Identification Or Airway Or Airway Or Airway Or Airway Or Airway. Or Airway Or Airway Or Airway Or Airway

Objects 10 [11 12 13 14 15 116 17 18
R values 0.456 0.668 0.327 0.455 0.582 0.203 0.345 0.275 0.967

Identification Vessel Vessel Vessel Vessel Vessel Vessel Vessel Vessel Lung Nodule
Identification Or Airway Or Airway Or Airway Or Airway Or Airway Or Airwa Or Airway Or Airway LungNodul

Figure 4. Segmented target objects using the superquadrics deformable model in a slab of
pulmonary region.

Figure 5. 3-D visualization of isolated target objects in a pulmonary region:
(a) target object 1, (b) target object 2, (c) target object 3, and (d) target object 18.

D. Volumetric display of CT images for lung cancer diagnosis
We have developed a sequence of function tools to remove the appearances of the chest

wall, heart, mediastinum, and diaphragm from the CT images. The lung parenchyma rendered as
3D slices can be reconstructed to form a 3-D slab presentation. Since the lung density is low, 3D
transparent views from different angles are possible. This isotropic 3D transparent
representation can be used to facilitate radiologists' searching for nodules in "thin-section"
thoracic screening CT. A mouse and defined keys were made available for the radiologist to
control display features, such as the angle, CT number threshold, slice viewing, virtual operation
(image clipping), and distance measurement. The computer also highlight the nodules detected
by the computer in the CT volumetric display.

We are in the process to evaluate the clinical efficacy of this viewing method in two steps
by: (1) provide the volume rendering only as a display tool for an initial clinical viewing, and (2)

11
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highlight the detected nodule in the volume of the 3D display. At this moment, it is premature to
assess the clinical role of this display method.

For the analysis of a focal suspected abnormality, our radiologists consider that the slab
appears to contain more information than appears to be necessary. The eventual goal will be to
have a cube measuring 50-100 pixels on each side of the cube and centered on the identified
abnormality displayed in 3D to assist the radiologists in diagnosis. Decreasing the volume of the
slab to a cube will decrease the number of overlapping shadows and thereby should increase the
speed of the radiologists in their evaluation.

With 3-D display capability developed in this laboratory, we have also implemented a
virtual broncoscopy capability. This display module will be of great value for investigation of
the central lung cancer. Figure 6 shows a part of segmented bronchial tree using a set of thoracic
CT images (7mm per slice). The arrow on the upper middle section of the 3D volume rendering
images shows the position of the virtual bronchoscopy. The bronchial airway view of virtual
bronchoscopy is shown on the right-upper comer in Figure 6. The transverse CT image was
selected from the original set corresponding to the position of arrow base. The lower-bottom
image was the interpreted sagital CT image corresponding to the upper rectangle box area on the
3D volume rendering image. With a set of high-resolution thoracic CT images (e.g., 1-2 mm per
slice), finer structures of the lumen, smaller bronchi, and vessels can be presented using this
prototype function.

Figure 6. Segmentation of bronchial tree (upper-left) and it potential use as a virtual
bronchoscopy (upper-right). The transverse section (lower-left) and sagital view of a section
(lower-right) are shown in corresponding to the arrow and the rectangle box level of the CT
images, respectively. Movie display can be made for tracing the bronchial airway through
sequence of virtual bronchoscopy display.
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E. Local 3-D Visualization and Processing of Nodules
Clinically, a thin-section thoracic CT of the patient is used when the radiologist observes

a significant indication of potential lung cancer in the thick-slice (typically low-dose) CT images
or in chest radiographs. We have developed an interactive 3D image processing method to
enhance the features embedded in the thin-slice CT images. The tissue pattern and vascularture
of blood vessels near the lung nodule play important roles for the radiologist to correlate the
radiological and macro-pathological signs. For a single nodule appearing in a number of
consecutive CT slices, an automatic segmentation algorithm was developed to characterize the
nodule's volume in 3D. First, the location of a nodule of interest is manually selected by the
radiologist, or automatically input from the detection part of the system. Once an object of
interest is identified, a seed location is determined as the center of gravity based on the volume
of interest (VOI).

From this local image window, the computer would determine the threshold for
binarizing the gray level image. Once the image is binarized, the morphological process is used
to smooth and prune the unnecessary connections. An efficient connected component analysis
method is developed to analyze the possible connections of neighbor voxels. Adjacency
matrices and complement graphs are constructed to identify those patterns of neighbor voxel
connections that are possible, while redundant combinations are thus eliminated. It utilizes the
adjacency relation of visited neighbors to construct a connectivity chart. Using this chart to
examine each connected component within the 3D image, all the connected voxels in the same
region can be labeled accordingly.

This connected component labeling is used to isolate the smaller structure from the
largest object within the binarized image. After the smaller structure is extracted and initial
contours are traced, an intensity profile was then measured under each extracted contour. The
continuity of the intensity profile is calculated to adjust the smoothness of the final contour. The
volume size, longest and shortest axes, average intensity, centroid location, etc., of the final
object was then computed. If there is one nodule identified and measured in two different scans,
the expected nodule doubling time will also be computed. Figure 7 shows an isolated lung
nodule and the nodule without vessels processed by the pruning for measurement of nodule size.
We are still working on the seprartion of small nodule from attached bronchus or vessel that
requires high degree of segmentation accuracy. An example of unseparatbale nodule and
bronchus is shown in Figure 8.

Figure 7. An isolated lung nodule, which is a malignant tumor, and its vicinity vessels in (a) and
after the pruning the vicinity vessels in (b). Real-time display version containing vessels is
used for radiologist's diagnostic viewing. For the computation of nodule size, we however
would use the pruning version of the nodule.
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Figure 8. A small benign nodule that is almost unseparatbale from a bronchus.

F. Integration of Function Tools as a Dedicated Lung Cancer Diagnostic Module
Besides the nodule analysis research and development of function tools described above,

we have also implemented majority of our work in a workstation prototype that is current under
clinical evaluation. The system composed 2D display, basic image processing tools,
segmentation of lung field, segmentation of lung nodules, surface rendering, 3D volume
rendering, overlay of objects for 2D or 3D display. In addition, the local 3D visualization
function with zooming and panning capability is also included in the system. The Appendix of
this report containing 15 figures shows a part of the system function capability.

(6) Key Research Accomplishments

"* Developed a robust segmentation method using invert umbrella filter for delineation of lung
field in CT images.

"* Developed a superqudratic modeling technique to analysis of lung nodules.

"* Developed functional tools for 2D and 3D CT image display.

"* Developed method for Local 3-D Visualization and Processing of Nodules.

"* Integrated the developed function tools and a part of research outcomes in a Lung Cancer
Detection Workstation.

"* Developed the graphical user interface for the Lung Cancer Detection Workstation.

"* Published two papers related to this project.
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(7) Reportable Outcomes

Publications
Delegacz A., Lo S.C., Choi J.J., Xei H.C., Freedman M.T., and Mun S.K. "Three-
Dimensional Visualization System as an Aid for Lung Cancer Diagnosis," SPIE Proc.
Med. Imag., Vol. 3976, 2000, pp. 401-409.

Delegacz A., Lo S-C. B., Freedman M.T., and Mun S.K. "Feature Extraction, Analysis,
and 3D Visualization of Local Region in Volumetric CT Images," SPIE Med. Imag., Vol.
4319, 2001, pp. 76-81.

Oral Presentation
Delegacz A., Lo S.C., Choi J.J., Xei H.C., Freedman M.T., and Mun S.K., "Three-
Dimensional Visualization System as an Aid for Lung Cancer Diagnosis," Presented in
2000 SPIE Medical Imaging in San Diego, California.

Delegacz A., Lo S-C. B., Freedman M.T., and Mun S.K., "Feature Extraction, Analysis,
and 3D Visualization of Local Region in Volumetric CT Images," Presented in 2001
SPIE Medical Imaging in San Diego, California.

Lo S.C., Freedman M.T., Delegacz A.M., Lure Y.M., and Xei H.C., "Computer-Aided
Viewing for Lung Cancer Diagnosis in Helical Thoracic CT," Presented in IRT
(Integrated Research and Technology - September 21-23, 2000) Sponsored by TATRC in
Fort Detrick, Maryland.

(8) Conclusions
We have developed methods in nodule modeling and analysis, segmentation of lung field

and nodule suspects as well as image functions for segmentation of lung and enhanced 3-
dimensional visualization of local nodule regions. We have also integrated majority our work
and become a workstation for diagnostic of lung cancer in CT. The system is aimed to assist the
radiologist in the analysis of lung nodules.

The 3D topological characteristics of local structures including bronchi, blood vessels,
and nodules can be computed and evaluated. When a location of a region of interest is
identified, the computer can automatically compute size, surface of the area, and normalized
shape index of the suspected lesion. The developed system can also allow the user to perform
interactive operation for evaluation of lung lesions and structures through a user-friendly
interface. These functions provide the user with powerful tools to observe and investigate
clinically interesting regions through unconventional radiographic viewings and analyses. The
developed functions can also be used to view and analyze patient's lung abnormalities in surgical
planning applications. The system is currently under a clinical evaluation. Additionally, we see
the possibility of using the system for teaching anatomy as well as pathology of the human lung.
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Appendix 2.

Three-dimensional visualization system as an aid for lung cancer
detection

Andrzej Delegacz' b, Shih-Chung B. Loa, Huchen Xiec, Matthew T. Freedmana, Jae J. Choid

aISIS Center, Georgetown University Medical Center, Washington, DC

"D•epartment of Electrical Engineering, Catholic University of America, Washington, DC
cNational Institute of Health, Bethesda, MD

dDepartment of Computer Science, Seoul National University, Seoul, Republic of Korea

ABSTRACT

The purpose of the work was to create a three-dimensional (3-D) visualization system to aid physicians in
observing abnormalities of the human lungs. A series of 20-30 helical CT lung slice images (typical
reconstruction interval: 6-10 mm) obtained from the lung cancer screening protocol as well as a series of 100-150
diagnostic helical CT lung slice images (typical reconstruction interval: 1-2 mm) were used as an input. We
designed a segmentation filter to enhance the lung boundaries and filter out small and medium bronchi from the
original images. The pairs of original and filtered images were further processed with the contour extraction
method to segment out only the lung field for further study. In the next step the segmented lung images containing
the small bronchi and lung textures were used to generate the volumetric dataset input for the three-dimensional
visualization system. Additional processing for the extracted contour was used to smooth the 3-D lung contour in
order to eliminate edge discontinuities related to bronchi as well as abnormalities (e.g. nodules) located close to
the lung boundaries. The computer program developed allows, among others, viewing of the three-dimensional
lung object from various angles, zooming in and out as well as selecting the regions of interest for further
viewing. The density and gradient opacity tables are defined and used to manipulate the displayed contents of 3-D
rendered images. Thus, an effective "see-through" technique is applied to the 3-D lung object for better visual
access to the internal lung structures like bronchi and possible cancer masses. These and other features of the
resulting 3-D lung visualization system give the user (physician) a powerful tool to observe and investigate the
patient's lungs. The filter designed for this study is a completely new solution that greatly facilitates the boundary
detection. The developed three-dimensional visualization system dedicated from chest CT provides the user a new
way to explore effective diagnosis of potential lung abnormalities and cancer. In the authors' opinion, the
developed system can be successfully used to view and analyze patient's lung CT images in a new powerful
approach in both diagnosis and surgery-planning applications. Additionally, we see the possibility of using the
system for teaching anatomy as well as pathology of the human lung.

Keywords: three-dimensional visualization, medical imaging, helical CT, image filtering, image segmentation,
boundary detection, image processing, volume rendering, lung cancer detection

1. INTRODUCTION

It is known that early diagnosis plays an important role for most cancer cases including lung cancer allowing
significantly better disease treatment outcomes as well as survival rates. Since the 1980s, rapid development and
implementation of computer-aided detection and computer-aided diagnosis systems for various cancer detection
and diagnosis have been observed in the field. In addition, more and more computer-based techniques are
proposed to enhance diversified clinical applications in various cancer detection and/or diagnosis purposes. The
choice of particular imaging modality depends on multiple factors such as the type of examined tissues (brain,
lung, bones), the type of study (screening, diagnosis, functional study, surgery-assistance imaging), availability,
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costs, etc. Furthermore a rapid growth of research is seen in the field of image fusion in combining the best
characteristics of two or more medical imaging modalities to create a new avenue in diagnostic imaging.

In the particular area of lung imaging aimed to support screening and diagnosis of lung diseases the radiographic
methods like conventional X-ray (XR) and computed tomography (CT) are most commonly used. Recently the
low-dose helical (spiral) CT scanners are growing in popularity due to the high resolution and superb quality of
images. Usually, tomography devices generate a substantial amount of data for a single examination. Therefore it
is more difficult for radiologists to review and analyze the examination with conventional methods. This leads to
an emerging need for visualization techniques that combine and process the original images giving users the tools
for faster, more efficient diagnosis. Moreover, the high spatial resolution in the z-axis and the corresponding large
number of slices allow the construction of a volumetric dataset that can be used as an input to 3-D visualization
systems by applying surface and/or volume rendering techniques.

2. OVERVIEW OF 3-D VISUALIZATION TECHNIQUES FOR CT LUNG IMAGES

A large spectrum of visualization techniques has been developed to overcome the two-dimensional constraints of
imaging modalities and to support better insight into the human body"'2. Some of those techniques employ the 2-D
paradigm, however, introducing the mechanisms to manipulate and present 2-D images in a particular way, can
significantly enhance the user's ability to understand the overall 3-D picture. The typical example of such a
technique is a "slice sequence" of 2-D CT images. Single CT image frames can be processed (e.g. with the use of
lesion detection algorithms) and/or displayed either forth and back (or with the loop) one frame at a time or as a
sequence of consecutive frames in parallel. This method takes one image at a time and lends itself to an easy but
rapid way to review the full CT scan. In addition, a zoom capability enables the user to recognize and further
process the regions of interest. The "slice sequence" technique is widely used in clinical practice and is
commercially available.

A stack of images converted into a 3-D regular or irregular data grid is most often used as an input for 3-D
rendering methods. Before submission to the 3-D visualization system the input data is usually preprocessed with
segmentation algorithms to select the objects of interest. The final result is either the 3-D surface or volumetric
representation of the acquired dataset.

Most well known surface rendering techniques utilize various types of triangulation algorithms to create the 3-D
mesh as a basis for the construction of the 3-D surface itself. The shading and coloring algorithms are further used
to improve the quality, readability and accuracy of the resulting image. 3-D surface rendering is a valuable tool to
reconstruct the contours of the objects, thus presenting their shapes, location and spatial relationships. However,
by its nature, surface rendering does not allow visualizing the "contents" of hidden objects. For this purpose a
volume rendering technique has to be employed.

In contrast to surface rendering, volume rendering algorithms operate directly on volumetric data to produce an
image without generating an intermediate geometric representation. This approach gives greater flexibility in
visualizing internal structures without the necessity to define their contours. As such it is ideal to be used in
medical imaging applications. The two basic volume rendering classes of algorithms - image-order and object-
order methods - are well known and widely used. Furthermore, hybrid algorithms have been developed that
combine the pure image- and object-order approaches to take advantage of their best characteristics and result in
improved quality as well as greater rendering speed. An example hybrid technique is a shear-warp factorization
algorithm developed by P. Lacroute and M. Levoy 8 that was employed in our system described below.
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3. PRE-PROCESSING OF THE DATA FOR CT LUNG IMAGES

Each of the previously mentioned visualization techniques has its scope of application and essentially cannot be
replaced with the others. For the 3-D visualization system to be complete it is necessary to incorporate all those
techniques in one package. This idea was the authors' goal when creating a 3-D visualization system to aid in
lung cancer detection. We built a system that makes use of the "slice sequence" view, 3-D surface and volume
rendering as well as sliding thin slab view techniques to provide the user with a comprehensive set of tools to
facilitate effective inspection and detection of suspicious lung regions.

3.1. Input Data

As the standard input data we used the helical CT screening and diagnostic scans of human lungs. Screening CT
scans consisted of 20-30 slices with a reconstruction interval of 6 mm. In diagnostic CT scans the number of
slices was 100-150 with a reconstruction interval of 2 mm. For both types of CT scans the resolution of a single
slice was 512x512 pixels and the gray-level depth was 12 bits per pixel.

3.2. Resampling

For the purpose of better rendering rates on the PC computers without specialized graphics-acceleration hardware
we chose to reduce the slice resolution to 256x256 pixels and gray-level depth to 8 bits. The bilinear interpolation
method was used to resample the original slice images. Thus we could achieve the average rate of single frame
rendering on the order of 0.5 second.

3.3. Interpolation between slices

Although the helical CT scanners produce a large number of slice images along the z-axis of the body, this
number, representing the z-axis resolution, is still significantly smaller then the resolution in the slice plane (x-y
axes). The z-axis resolution takes the value of about 30 for screening, and 120 for diagnostic scans, whereas the
resolution of x- and y-axis is usually 512x512 pixels. To compensate for this discrepancy it is necessary to
artificially increase the z-axis resolution to make it comparable to the x- and y-axes. One of the commonly used
methods is to generate intermediate slices, which are inserted between the original ones from which they have
been created. The number of intermediate slices generated depends on the original volume resolution. Ideally, the
resultant z-axis resolution should be equal or close to the x- and y-axes resolutions. This would allow obtaining a
"cubic" volume dataset maintaining the proper spatial proportions of the examined object. In practice, the z-axis
resolution after the slice interpolation is usually chosen to be smaller and on the order of one-half to two-third the
x- and y-axes resolutions. Various techniques can be applied to interpolate the intermediate slices. The classical
linear interpolation and image warping techniques are the most popular3'4'5. For the purpose of our system
development, we used the linear interpolation method creating 5-8 intermediate slices between each pair of
original ones for screening CT scans, and 1-2 intermediate slices for diagnostic CT scans.

4. SEGMENTATION

To eliminate all tissues other then the lung tissue, we segmented the input CT images with the use of a
segmentation filter and contour extraction procedure. The filter was especially designed to significantly
differentiate between the lung tissue and all other body tissues. It was initially designed for the segmentation of
X-ray chest films and used to process more than 500 cases with outstanding results6. It was further modified for
this application to process CT chest images and utilized in this study to perform fully automatic segmentation.
The very valuable characteristic of the designed filter is its capability to precisely select the lung field even if it
contains very bright (high opacity) regions located on the boundaries of the lung field. An example of this
situation is depicted in Figures 1 and 2.
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Figure 1. Original image. Figure 2. Filtered image.

The next step of segmentation was to find the contours of the lung field from the slices processed with the
segmentation filter. We used the contour tracking method for this purpose7. We observed that sometimes the
contours of the lung field obtained with use of the filter covered an area slightly larger than actual lung field. To
account for this artifact, we chose to apply the contouring algorithm more than once (usually 3-5 times) in a
sequential order where the input slice to the contouring procedure in the current run was the output from the
previous run (except the first run). In the last step of the segmentation, we used the last version of the contour as a
template to extract the lung field on the original CT image. Figure 3 shows the whole segmentation path for a
single slice.

S.. . i ,,........

Figure 3. A diagram shows segmentation steps. (Bottom left: original image; Upper left: filtered image; Upper right: contour of the
lung field delineated from the filtered image; Bottom right: extracted lung field.)

Finally the whole sequence of segmented CT slices was combined into one volume file that was then used as the
input to the 3-D visualization system. The overall process of volume dataset preparation can be described in an
algorithmic way by the following pseudo-code:
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for each originalslice
resampledcslice = resample(original-slice);

for each resampledslice
{

generate intermediateslices (resampled-slice, next_resampledtslice);
insert_intermediate~slices (resampled slice, next_resampled~slice) ;

I

for each interpolatedslice
{

apply-segmentationfilter(interpolatedslice);
contourimage = findcontour(interpolatedslice);
for (index=l to 3) do contour..image = findcontour(contour-image);
segmented-slice = extractlungjfield(interpolatedslice, contourjimage);

I

for each segmentedslice
add to volume(segmentedslice);

5. 3-D VISUALIZATION SYSTEM FOR CT LUNG IMAGES

5.1. Slice sequence view

As mentioned in the overview section, the well known and popular slice sequence presentation of consecutive CT
image frames is a useful tool to quickly review a whole or part of a volume dataset as well as to study the selected
slices. We implemented this technique in a classical way. The user interface allows, among others, to change the
size of displayed slices (thus changing the number of slices shown on the screen at the given time), forward and
rewind the sequence, and move to the beginning and end of the sequence. The user can choose to see the full set
of slices including the intermediate ones or the collection of original slices only. Several basic image functions are
available for modification of image characteristics. (e.g. brightness, contrast, window width/level, and inverse
image). Figure 4 shows an example of the slice sequence view.

Figure 4. An example of slice sequences that is typically shown on a 1Kx1K monitor.
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5.2. Volume rendering

In this work, we intended to explore advanced applications of volume rendering as a tool to visualize the lung
object structures. The volume rendering method used in this module is based on the shear-warp factorization
algorithm by Philippe Lacroutte and Mark Levoy8. In particular, we utilize the VolPack volume rendering library,
which implements the above mentioned algorithm. For the purpose of the project we ported the VolPack library to
the PC/Windows environment. The library has been used to develop the interactive software module that allows
for an in-depth inspection and analysis of the lung object in three dimensions. Among others, the software
implements the following functions:

- performing the geometric transformations of the lung object: rotate, move, zoom in and out;
- modification of the transparency/opacity characteristics of the tissues comprising the lung object;
- projection of the lung object onto the cut plane at any angle;
- changing the lighting characteristics of the lung object and surrounding environment;
- changing the resolution of the rendered images;
- saving the single rendered frame to a disk file;
- saving the sequence of the rendered frames to a disk file.

The feature of altering the transparency/opacity characteristics is of particular value for efficient lung object
viewing. An opacity array is used to translate the lung object original densities into the density opacity levels.
Similarly the gradient values calculated in the pre-processing stage are related to gradient opacity levels through
an appropriate array. The system allows for changing the individual opacity levels of each of 255 density and
gradient values as well as constructing the opacity ramp based on few designated opacity levels. This approach
gives full flexibility in modifying original densities and gradients of tissues comprising the lung object. Figures 5
and 6 present examples of images rendered by the system. The image shown in Figure 5 was rendered with
opacity window level: 170, width: 128, and gradient window level: 12, width: 16. For rendering the image in
Figure 6, we used opacity window level: 128, width: 64, and gradient window level: 8, width: 64. [Note: HU
(8-bit value x 16) - 2000].

Figure 5. Volume rendering of the lung (example 1). Figure 6. Volume rendering of the lung (example 2).

5.3. Sliding thin slab

The volume rendering of the whole lung object provides some detailed information of the shapes, location, and
spatial relationships of internal structures. The geometric transformations further increase the capability of seeing
the details of the structures of interest. However, the inherent characteristic of this type of presentation is that
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some internal structures obscure the other ones, thus making it difficult to see the details of the objects of
particular interest, like nodules. For this purpose, we use the sliding thin slab (STS) projection 9"0'1 ', which
overcomes the above mentioned difficulties. In our STS view the user is able to define the position, thickness, and
size of the slab. The slab can be moved along the z-axis, and after fixing its position with respect to that axis; it
can be further transformed with the use of the same functions as in rendering the whole lung object. Examples of
the thin slab view projection are show in Figures 7 and 8.

Figure 7. Sliding thin slab (thickness: 20 mm). Figure 8. Sliding thin slab (thickness: 40 mm).

5.4. Surface rendering

Surface rendering, although in general not useful for visualizing internal structures, also finds limited clinical
application for the visualization of lung nodules in CT images. We implement this technique to present the
general look of the lung object - its shape and orientation in the 3-D coordinate system as well as the location and
orientation of the cut planes utilized in other view modes. This view provides the means to rotate the lung object
around all three axes and positioning the cut planes as desired by the user. Our design also allows for combining
surface rendering with other views (slice sequence, volume rendering and sliding thin slab). The implementation
of surface rendering was based on the marching cubes algorithm (Lorenson, Cline, 1987)12. Figure 9 shows an
example of combined slice sequence and surface rendering modes applied to defining the sliding thin slab
parameters. In Figure 10, we present the combination of surface and volume rendering used to specify the cut
planes.

Figure 9. Surface rendering and slice sequence view. Figure 10. Surface and volume rendering example.
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6. DISCUSSION

As mentioned earlier, 2-D "slice sequence" is the standard viewing method for screening CT images in current
clinical practice. 3-D display, even with interpolation of slices, can only provide fuzzy structures without much
image details. With the availability of a computer-aided detection algorithm in the viewing system, suspected
areas can be highlighted in either 3-D or 2-D display to provide the radiologist with rapid and clear 3-D
geometrical information for the evaluation of suspected lung nodules. Based on the computer-aided system
development in this area so far, visual evaluation is necessary to determine clinically significant detections among
those detected and undetected by the computer.

Diagnostic viewing requires a high-resolution CT scan with or without a contrast agent13. With regard to the
diagnosis of solitary pulmonary nodules 14, specific features to assess the nodules on CT images include: (1) size
and location, (2) margins and boundaries, (3) vessels and bronchi, (4) cavitation, (5) satellite nodules, and (6)
density. 3-D and sliding slab view with advanced image processing techniques (e.g. enhanced bronchi, arteries,
and veins' 5) will assist the radiologist in analysis of the characteristics of tumor margins, its association with
vessels and bronchi, the wall thickness of tumor cavitation1 6, and density level and uniformity of the tumor.

We believe, therefore, that the proposed viewing methods will be of great value for (1) rapid viewing in screening
CT while cooperating with a computer-aided detection system and (2) enhancing clinical capability in assessing
the property of the tumor while cooperating with a computer-aided diagnosis system. The purposes of this work
were to (a) explore clinically useful display methods for viewing and diagnosis of lung images of CT, (b)
establish an advanced display workstation for clinical evaluation, and (c) form a technical base to facilitate the
development of computer-aided systems.

7. CONCLUSIONS

The segmentation filter designed for this study is a completely new solution that greatly facilitates the boundary
detection. The developed three-dimensional visualization system gives the user a unique new way to conduct
effective diagnosis of potential lung abnormalities and cancer. In authors' opinion, the developed system can be
successfully used to view and analyze patient's lung CT images in a new powerful way in both diagnosis and
surgery-planning applications. Additionally, we see the possibility of using the system for teaching anatomy as
well as pathology of the human lung.
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Appendix 3.

Feature Extraction, Analysis, and 3D Visualization
of Local Lung Regions in Volumetric CT Images
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ABSTRACT

The purpose of the work was to develop image functions for volumetric segmentation, feature extraction, and enhanced 3-
dimensional visualization of local regions using CT datasets of human lungs. The system is aimed to assist the radiologist in
the analysis of lung nodules. Volumetric datasets consisting of 30-50 thoracic helical low-dose CT slices were used in the
study. The 3D topological characteristics of local structures including bronchi, blood vessels, and nodules were computed
and evaluated. When a location of a region of interest is identified, the computer would automatically compute size, surface
of the area, and normalized shape index of the suspected lesion. The developed system can also allow the user to perform
interactive operation for evaluation of lung regions and structures through a user-friendly interface. These functions provide
the user with a powerful tool to observe and investigate clinically interesting regions through unconventional radiographic
viewings and analyses. The developed functions can also be used to view and analyze patient's lung abnormalities in surgical
planning applications. Additionally, we see the possibility of using the system as a teaching tool for correlating anatomy of
lungs.

Keywords: real-time 3D visualization, 3D feature extraction, medical imaging, helical CT, image filtering, image
segmentation, normalized shape index, image processing, volume rendering, lung nodule detection.

1. INTRODUCTION

For a considerable number of years, lung cancer has been ranked as the leading cause of cancer death worldwide. This
statistical result is also applicable to American men and women. In the US alone, it is estimated that lung cancer causes a
total of 157,000 deaths annually, with a 5-year survival rate of 13% when all stages are considered'. Screening with CT has
been shown to enable the detection of lung cancers smaller than those detected on chest radiographs 2' 3. The application of CT
imaging may be beneficially used in the diagnosis of smokers and former smokers, who constitute a large population at risk
for lung cancer. As many as 60 million current and former smokers at risk are thought to comprise this population.

Early detection of lung cancer in a screening program may be possible but new tools and technical skills are needed for the
effort to be effective. A great number of pulmonary radiologists using state-of-the-art radiographic tools will be required to
participate. In addition, such a screening program will require a well-planned clinical protocol as well as a health care policy
supported by the society in which the smokers and former smokers reside. Given the very large potential volume of such
studies, methods of assisted interpretation should be in great demand.

The trend of using helical CT as a clinical tool for screening lung cancer addresses four focuses:(1) an alternative to the low
sensitivity of chest radiography, (2) the development of higher throughput low-dose helical CT, (3) the potential cost
reduction of helical CT systems, and (4) the development of a computer diagnostic system as an aid for pulmonary
radiologists. One can anticipate that the cost of each CT examination will still be higher than that of conventional chest x-
rays. However, for a high-risk population, the greater capability of this imaging modality to detect early lung cancer may
outweigh its costs.

Given the frequencies of false positive detections in both Japan and the US, the frequency of false negative exams in Japan,
and the frequency of thoracotomy finding only benign disease, we consider that there is a pressing need for improved
diagnostic methods to be developed now, as the use of screening CT is rapidly increasing and will result in many unnecessary
procedures. Computer algorithms have been shown to increase sensitivity and/or specificity in the detection of lung cancer on
chest radiographs and breast cancer on mammography. Application of these methods to screening CT is appropriate.
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Since lung cancer continues to exact a significant toll on the American population, and other methods of early detection have
had only limited success, we consider continued efforts to improve the accuracy of interpretation of helical CT images and
chest radiographs to be quite important. The helical CT represents an advanced clinical tool for high-risk patients. The chest
radiograph continues to be the clinical tool for lung cancer detection whether in symptomatic or asymptomatic patients.

In recent years, increasing number of 3-D visualization systems have become available as both research tools and commercial
products. Most of those systems provide the users with display functions such as lightbox (2D) and volume rendering (3D)
views, color and opacity transfer functions, lighting and shading, volume cropping, etc. These functions are somewhat too
general to be used in lung cancer diagnosis. We therefore begin to conduct research and development of clinically useful
functions as tools tailored for thoracic CT images. In the past, we have presented image functions including automatic lung
segmentation, slice interpolation, and 3D display of the segmented lungs of CT scans4 . In this paper, we further present
segmentation of nodules, isolation of bronchial patterns, and 3D display as well as feature analysis for the local regions.

2. VISUALIZATION

The main concept behind the design of our system is to allow for interactive selection of the region of interest (ROI) and
further investigation of its contents in details as well as obtaining the quantitative feature characteristics of selected
structures. Since the ultimate structures to be visualized and measured are rather small comparing to the overall lung volume,
the system is designed to make the selection as easy and flexible as possible whereas maintaining user's complete control
over the system. To this end we implement two-stage ROI selection procedure. A user is presented with the volume-rendered
view of the whole lung volume in a small window ("preview window"). Selection of the ROI that will be further investigated,
is made by using a 3D cursor and pointing at the location of interest. This mode of operation is called the preview mode. A
portion of visualization pipeline that implements the preview mode is presented in Figure 1. A content of the preview
window is shown in Figure 2.

The location of the 3D cursor in the preview window is synchronized with the contents of two other large windows in which
the magnified volume-rendered ("detail volume rendering window") and surface-rendered ("detail surface rendering
window") views of the selected ROI are displayed. In this mode, called the detail mode, the user utilizes another 3D cursor to
move the small probe volume that selects the "structure of interest" (SOI) that undergoes further feature extraction and
analysis. Although not directly involved in processing related to feature extraction, the volume-rendered view in detail mode
can be a useful tool that provides an insight for the user to look into tissues and structures comprising the ROI and supporting
effective search of regions worth further exploration. A volumetric rendering pipeline for presenting detail lung structures has
been implemented as depicted in Figure 3. Examples of images displayed in this view are presented in Figure 4.

The surface-rendered view of the detailed mode uses the techniques of isosurface contouring combined with 3D mesh
extraction to generate the 3D surface out of the volumetric data available from the volume rendering portion of the
visualization pipeline. The resulting image is displayed in the detail surface rendering window. The user-operated small cube
or sphere probe volume picks up the part of the 3D surface that represents the SOI. This data is passed to the feature
extraction and analysis module of the system and is used to perform defined feature calculations. Both the isosurface
contouring threshold and the probe parameters may be easily changed by the user in an interactive manner. The diagram of
the surface rendering part of the detail mode visualization pipeline is shown in Figure 5. Figure 6 presents an example
content of detail surface rendering window corresponding to the ROI and SOI shown in previous pictures (Figures 2 and 4).

3. FEATURE EXTRACTION

The data flow in the system is designed to pass the 3D surface mesh data of the SOI from the visualization pipeline to the
feature extraction module. The 3D surface mesh data can be used for extraction and calculation of a number of features of
small structures under evaluation. In this work, we intended to develop a full processing and visualization paths for getting
the feature extraction results from the CT scan volume dataset rather than developing the complete feature extraction and
analysis system. Specifically, the features of the SOI within the probe in the detailed mode are automatically computed. With
today PC speed, real-time feature values can be obtained even with on-line manipulation of the probe location, probe
size/shape, and isosurface contouring threshold value:
* Surface area - total area of the surface of the structure of interest;
* Volume - volume of the structure of interest;
* Normalized shape index - non-dimensional parameter calculated by dividing the cube root of the volume by the square

root of the area divided by 2.199. This normalizes the value to 1.0 for a sphere.
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Figure 1. A diagram of the preview mode portion of the system visualization pipeline.

Figure 2. An image of the whole lung volume rendered in the preview window. The lines of 3D cursor (displayed in
red, green and blue on the color monitor) are visible in the lower left-hand corner of the picture (indicated with the

white arrow).
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Figure 3. A diagram of the volume rendering part of detail mode portion of the system visualization pipeline.

Figure 4. Two images of the same region of interest (selected with the 3D cursor in the preview mode - see Figure 2)
displayed in the detail volume rendering window. The image on the right side has been additionally magnified and

rotated to better show the suspected nodule. The white arrows on both images indicate the structure of interest that
will be further processed in the surface-rendered detail mode.
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Figure 5. A diagram of the surface rendering part of detail mode portion of the system visualization pipeline.

Figure 6. The image of the region of interest (same as the one shown in Figure 4) displayed in the detail surface
rendering window. The white arrow indicates the cube probe volume (displayed in red on the color monitor) selecting

the structure of interest which features are calculated in the feature extraction and analysis module.
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4. CONCLUSIONS AND DISCUSSION

Diagnostic viewing requires a high-resolution CT scan with or without a contrast agent5. With regard to the diagnosis of
solitary pulmonary nodules6, specific features to assess the nodules on CT images include: (1) size and location, (2) margins
and boundaries, (3) vessels and bronchi, (4) cavitation, (5) satellite nodules, and (6) density. 3D view with advanced image
processing techniques (e.g. enhanced bronchi, arteries, and veins) will assist the radiologist in analysis of the characteristics
of tumor margins, its association with vessels and bronchi, the wall thickness of tumor cavitation, and density level and
uniformity of the tumor.

We believe, therefore, that the proposed viewing methods will be of great value for (1) rapid viewing in screening and
diagnostic CT while cooperating with a computer-aided detection system and (2) enhancing clinical capability in assessing
the property of the tumor while cooperating with a computer-aided diagnosis system. The goals of this work are to (a)
explore clinically useful display methods for viewing and diagnosis of lung images of CT, (b) establish an advanced display
workstation for clinical evaluation, and (c) form a technical base to facilitate the development of computer-aided systems.

With the availability of a computer-aided detection algorithm in the viewing system, suspected areas can be highlighted in
3D display to provide the radiologist with rapid and clear 3D geometrical information for the evaluation of suspected lung
nodules. Based on the computer-aided system development in this area so far, visual evaluation is necessary to determine
clinically significant detections among those detected and undetected by the computer.

The designed and implemented prototype of the 3D visualization system gives the user a unique new way to conduct fast and

effective observation of small lung structures including potential lung abnormalities and cancer nodules. The feature

extraction module fully integrated with of the system serves as a powerful tool for in-depth quantitative analysis of those
small structures and fully integrates with the visualization part of the system according to the paradigm "what you see is what
you measure". We expect that the developed system can be used to view and analyze volume datasets of thoracic CT images
in a new powerful way in both screening and diagnostic applications. Additionally, we see the possibility of using the system
for teaching anatomy of the human lungs.

The main part of the system visualization pipeline was developed using Kitware VTK software package (version 3.2 beta)7.
The user interface was created in Java (Sun Microsystems Java2 SDK 1.3). The integrated pre-processing (interpolation,
segmentation) as well as feature extraction and analysis modules were developed using authors' original algorithms
implemented in C and C++. The system is designed for a PC platform powered by Intel Pentium III processor running
Microsoft Windows 95/98/NT/2000 operating systems.
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