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Abstract. In this paper, a cavity enhancement filter and a novel method
for extracting airway trees from three-dimensional (3D) CT images based
on the cavity enhancement filter and the region-growing method are pro-
posed. Since most previous methods for extracting airway trees reference
bronchial branching information to track a bronchus, the tracking process
could not accept abnormal bronchial branches, changes in the bronchus
caused by pulmonary lobectomy, or a narrowed bronchus. The other
type of methods for extraction is the region-growing based method. This
method is robust over numerous variations of branching, but it is sen-
sitive to the partial volume effect. The authors propose a novel method
for extracting airway trees by using the region-growing method with the
cavity enhancement filter that is also proposed by the authors. On the
basis of the results of applying the proposed method to nine cases of
3D CT images, it was determined that the number and total length of
the extracted bronchial branches increased while very few false positive
regions were extracted.

1 Introduction

Extracting airway trees is important because these trees are useful for struc-
tural analyses of the lungs [1][2], virtualized bronchoscopy [3][4], and numerical
simulations of respiratory functions [5]-[7]. For these purposes, a method for
extracting precise airway trees is needed.

A number of methods have been proposed. They are categorized into three
types:

Type I Simple region-growing based method that determines a single threshold
of CT value over the whole image automatically [8][9]

Type II Tracking method that references information related to the bronchial
branching structure [10]-[13]
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Type III Voxel classification method [14]-[16]

Because methods belonging to Type I determine a single threshold of CT
value, they would be easily affected by the partial volume effect (PVE). The
PVE causes the stops of region growing and overflow. The methods in Type
II are powerful because thresholds of CT value and parameters for enhancing
bronchial walls can be determined for each bronchial branch, and exact bronchial
structures are obtained during the tracking process. On the other hand, abnormal
bronchial branching, changes in the bronchus caused by pulmonary lobectomy,
or a tumor inside the bronchus would stop the tracking process. Type III is able
to extract relatively precise airway trees by devising appropriate features and a
classifier, but a large false positive (FP) might be extracted.

In this paper, the authors propose a novel method for preventing the effects
of transformed airway trees and individual variations of branching patterns by
combining Type I and III as well as a cavity enhancement filter (CEF).

2 Cavity enhancement filter

A bronchus is composed of an air region and a bronchial wall surrounding the
air region. Hence, low CT values are distributed in the air region, and high CT
values in the bronchial wall. The authors propose a “cavity enhancement filter”,
defined as the following equations for enhancing the air region in the bronchial
wall.

gx,y,z =
∑

i, j, k ∈ {−1, 0, 1}
9k + 3j + i < 0

max
r1 = 1, . . . , R
r2 = 1, . . . , R

{Lx,y,z(i, j, k, r1, r2)− Px,y,z(i, j, k, r1, r2)}(1)

Lx,y,z(i, j, k, r1, r2) = fx−ir1,y−jr1,z−kr1 − 2fx,y,z + fx+ir2,y+jr2,z+kr2 (2)

Px,y,z(i, j, k, r1, r2) = |fx−ir1,y−jr1,z−kr1 − fx+ir2,y+jr2,z+kr2 |,(3)

where fx,y,z and gx,y,z are the CT value and the output value of the CEF at
voxel (x, y, z), respectively. Set {(x− i, y− j, z− k)|i, j, k ∈ {−1, 0, 1}, 9k+3j +
i < 0} is half of the 26-neighborhood of voxel (x, y, z). Hence, Eq.(1) means a
summation of the maximum values of a differences between Lx,y,z and Px,y,z in
each direction, and the maximum values are calculated in thirteen directions.

Here, gx,y,z takes a high value when the voxel (x, y, z) is in a cavity and a
low value when no wall exists around the voxel (x, y, z). Furthermore, the CEF
outputs high values at the air region inside the various radii of the bronchus wall
by changing the radii of the filter. In Eq. (1) - (3), r1 and r2 represent the radii
of the filter. This filter enhances cavities up to 2R in their diameters. Lx,y,z looks
like a second order differential, but it consists of two first order differentials with
the same direction essentially. Px,y,z works as a penalty to inhibit the output of
the CEF when a high CT region exists on only one side of voxel (x, y, z) in each
direction. This means that voxel (x, y, z) is surrounded partially by a high CT
region. Figure 1 shows an illustration of the CEF.
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Figures 2 and 3 show the output of the CEF for artificial and CT images,
respectively. It was determined that the CEF output high values on the voxels
in the interior regions of tubes despite the radii of the tubes, the shapes of the
tubes, or the addition of noise (Fig. 2). It was also determined that the CEF
enhanced air regions inside of bronchi with various sizes of radii selectively (Fig.
3).

Fig. 1. Illustration of the CEF

3 Airway extraction method

3.1 Overview

First, the initial airway tree is extracted automatically using the region-growing
based method [9]. The initial airway tree extracted by [9] contains very few FPs,
and it can be used as a seed region in a precise extraction step for indicating
the location of bronchi. Then, the candidate for the final airway tree is obtained
by applying the region-growing method again. In the second application of the
region-growing method, a combination of the difference in CT values and output
of the CEF are used as a condition for extraction. Finally, small regions are
deleted to reduce FPs.

Bronchi exist near the bronchial arteries. Therefore, the search region for the
airway tree is limited to the neighborhood of the vessel region. Because of the
difficulty in classifying bronchial arteries and bronchial veins, they are treated
without classification in this paper. Figure 4 shows a flow chart of the proposed
method.
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Fig. 2. Examples of output values of CEF (bottom) for artificial images (above). Fig-
ures under the images are profiles on the dotted lines represented by blue lines. All
images are cross sections of 3D images. (a) is a tube with 4 voxels in the radius, (b) is
the output for (a), (c) is a tube with 6 voxels in the radius, (d) is the output for (c),
(e) is a tube with 4 voxels in the radius and Gaussian noise, (f) is the output for (e),
(g) is a half tube with 4 voxels in the radius, and (h) is the output for (g).

3.2 Vessel-neighboring regions

As the authors mentioned above, the bronchi exist in the neighborhood of the
blood vessels. The authors limited the region for searching airway trees to a
neighborhood of blood vessels. This approach holds promise for reducing FPs.

First, the vessel regions are extracted using the method proposed in [17],
which uses a method for enhancing line structures by using the Hessian matrix
[18]. Then, the vessel regions are thinned using a thinning algorithm [19] and
converted into a distance image by using a Euclidean distance transformation
[20]. The distance image is multiplied by a constant value, and the thinning
result is given by the distances on the corresponding voxel in the distance image.
Finally, an inverse distance transformation is performed on the thinning result,
and the vessel-neighboring region is obtained.

3.3 Region-growing

The proposed method uses the union of an initial airway tree obtained by the
region-growing based method [9] and the region obtained by the CEF as seed
regions for the second application of the region-growing method. The threshold
for obtaining the seed regions is set to be sufficiently high so that the regions
that are most likely to be the air region inside the bronchus are extracted. Then,
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Fig. 3. Examples of output values of CEF [(b) and (d)] for CT images [(a) and (c)].
In the figures under the images, the profiles on the dotted lines are represented by the
blue lines, and the red arrows indicate the locations of the bronchi.

the output value of the CEF and the CT value are used as conditions for region
growing. Additionally, using multiple seed regions can avoid generating a large
false negative (FN) in the distal portion of the airway trees. These FNs are most
often caused by the PVE or tumors in the airway tree, and the methods in Type
I and II often generate FNs.

The following two conditions are used for the second application of the region-
growing method. When the current voxel of interest is voxel P , which is a candi-
date voxel of the airway tree region, and if the voxel Q in the 26-neighborhood
of voxel P satisfies both the following two conditions, voxel Q is set to be a
candidate of the airway tree region.

– Output value of CEF is higher than TCEF .
– Difference in the CT values at voxels P and Q is less than TDiff .

4 Experiments

4.1 CT images and parameter setting

The authors applied the proposed method to nine cases of 3D CT images. Speci-
fications for the CT images were 512×512×347−517[voxels] for the image size,
0.625− 0.762[mm] for the pixel spacing, and 1.0[mm] for the slice spacing. The
parameters R in Section 2 and TCEF and TDiff in Section 3.3 were fixed for all
cases and were 2, 2000, and 25, respectively. These parameters were determined
in order to be obtained the best performance averagely.

4.2 Experimental results

Examples of the experimental results are shown in Fig. 5. The ground truth was
determined manually by one of the authors at the advice of a medical doctor,
and the previous method means the method proposed in [9].
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Fig. 4. Flow chart of the proposed method

The authors evaluated the experimental results by using the number of ex-
tracted branches, the ratio of extracted branches to the ground truth, the total
length of the extracted branches, the ratio of the total length to the ground truth,
and the FP ratio. The FP ratio is defined as the following equation, where “#A”
represents the number of voxels in region A.

FP ratio =
#(Extracted region ∩Ground truth)

#(Extracted region)
(4)

A comparison of accuracy with the proposed method and with the previous
method is shown in Table 1.
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Fig. 5. Experimental results. The ground truth (left), the proposed method (middle),
and the previous method (initial airway tree; right) for Case 8 (above), Case 3 (middle),
and Case 5 (bottom), respectively.

5 Discussion

As shown in Table 1, the maximum, minimum, and average ratios of the number
of extracted branches with the proposed method were 0.860, 0.391, and 0.558,
respectively. The ratios with the previous method were 0.258, 0.106 and 0.177,
respectively. The proposed method had about a three times better performance
than the previous method. Especially, the ratio for Case 8 with the proposed
method was 0.860, and almost all non-peripheral bronchi could be extracted
successfully [Fig.5(a)]. While the proposed method had a good performance for
almost all cases, the ratio of the extracted branches for Case 3 [Fig. 5(b)] was
relatively low. A pulmonary lobectomy was performed for Case 3, and the right
upper and middle lobes were removed. This surgical operation caused a large
deformation and stenosis of the bronchi. Similarly, little or no thin bronchi with
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Table 1. Comparison of results by the proposed method and the previous method [9].

1 or 2 voxels in their diameter were extracted for all cases even though the rate
of the mis-extracted branches was low. This means that enhancing cavities by
using the CEF is insufficient for thin airways.

FP ratios were very low for almost all cases except for Case 5 [Fig. 5(c)].
Case 5 had many low attenuation areas (LAAs) in the peripheral region of its
lungs, and these LAAs caused a high FP ratio.

6 Summary

In this paper, a cavity enhancement filter for enhancing the air region inside the
bronchial wall and a novel method for extracting airway trees from 3D CT images
by using the region-growing based method with the CEF were proposed. The
proposed method for extracting airways tree improved accuracy in comparison
with the previous method [9]. The FP of the proposed method was much less
than that of the previous similar methods [15] with almost the same extraction
rate.

Future work includes the development of a more powerful enhancement method
for cavities, an automatic and adaptive determination of thresholds, an improve-
ment in the accuracy of extraction, and the reduction of FPs.
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