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Abstract—This paper describes a method for the automated
anatomical labeling of the bronchial branch extracted from a
three-dimensional (3-D) chest X-ray CT image and its application
to a virtual bronchoscopy system (VBS). Automated anatomical la-
beling is necessary for implementing an advanced computer-aided
diagnosis system of 3-D medical images. This method performs the
anatomical labeling of the bronchial branch using the knowledge
base of the bronchial branch name. The knowledge base holds
information on the bronchial branch as a set of rules for its
anatomical labeling. A bronchus region is automatically extracted
from a given 3-D CT image. A tree structure representing the es-
sential structure of the extracted bronchus is recognized from the
bronchus region. Anatomical labeling is performed by comparing
this tree structure of the bronchus with the knowledge base. As
an application, we implemented the function to automatically
present the anatomical names of the branches that are shown in
the currently rendered image in real time on the VBS. The result
showed that the method could segment about 57% of the branches
from CT images and extracted a tree structure of about 91% in
branches in the segmented bronchus. The anatomical labeling
method could assign the correct branch name to about 93% of the
branches in the extracted tree structure. Anatomical names were
appropriately displayed in the endoscopic view.

Index Terms—Anatomical labeling, bronchial branch, bronchus,
knowledge-based processing, 3-D chest X-ray CT image, virtual
bronchoscopy, virtual endoscopy.

I. INTRODUCTION

I N RECENT years, there has been remarkable progress in
the use of three-dimensional (3-D) volumetric scanners in

the medical field. 3-D images are currently indispensable in di-
agnosis and treatment. A new computer-aided diagnosis system
for 3-D medical images [we call this an advanced computer-
aided diagnosis system (ACADS)] is strongly desired to per-
form the high-level diagnosis of a 3-D medical image. ACADS
should have the following functions: 1) automated recognition
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of the organ in a 3-D image; 2) analysis of the extracted re-
gions using knowledge-based processing concerning the human
anatomy; and 3) visualization of the recognized results such as
a shape, a position, or an anatomical name of the organ.

Many algorithms have been proposed for a variety of med-
ical images. Generally, these algorithms can detect the inter-
ested region, such as a region suspected to be abnormal, with
reasonable accuracy [1]–[3]. Some algorithms use anatomical
knowledge of the region that is expected to be extracted. These
types of knowledge-based algorithms involve such information
as position, diameter, shape, etc. Introducing a knowledge base
is very effective for the extraction of the target region from
medical images. However, most techniques using a knowledge
base are specialized for the segmentation of each region. For
example, Sonakaet al. use the anatomical knowledge of the
bronchus to extract a bronchus region [4]. This knowledge is
specialized for the segmentation of the bronchus area of a dog.
Very simple knowledge is used for the segmentation. Gener-
ally, medical doctors diagnose medical images using their own
anatomical knowledge of the target organ. Their diagnostic rules
are constructed by using the anatomical names of the organs.
If we expect to achieve a high-level computer-aided diagnosis
system for 3-D medical images, the system should recognize
the anatomical names of the organ and the parts extracted from
input images. If it is possible to assign the correct anatomical
name to the target organ, the system will be also able to imple-
ment the diagnostic rule described by using anatomical names.

A virtual bronchoscopy system (VBS) is a new advanced
method for observing a 3-D chest X-ray CT image [5]–[11].
The user can fly through inside the bronchus in real time on
the VBS that we have developed [6], [9]. The VBS is applicable
to a variety of applications such as diagnosis, surgical planning,
informed consent, education, and training. When the user op-
erates the VBS, finding and perceiving the current observation
point and orientations are very important, just as it is in the oper-
ation of a real endoscope. The operator of the real bronchoscopy
should constantly know the current location and the orientation
of the observation during the examination. If the VBS can per-
form automated labeling of bronchial branches and display the
label on the virtual endoscopic view, it will help us understand
the current viewing position and orientation. One of the most
important advantages of the VBS is that it becomes possible to
observe the bronchus from the desired viewpoint and the view
direction. Furthermore, the user can freely move around inside
the bronchus and quickly jump from one point to another arbi-
trary point. However, a user of these characteristics often feels
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difficulty in understanding where he is and in which direction he
is traveling or observing in the bronchus. One of the methods for
solving this problem is to present the anatomical names of the
bronchial branches that are currently being observed in the vir-
tual bronchoscopic view. This function will become very useful
in the VBS, since a physician usually realizes the current obser-
vation point and orientation by recalling the anatomical names
of the visible parts of an organ.

In this paper, we describe a method for the automated
anatomical labeling of the bronchial branches extracted from
the 3-D chest X-ray CT image of a patient. As applications of
this method, we provide a method for automated display of
anatomical names rendered in the VBS. The anatomical name
of each branch of the bronchus is assigned by using a set of
explicit rules. We construct a knowledge base of the anatomical
names of the bronchial branch for automated labeling. The
labeling procedure assigns the name of the bronchial branch,
which is extracted from a CT image of the individual patient by
comparing its tree structure using the knowledge and a graph
matching strategy.

There have been no reports on the anatomical labeling of the
bronchial branch. Although many researchers have reported
on VBS or virtual endoscopy (VE), no one has reported a
method for the automated display of anatomical names in the
VE. Hoehneet al. [12] constructed a computerized atlas of the
human body called VOXEL-MAN, but the anatomical name
of each organ was manually inputted. The VOXEL-MAN is a
sophisticated computerized atlas that can be used as a teaching
tool. This system displays a computerized atlas and does not
offer an environment where the user can travel through inside
of an organ in real time.

In Section II of the paper, we describe the knowledge base de-
veloped for automated anatomical labeling. Section III presents
a method for anatomical labeling. We present applications of
anatomical labeling in Section IV. We show the experimental
results of the proposed method and add a brief discussion in
Section V.

II. K NOWLEDGE BASE OF ANATOMICAL NAME OF THE

BRONCHIAL BRANCH

The bronchus is an organ that has a tree structure. The
anatomical name of each branch is assigned based upon a set of
rules explicitly defined using the running direction of a branch,
the name of the parent branch, and the position of a branch. We
implement this set of rules as a knowledge base.

The knowledge base of the bronchial branch is represented by
the frame representation well-known in knowledge engineering
[21]. This knowledge base is manually constructed. Fig. 1 shows
an example. A frame keeps the knowledge of a bronchial branch.
It contains information consisting of a tag name of a branch, the
anatomical name, the parent branch name, the position, and the
direction. The tag name is the name given to treat a bronchial
branch in the computer. The item of anatomical name holds the
real anatomical name of a bronchial branch represented as text.
Direction is the running direction of a branch that is represented
by a vector. The item parent branch indicates the tag name of
the parent branch of a target branch. Position shows the loca-

Fig. 1 An example of knowledge base of bronchial branch name. Information
on each branch is described as one frame. Each branch is distinguished by a tag
name, such as TR, RM, and LM. Only RM and LM have position information.
Each branch has information on parent branch name, its running direction.

tion of a bronchial branch. This position is represented by the
coordinate system whose origin is at a branching point of the
trachea, the axis is the coronal direction of the human body,
the axis is sagital, and the-axis is axial, respectively. Only
the left main bronchus (LM) and the right main bronchus (RM)
have the position information. Since such information of the pe-
ripheral branches is very sensitive for each patient, we only use
position information for RM and LM. There is variation in the
branching structure among humans. Although we must prepare
multiple knowledge bases or a single variable/adaptive knowl-
edge base to treat such variation, we presently use only one
knowledge base for a typical branching structure. It is easy to
extend knowledge base to one that covers a variety of informa-
tion on the bronchus. The knowledge is loaded on the computer
when the automated labeling procedure is executed. The proce-
dure reads the knowledge represented by the frame, and stores
the following information concerning a branch.

Information of the th Branch in the Knowledge Base:

index number: ;
index number of the parent
branch: ;
number of child branches: ;
index numbers of child
branches: ;
starting point: (only for RM and LM);
end point: (only for RM and LM);
running direction: (for all branches except

for RM and LM);
anatomical name: “anatomical name.”

III. A UTOMATED LABELING OF THE BRONCHIAL BRANCH

A. Overview of the Procedure

Fig. 2 shows the complete procedure of automated labeling of
the bronchial branch. We assume here that a 3-D chest X-ray CT
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Fig. 2. Procedure for automated anatomical labeling.

image contains the trachea and that the slice thickness and the
reconstruction pitch are small enough (5 mm), we also assume
that both the left and right lungs are contained in the image. Al-
though a CT image usually does not have isoresolution for each
axis direction, this method uses no interpolation. Unisometric
cases are taken into consideration in the calculation of the dis-
tance between two voxels.

First, we extract the bronchus region from a 3-D X-ray CT
image. The inside region of the bronchus or the airway is ex-
tracted by employing a 3-D region-growing algorithm [14]. We
extract the air spaces inside the bronchus as the bronchus areas
instead of extracting the wall of the bronchus as a curved sur-
face. We perform this by sequentially tracing voxels with rela-
tively low CT values corresponding to the air, starting at a suit-
able initial voxel. This procedure is based on the simple fact that
the bronchus area (the space inside the bronchus) is simply con-
nected. A few methods for extracting the bronchus region from
3-D X-ray CT images have been reported [4],[13]. Compared
to these methods, our method is much simpler and still can ex-
tract the bronchus region of the sixth branching level in the best
case, and that of the third level in the worst case. More details
of the method were presented in [14]. The tree structure of the
extracted bronchus is recognized from a thinned result of the
bronchus region by employing a thinning method [15]. A graph
representation that holds the connection relation between each
voxel of the thinned result is created. Anatomical labeling of the
bronchial branch is performed by comparing the tree structure
of the extracted bronchus with the knowledge base using graph
matching procedure.

This procedure assumes that both lungs are contained in the
CT image. The zoom rate and the rotation angle of the axial
directions are assumed to be fixed in the patient. We exclude
the cases when an input image has only one side of the lung,
or the center of the image is located far from the center of the
human body, as both cases are very rare.

B. Details of the Processing Procedure

1) Extraction of the Bronchus Region from a 3-D Chest X-ray
CT Image:

a) Selection of a start point:An inside point of the
trachea is used as the starting point, because the trachea has

very high contrast on a slice and is located at a fixed position.
Since the CT values inside the trachea are lower than those
surrounding it in chest X-ray CT images, the trachea area is
easily extracted by thresholding. CT images start from the slice
that contains the trachea part. The center point of each slice
corresponds to the center of the human body. The area inside
a cross section of the trachea takes CT values of a limited
range, because the inside of the trachea is filled with air. The
trachea also exists around the center of the human body. Its
diameter is typically 20 mm in Japanese adults. Therefore, the
trachea is easily extracted from the top slice of an input X-ray
CT image. First, the top slice is binarized by thresholding
with the threshold value ( 900 H.U.). Second, the
method selects a connected componentthat satisfies the
conditions of the experiment , and

.1 Here means
the area of the component, and are threshold
values for the area, a location of the center of the gravity
of , the center position of a slice, and defines the
region where the trachea should exist. These threshold values
are fixed for all input images. If more than one component
satisfies this condition, we select the one with the largest area.
A point with the minimum CT value is used as a starting point
of the labeling.

b) Repetitive region growing:A kind of 3-D region
growing method 3-D painting algorithm is used to extract the
bronchus area [14]. This algorithm paints all voxels that have
lower CT values. The lower CT values correspond to the air
and are connected to each other. This procedure is performed
sequentially and starts at the initial point selected inside the
trachea as just described. The algorithm extends the colored
area to a voxel adjacent to the current voxel and satisfies the
specified merging condition. If a visited voxel has a CT value
lower than a threshold, which distinguishes the inside or
outside of the bronchus, then it is recognized as inside the
bronchus and assigned a prespecified mark. This painting
algorithm is performed with a line-by-line mode along three
axes in 3-D space to reduce the computation time. Details are
given in reference [14].

c) Optimization of the threshold value:An optimization
of the threshold valueis required in the 3-D painting algorithm.
This threshold value distinguishes the bronchus wall area from
the inside of the bronchus. A threshold value as high as possible
is desirable for extracting a bronchus region with the minimum
number of false-negative areas. If the threshold value is too high,
however, the extracted region will grow over the bronchus wall.
In this case the whole or almost all of the lung area may be
extracted as the bronchus area in the worst case (we call this
case an explosion). The number of extracted voxels will become
much larger than that of a normally extracted bronchus area,
because the lung area is much larger than the bronchus area. By
using this feature, we desire the following painting procedure
with optimized thresholding.

The initial painting is performed using a relatively low
threshold value and the number of voxels extracted as the

1Defining asAAA = (p; q) , BBB = (r; s) , a notationAAA < BBB means that
bothp < r andq < s hold.
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bronchus area are counted. Then the painting and counting are
iterated with the threshold value increased by an increment of
1 H.U. When the number of extracted voxels exceeds the area
threshold value (explosion), the iteration is terminated.
We regard the result just before this explosion as the desired
bronchus area. However, since a sequential scanning for the
optimum threshold value takes a great deal of computation
time, we employ the well-known binary search method to find
an optimum threshold value. Details are given in [14].

2) Extraction of Branching Structure of the Bronchus:
a) Extraction of the medial axis of the bronchus:The ex-

tracted bronchus region is represented by a set of voxels. A
medial axis of the bronchus is extracted from the bronchus re-
gion by applying the 3-D thinning method, which is augmented
with the Euclidean distance transformation [15]. We also apply
the Euclidean distance transformation to the extracted bronchus
region [16]. Each voxel of the thinned figure has a distance
value at the corresponding location in the distance-transformed
image. A result of distance transformation is used to eliminate
false-positive branches (FPB’s) in the next step of the proce-
dure.

b) Extraction of a tree structure of the bronchus:We ex-
tract the tree structure of the bronchus from the thinned result.
This is one of the main parts of labeling since it depends on the
tree information of the extracted bronchus. First, the graph rep-
resentation is derived from the thinned result. This graph repre-
sents connections between voxels. Each voxel of the thinned line
figure corresponds to a node in this graph [Fig. 3(a)]. The arc of
the graph represents the connection between voxels. Each node
has the information of its position, the nodes connected to it, and
the path to the connected nodes on the thinned result. Second,
a node is classified into three types: 1) a branching point (more
than two connected arcs); 2) a connecting point (exactly two
connected arcs); and 3) a terminating point (only one connected
arc). The method deletes all of the connecting points of the graph
[Fig. 3(b)]. The result may have a small loop at a branching
point, as shown in Fig. 3(c). This loop consists of three small
edges whose lengths are a 1-voxel distance in 26 connectivity.
Small loops are detected and deleted by in a simple procedure.
Details of it are omitted here. Finally, we obtain the branching
points and the terminating points in the graph. The tree structure
of the bronchus can be easily recognized from these points. A
node means a branching point of the bronchial branches, and an
arc corresponds to a bronchial branch.

We delete FPB’s that are generated by the thinning method
due to its side effect. Fig. 4 shows examples of FPB’s. An FPB
often appears at a branch with a relatively large diameter such as
the trachea, the left main bronchus, or the right main bronchus.
An FPB is defined here as a branch whose length is shorter than
a given threshold value , or a branch that starts from a
branch with a large diameter. Both types of FPB’s should satisfy
the condition that they have no child branches. A large diam-
eter branch is defined here as a branch whose diameter is larger
than a given threshold value . This diameter is calcu-
lated by referring to the distance-transformed image obtained in
Section III-B2a). The average value of the distance transformed
image along the thinned result of the branch is used as a diam-
eter. We delete all branches that satisfy one of the above con-

(a)

(b)

(c)

Fig. 3. Graph representation for extracting tree structure from thinned result.
(a) Three types of nodes. Each voxel of thinned result is initially considered as
the node. Arc of graph connects neighboring nodes in 26 connectivity. Each
node is classified into three types, branching point, connecting point, and
terminating point. (b) Deletion of all connecting nodes from graph. Each branch
is recognized as branch connecting two nodes and also holds information on
the path of the thinned result (a set of voxels). (c) Small loop at branching
point. Length of edge is just 1-voxel distance in 26 connectivity.

ditions. The threshold values , and are exper-
imentally determined. When three branches are very close to
each other (within 1 voxel), the tree structure at such part is de-
scribed as the trifurcation structure (a branching point to which
four branches connect), or two points as the bifurcation struc-
ture. Our knowledge base only supports the bifurcation struc-
ture. The labeling may fail if the trifurcation structure appears.
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(a) (b)

Fig. 4. Examples of FPB’s caused by thinned method. (a) Thinned result of bronchus region where each voxel is rendered as a cube. Many FPB’s are existingat
large branch in right main bronchus and left main bronchus. (b) Magnified views of left side image. FPB’s are indicated by arrows.

Fig. 5. Information on theith branchB of tree structure.

Finally, the information defined in Section II is calculated
(Fig. 5). We denote the information of branch by the su-
perscript . and are also calculated where is a
thinned result of and is its length. is then defined as
a set of voxels

(1)

where is the position of the th voxel of the thinned result
of branch . is located at the center of the human body,
and is at a peripheral side.

3) Automated Anatomical Labeling of the Bronchial
Branch: The procedure for anatomical labeling consists of two
parts: a) finding main bronchi (RM: right main bronchus, LM:
left main bronchus) and b) anatomical labeling of peripheral
bronchial branches (except for the trachea, the RM and the LM).
The RM and the LM exist at almost fixed positions because we
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TABLE I
SPECIFICATION OFCT IMAGES USED IN EXPERIMENT

measure their positions from the trachea. Procedure a) assigns
the RM and the LM to branches of the tree structure by using
their position information. Some FPB’s caused by thinning
errors may appear around the RM and the LM, as shown in
Fig. 4. All branches are child branches of the RM or the LM.
If the labeling fails at these branches, it fails in labeling all
branches of the bronchus. To avoid this, we employ a particular
procedure that finds them by using position information. In
Procedure b), peripheral branches of the RM and the LM are
labeled sequentially from the RM and the LM with the depth
first search. Here we show the automated anatomical labeling
procedure.

a) Finding the RM and LM:First the method selects can-
didate branches ( ; is the number of candidate
branches) of the RM that satisfy

(2)

from the tree structure. Here is a given constant defining
a margin of location for an end point of RM, an end
point of , and the end point of the RM defined in
the knowledge base. For each candidate, the labeling of
all child branches of is performed by regarding as the
RM and using the procedure described in Section III–B3b). We
define an evaluation value for as

(3)

where is a child branch of and is a branch of the
knowledge base assigned to and defined in (4). The RM is
found by selecting the with has the highest . The LM is
found in the same way.

b) Labeling of peripheral branches:The basic labeling of
each branch of the tree structure is executed by selecting the
branch which maximizes the evaluation value
and whose parent name is the same as the parent branch name of
the target branch from the knowledge base. is calculated
by

(4)

where is a labeling target branch and is one of the
branches whose parent names are the same as the parent branch
name of . and are running directions of and ,
respectively. Since we only treat the image where the zoom
ratio and the axial rotation of the patient are fixed among all
cases, we can directly use the running direction information
in the knowledge base. We assign the anatomical name of the
selected branch to the target branch of the tree structure.

If the selected was already assigned to another
branch , we compare the evaluation values and

. If , the branch name of
is then assigned to and the old label of and its

child are canceled. Otherwise, the second branch is assigned to
. This process avoids assigning the same label to different

branches. The parent name of the target branch should be the
same parent branch name as that in the knowledge base. Since
the cancellation in the branch name may cause inconsistency in
the parent branch name, the method also cancels the names of
child branches of and retries the assignment.

This assignment process is executed from the trachea to the
periphery direction with the depth first search. The labeling
process is iterated until no assignment can be performed.

IV. A UTOMATED DISPLAY OF THEANATOMICAL NAME OF THE

BRONCHIAL BRANCH IN THE VBS

Our VBS generates an endoscopic view by rendering a polyg-
onal surface derived from the extracted bronchus region. The
viewpoint is located inside the bronchus. The user can interac-
tively specify a viewpoint and a view direction and the
corresponding endoscopic view is immediately presented on a
graphics terminal. We can arbitrarily specify and . The
automated presentation of anatomical names is performed by
selecting branches that are rendered in the virtual endoscopic
views, and their anatomical names are overlaid on a rendered
image.

The current branch is determined by calculating the
closest branch from the current viewpoint. We define the
distance between the branch and the current by

(5)

where is the th point of the path of the branch , is a
vector representing the current viewpoint, andis the length
of the branch . The closest branch that corresponds tois
found by calculating a branch that minimizes for all
branches of the tree structure. The current observation direction
(from center to peripheral or from peripheral to center) is also
found automatically by using the angle between the current view
direction and the direction of the closest branch. The following
relation locates the observation direction:

observation direction
from center peripheral if
from peripheral center, otherwise.

(6)

Here is a vector that means the current view direction in the
VBS, is the running direction of branch .
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(a)

(b)

(c)

Fig. 6. A result of automated anatomical labeling of bronchial branch. (a) Extracted region of bronchus. (b) Thinned result of bronchus region. (c) Tree structure
extraction and anatomical labeling. Lines show bronchial branches. Anatomical name assigned to branch is displayed at branch by code. All anatomical names are
correctly assigned by the method.
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When the view direction is from center to peripheral, we se-
lect two types of branches, and , to dis-

play anatomical names. is the branch in which the current
viewpoint is located and is a set of the

child branches of . When the view direction is from peripheral
to center, we select branches and to present anatom-
ical names where is the parent branch of . The anatom-
ical names of the selected branches are displayed at the posi-
tions corresponding to the selected branches in the virtual bron-
choscopy image. The branch name of the current branch is pre-
sented at the lower left corner of the endoscopic view. To display
a branch name other than the current branch, we calculate the
3-D position of the selected branch. Let be a selected branch
for displaying anatomical names. Location of branch is
considered as follows:

(7)

Refer to (1) for and meaning. This formula defines
the 3-D location of branch as the middle point of the line
that connects a starting point and an end point of. The 2-D
position for displaying an anatomical name on the endoscopic
view is determined by projecting onto the projection plane,
which is defined by the current viewing parameters of the virtual
endoscopic view. When the viewpoint and the view direction are
changed, a set of branches with anatomical names is updated.
Their positions are also changed.

V. EXPERIMENTS AND DISCUSSION

A. Automated Anatomical Labeling of the Bronchial Branch

1) Experiment: We applied the method of automated
anatomical labeling to fourteen cases of 3-D chest X-ray
CT images taken by a helical CT scanner. Table I shows the
image specifications. To prepare the database beforehand,
we manually inputted the information about the bronchial
branches by using textbooks on bronchial anatomy [18–20].
Typical branching structures which are explained in the text
book were used to construct the knowledge base. Therefore,
the knowledge base does not have any particular relation to the
test cases of images used here except for position information
of the RM and LM. Positions of the RM and LM are averages
of all cases we used in the experiment. We have experimentally
determined the threshold values (= 400 mm ), (=
80 mm ), , (= 3 mm), (= 15 mm), (= 15
mm), (= (10 mm, 10 mm) away from the center point
of the slice). was selected as the number of slices × 1000
(voxles) and the other values were fixed for all cases. It was
very easy to detect the explosion by using in all cases.
Fig. 6(a) is an example of the outside views of the bronchus
extracted from the CT image. Fig. 6(b) is a thinned result of
the extracted bronchus region, and Fig. 6(c) is the tree structure
and the assignment result of anatomical names. It took 10 s to
extract the bronchus region, 60 s to extract the tree structure,
and 5 s for labeling on an SGI Octane MXE R10000 250 MHz.

2) Validation: We validated the experimental results by
counting the extracted bronchi from CT images, the branches
recognized in the recognition process of the tree structure, and
the branches whose anatomical names were correctly assigned.
We also counted this information in each branching level. We
define the branching level of the trachea as the zero level and
the RM and the LM as the first level. Table II shows the results.
As the difficulty of anatomical labeling increases in proportion
to the branching level in the tree structure, we validated the
result according to the level in the tree structure. The table
also shows the number of the bronchial branches that were
recognized in each CT image by the author. We tested two
types of images, the thick slice image and thin slice image. The
former were taken by 5-mm width of the X-ray beam and the
latter 2 mm or 3 mm. Since the recognition rate depends on the
thickness of the X-ray beam we evaluated the results separately.

The method extracted 67% of the branches that were observed
in the input thin slice CT images by one of the authors Dr. K.
Mori who is an experienced observer of chest X-ray CT images.
About 85% of branches within the fourth branching level were
extracted. The deepest branch was at the sixth level. Its diameter
was estimated to be about 1.2 mm on the CT image. This diam-
eter value was estimated on the CT image under the display con-
dition of 1050 H.U. of the window level and 2100 H.U. of the
window width. For a thick slice image, about 42% of branches
were extracted from CT images and 55% were extracted within
the fourth level. The lower recognition rate was due to the par-
tial volume effect, which is very strong in thick slice images.
CT values inside the branches of the thick slice image became
higher than the value of the branch of the thin slice images.
The branch that ran parallel to the slice plane was heavily af-
fected. The automated extraction procedure detects the optimum
threshold value in order to distinguish the inside or the outside
voxel of the bronchus by using an explosion approach. Although
this method is very simple, it may not be able to treat any of dis-
ease cases such as stenosis or a large tumor.

We could recognize 91% of the branching structures of the
extracted bronchi. Approximately 9% of branches were not rec-
ognized because the algorithm for the elimination of FPB’s er-
roneously deleted the true positive branches in trading for many
successful limitation of FPB’s during tree structure extraction.
Parameters for the deletion of FPB’s were set experimentally.
The tradeoff between the elimination of FPB’s and false deletion
of correct branches is delicate and further parameter adjustment
is required. We must also improve the 3-D thinning algorithm or
develop of a thinning method that does not result in the FPB’s.
Different type of methods that may replace the thinning such as
the method described in [17].

The third row for each case of the table shows the number
of correctly assigned branches. We assigned correct names to
93% of the branches extracted in the stage of obtaining the tree
structure. The labeling procedure labeled about 97% of the seg-
mented branches within the fourth level of branching in thin
slice images and 91% in thick slice images. This shows that
the presented method can assign the correct name to the main
branch.

3) Discussion: Mistakes were caused by the difference in
the branching structures of individual patients and false-positive
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TABLE II
RESULT OFEXTRACTION OF BRONCHUSREGION, EXTRACTION OF TREESTRUCTURE ANDANATOMICAL LABELING. (a) THIN SLICE IMAGES. (b) THICK SLICE CT
IMAGES. (c) BRANCHESCLASSIFIED INTO EACH BRANCHING LEVEL. ONLY ENUMERATES WITHIN SEGMENTAL BRANCHES ANDLEVEL 6 BRANCHING LEVEL DUE

TO SPACE LIMITATIONS. THE RESULT IS EVALUTED ACCORDING TO THENUMBER OF BRANCHES.SEGMENTATION SHOWS NUMBER OF EXTRACTED BRANCHES

FROM CT IMAGES AND NUMBER OF BRONCHIAL BRANCHESRECOGNIZED ONCT IMAGES BY AUTHOR. 30/37 MEANS THAT 37 BRANCHESEXISTED IN A CT
IMAGE AND 30 BRANCHESWERE EXTRACTED. TREE STRUCTURESHOWS NUMBER OF BRANCHESRECOGNIZED IN TREE STRUCTUREEXTRACTION. LABELING

PRESENTSNUMBER OFBRANCHES WITHCORRECTLYASSIGNEDANTOMICAL NAMES. RESULTSARE ALSO CLASSIFIED ACCORDING TOBRANCHING LEVEL. LEVEL

n SHOWSNUMBER OFBRANCHES WITHnTH BRANCHING LEVEL. TRACHEA IS LOCATED AT ZEROBRANCHING LEVEL. RIGHT AND LEFT MAIN BRONCHI ARE ON

FIRST BRANCHING LEVEL. LEVELS USEDHEREDO NOT CORRESPOND TOANATOMICAL BRANCHING LEVEL SUCH AS LOBAR LEVEL OR SEGMENTAL LEVEL

(a)

or false-negative branches in the tree structure extraction. We
prepared the knowledge base for only one type of branching
structure. One of the patients used in the experiment had
a different branching structure. Our model supports only a
branching structure where RB1, RB2, and RB3 are separately
dividing from the upper main bronchus, and both RB1a and
RB1b start from RB1. The mislabeled patient showed RB1a and
RB1b starting from RB2 and RB3. In this case, all bronchial
branches in the S1 region were labeled as the child branches of
RB2 or RB3 (e.g., RB2a, RB2b). These branches should have
been labeled as RB1a and RB1b, respectively. One solution to
these problems is to prepare different types of the knowledge
base to cover different branching structures. In the future, we
plan to perform a labeling procedure with several knowledge
bases to cover variations. The appropriate knowledge base is
the one with the highest sum of the evaluation values.

A false-positive or false-negative branch is also a se-
rious problem in automated labeling. When false-positive or
false-negative branches exist in the tree, the branching structure
differs from the one in the knowledge base. The proposed
method could not correctly treat this case and misassignments

occurred. In the experiment, misrecognition was caused by the
lack of RB6 or LB6. The extraction of these branches was very
difficult due to the partial volume effect. Our knowledge base
assumes that RB6 or LB6 exists. When the extraction of these
branches failed, the tree structure lacked the RB6 and the LB6
and the labeling failed for the bronchi of the lower lobe. In
addition, the method labeled the FPB as the bronchial branch,
so that all children of the branch connected to the FPB were
labeled incorrectly.

4) Applications of Anatomical Labeling in the VBS:We im-
plemented a function for the automated display of the anatom-
ical name of the bronchial branch in the VBS that we have
developed. Fig. 7 shows the presentation of anatomical names
in the virtual endoscopic view. Anatomical names of bronchial
branches overlapped in the correct position on the endoscopic
view. The method selected the currently rendered branches in
the virtual endoscopic view and displayed their names. When
the user changed the viewpoint and direction of the endoscopic
view, the method also selected the corresponding branches. The
automated display of branch names was performed smoothly
with a frame rate of 6 frames/s on an SGI Octane MXE (CPU:
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TABLE II (Continued)

(b)

(c)

R10000 250 MHz, main memory: 512 MB). The current branch
was defined as the branch satisfying (5). When the user passed
through the branching point, the system transiently selected an
incorrect branch for a short period of time, but this was not se-
rious. This function proved useful for observing and learning the
tree structure of the bronchus and its anatomical name during
VBS operation.

VI. CONCLUSION

We have presented a method for the automated anatomical
labeling of a bronchial branch extracted from a 3-D chest CT
image and presented applications to the VBS. Experimental
results showed that the method segmented 57% of the branches
from CT images and extracted the tree structure of 91% of
branches in the segmented bronchus. The anatomical labeling

method assigned the correct branch name to 93% of branches
in the extracted tree structure. We implemented a function for
the automated display of anatomical names of the bronchial
branch observed in the virtual endoscopic view. The results
showed that the system could overlap the anatomical names of
the bronchial branches rendered at the correct position in the
endoscopic view.

A careful observation of sample showed that the CT images
used in the experiment included more than 500 bronchial
branches with different contrasts and a variety of shapes in
branching. Therefore, the proposed algorithm was shown to be
feasible as the first step in the automated labeling of bronchial
branches.

The complete procedure consists of three major steps:
bronchus recognition; the tree structure extraction of a given
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(a) (b)

Fig. 7. An example of images of automated display of anatomical names of bronchial branches in VBS. (a) and (b) Rendered at different viewpoints and from
different views. Text at left-lower corner shows anatomical name of current branch. Names of child branches of current branch are also automaticallypresented on
virtual endoscopic view.

image; and branch label assignment. Experimental results also
revealed several problems in each of these steps that should be
solved in the future. The first problem of bronchus recognition
has been reported in [14] and included in [6] Therefore, we
briefly note that the spatial resolution of an input image is
the important factor. For images of 2.0-mm or smaller slice
thickness, the algorithm worked satisfactorily, but the results
were worse for those of 5-mm thickness or more. We must
improve the 3-D thinning algorithm for the second problem
concerning tree structure derivation. In fact, most errors in
labeling came from the side effect of the algorithm, such as the
generation of a false branch or the loss of a very short branch
by degeneration. We must enrich the knowledge base for the
third problem concerning tree matching. The proposed method
only works in a subset of cases. It cannot correctly treat a case
with a different branching structure. The knowledge base used
here supports a branching structure where each subsegmental
bronchus starts from each segmental bronchus (e.g. RB3a
starts from RB3, not RB2). This is because the knowledge base
is constructed by considering only one standard type of tree
structure of the bronchus, which covers most people in Japan,
and additions of other types are desirable. Since the number
of samples used in the experiment is limited, the performance
evaluation is limited from a statistical viewpoint. Thus, one
important problem for a future study is a statistical validation
of the result using a larger number of samples.
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