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Abstract. This paper proposes methods for automated extraction of
emphysematous lesions from three-dimensional (3-D) CT images and
quantitative evaluation of their distribution pattern. We employ 3-D
image processing techniques on computer-aided diagnosis of pulmonary
emphysema. Emphysematous lesions are automatically extracted by a
region growing method. To analyze spatial distribution of the detected
low-attenuation areas, we examine the relations between emphysematous
lesions and bronchi or pulmonary blood vessels using Euclidean distance
transformation. Experimental results show that the methods could be
used to extract emphysematous lesions appropriately and could quanti-
tatively evaluate their distribution pattern.

1 Introduction

Pulmonary emphysema is defined as “a condition of the lung characterized by
abnormal, permanent enlargement of the air spaces distal to the terminal bron-
chiole, accompanied by destruction of their walls,” which prevents a patient from
proper breathing. Along with chronic bronchitis, it forms Chronic Obstructive
Pulmonary Disease (COPD), which was the fifth most common cause of death
in the world in the year 2002. Since the disease involves destruction of alveoli,
early diagnosis, treatment and effective prevention are essential.

Pulmonary emphysema is diagnosed by physiological indices such as pul-
monary function tests. In addition, image-based diagnosis of chest X-ray and
CT images has recently been introduced. Generally, medical doctors visually
inspect CT images for Low-Attenuation Areas (LAA). For more objective diag-
nosis, however, computer-aided diagnosis is required.

Earlier studies of image-based diagnosis of emphysema based on chest X-ray
and CT images were aimed at quantifying the severity of the disease. Most of
these diagnosis methods extract lesions as LAAs by a thresholding operation and
evaluate their severity by the percentage of the LAAs (LAA%) in the lung. The
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LAA% is reported to be practical through comparisons with doctors’ assessments
and physiological indices [1]. Reference [2] showed that an index that quantifies
connectedness of LAAs is a good measure, even in fibrosis cases, which raise
all the CT values in the lungs. Reference [3] examined the difference between
distributions of LAAs in the upper and lower lung regions and its effect on the
lung function.

All studies mentioned above process X-ray CT slices two-dimensionally, and
none of them use 3-D image processing techniques. Three dimensional processing
of X-ray CT images provides information on lesions such as their 3-D distribu-
tion. In this paper, we propose methods to automatically extract emphysematous
lesions by 3-D image processing techniques and quantitatively evaluate the 3-D
distribution pattern of the extracted lesions in the lungs. Section 2 describes the
proposed methods for lesion extraction and quantitative analysis. Experimental
results are discussed in Sect. 3.

2 Lesion Extraction and Distribution Analysis

The process consists of three components: (a) preprocessing, (b) lesion extraction
by a region growing method, and (c) distribution analysis based on 3-D distance.

2.1 Preprocessing

For preprocessing, we perform intensity (CT value) correction of CT images,
slice interpolation, and extraction of the lung region, bronchi, and pulmonary
blood vessels. Because of the influence of gravity on blood flow in the lung, CT
images taken in the supine position show higher CT values on the posterior side
and lower on the anterior side. This affects lesion extraction based on intensity,
and hence it causes under- and overextraction of lesions. We correct this non-
uniformity by lowering intensity values on the posterior side and raising it on the
anterior side using the method described in [2]. Slice interpolation is employed
for isotropic distance, since it is necessary in the distance transformation we
will later use. In addition, we extract the lung region by thresholding to limit
processing areas. Bronchial and pulmonary vascular regions are also segmented
for the use of distribution analysis described later. Hereafter, these extracted
bronchial and pulmonary vascular regions are abbreviated to BV regions.

2.2 Lesion Extraction

Emphysematous lesions are observed as LAAs, surrounded by normal, high-
intensity areas in CT images. Therefore, lesions are extracted by detecting low-
intensity and low-variance areas. The extraction algorithm utilizes a region grow-
ing method. The growing process begins from certain starting points and grows
the region to include neighboring points under the conditions described below
[5].

Voxels whose intensity values are less than or equal to the threshold value ta
are included in the growing region. If the intensity of a voxel is higher than ta
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and within the range ta to tb, it is possible that the voxel belongs to a lesion.
Therefore, we include it into the region if its intensity falls within the pre-defined
range and only if the variance of the intensities in the neighborhood region is
low. The acceptable limit of the variance is set high, negatively proportionally
to the mean in the neighborhood, ranging from d to d + c. The above growing
conditions are formulated by:

Condition A: E[6](pi) < a , (1)

Condition B:

{
a ≤ E[6](pi) < b

}
∧

{
V[6](pi) < c

E[6](pi) − a

b − a
+ d

}
, (2)

where E[6](pi) and V[6](pi) are the mean and variance of the intensities in the 6-
neighbors of a voxel pi, respectively. The variable i is the index that shows each
voxel in the lung region. The constants a, b, c, and d are adjusted manually. We
select the voxels whose intensity values are lower than s = a+b

2 as the starting
points of the growing process.

2.3 Distribution Analysis

The proposed CAD system quantitatively analyzes the distribution pattern of
the lesions in three ways:

1. Lesion distribution pattern in the BV-neighborhood regions
2. Lesion concentration
3. Relations between distance from the hilar region and lesions and BV regions

Items 1 and 2 are quantified by measuring the distance between lesions or normal
structures and the BV regions, and the distance between lesions and normal
structures, respectively. These distances are obtained by 3-D Euclidean distance
transformation. The concentration quantifies denseness of lesions. In the third
item, we analyze the variations in the distribution patterns of lesions and BV
regions in each lung part divided by the method described in the later section.

Lesion Distribution in the Neighborhood Regions of Bronchi and Pul-
monary Blood Vessels. Here, we quantitatively evaluate the distribution of
lesions by counting the number of voxels classified into the BV-neighborhood
region Rbv. The region Rbv is defined as the region located within a distance e
from the BV regions and formulated as:

Rbv = {pi | Dbv(pi) ≤ e} , (3)

Dbv(pi) = min {D(pi, bvj)} j = 1, · · · , K , (4)

where D(pi, bvj) represents the Euclidean distance between a voxel pi in the
lung and a voxel bvj in the BV regions, and K is the number of pixels in the BV
regions. Changing the distance e, the system investigates the differences of the
lesion distribution pattern between regions near and far from the BV regions.
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Lesion Concentration. Concentration of lesions is quantified by measuring
Dν(λi), the distance between a lesion voxel λi and the nearest voxel of the
normal structure. If the rate of lesions located far from the normal structure is
high, the lesions can be assumed to be concentrated. In this sense, we call such
cases “concentrated”. Here, normal regions are defined as those that are not
classified as lesion regions. We categorize lesion voxels into three types based on
the distance from the normal structure: Outer, Medium, and Inner types. We
then calculate the rate of the number of lesion voxels belonging to each category
over the total number of the lesion voxels in the lung region.

A lesion voxel λi is categorized as:

Lesion voxel category =




Outer type if Dν(λi) < l ,
Medium type if l ≤ Dν(λi) < m ,
Inner type otherwise ,

(5)

where
Dν(λi) = min {D(λi, νj)} j = 1, · · · , L , (6)

and l, m are the constants defined beforehand, νj is a normal voxel, and L is
the total number of normal voxels. The lesion concentration is defined by the
following equation:

Concentration =
Inner%
Outer%

, (7)

where Inner% and Outer% represent the rates of the voxels classified into Inner
and Outer types over all of the lesion voxels, respectively.

Relations between Distance from the Hilar Region and Lesions and
BV Regions. This analysis characterizes the distributions of lesions and BV
regions in the peripheral and central parts of the lung. The central and peripheral
parts of the lung are defined as the parts that are near and far from the hilar
region, since bronchi and blood vessels show branching patterns that start from
the hilar region. In this process, we divide the lung region based on the distance
from the hilar region. The numbers of lesions and BV voxels are counted for each
divided region, after which rate of the counted number over the whole volume
of each division is calculated.

The actual lung area division process is described as the following way. A
voxel pi in the lung region is classified into a divided region Rj ,

pi ∈ Rj ; j =
⌊

Dh(pi) − 1
Dinterval

⌋
, (8)

where Dinterval = max{Dh(pi)}
N , Dh(pi) is the distance between a voxel pi and the

hilar region, N is the number of divided regions, and max{Dh(pi)} represents
the maximum value of {Dh(pi)}. The hilar region is manually specified as a point
in the pulmonary artery on the slice image where the carina is visible.
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Proposed method Simple thresholding operation

Fig. 1. Examples of lesions extracted by the proposed method and a simple threshold-
ing operation (the Mod-severe case). The extracted lesions are overlaid on the original
CT image as white areas.

3 Results and Discussions

We applied the proposed method for extracting and analyzing emphysematous
lesions. Five cases, which include one normal case and four abnormal cases, were
used in the experiments. The original CT images were taken by multi-detector
row CT scanners (512×512 pixels, 81 - 114 slices, 0.23 - 0.31-mm pixel spacing,
0.62-mm reconstruction pitch, 120 kVp, 200 mAs). Each of the five cases was
classified by a medical doctor into Normal, Mild, Moderate, Mod-severe and
Severe types.

3.1 Lesion Extraction

Figure 1 shows the lesions extracted from the Mod-severe case. The extracted
lesions are overlaid as white areas on the CT image. For comparison, the lesion
regions extracted by a simple thresholding method are also shown in the same
figure. The parameters for the region growing method are experimentally de-
termined to obtain extraction results comparable to those of the doctor’s. We
used the same threshold value, -945 H.U., for selecting the starting points of the
growing process as the threshold value for the simple thresholding operation.
The ratios of the extracted lesions and of the BV regions over the whole lung
region are shown in Table 1. From the table, it is clear that the calculated rates
increase in proportion to the severity determined by the medical doctor.

Although the extraction results provided by the two methods shown in Fig. 1
are very similar, closer observation reveals that the proposed method can ex-
tract areas whose intensity values are constantly low and that are surrounded
by regions of higher intensity. These areas cannot be extracted by the simple
thresholding method. By employing the variance of intensity values in the re-
gion growing condition, the proposed method is able to suppress the extraction
of the region whose intensity values are higher than those of the surrounding
region existing in the low CT value region. The proposed method showed better
extraction results for the cases of diffuse emphysema in comparison with the
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Table 1. Rates of the extracted lesions and of the BV regions over the whole lung
region (%)

Emphysematous lesions
Grade proposed method simple thresholding BV regions

Normal 0.2 0.2 7.5
Mild 6.7 5.0 6.4

Moderate 17.4 20.1 6.8
Mod-severe 17.1 16.9 5.8

Severe 50.3 53.0 4.0

Table 2. Lesion distribution pattern in the BV-neighborhood regions (%)

Distance e
Grade 1.5 mm 2.2 mm 2.8 mm 3.4 mm

Normal 0.2 0.2 0.2 0.1
Mild 1.3 3.2 4.8 5.9

Moderate 4.2 8.8 12.1 14.5
Mod-severe 2.7 6.7 10.0 12.7

Severe 9.0 25.6 33.8 41.8

simple thresholding method, because the proposed method considers additional
information in the neighborhood such as mean intensity values and standard
deviations of intensity values, which are not used by the simple thresholding
method.

3.2 Distribution Quantification

Distribution of Lesions in the BV-neighborhood Regions. We calculated
the rates of the volumes of lesions in the BV-neighborhood regions over the whole
volume of the regions, changing the distance e of (3). The measured rates are
shown in Table 2. Compared with the rates of lesions presented in Table 1, the
rates in this table are smaller for all e values. The rates also increase in proportion
to the distance from the BV regions. This means that the lesion rate tends to
be low near bronchi or blood vessels.

Lesion Concentration. Table 3 presents the computed rates of the numbers
of the lesion voxels classified into each type (Outer, Medium, and Inner) over
the total number of the lesion voxels. The parameters for the categorization, l
and m in (5), are determined so that the rates are roughly equal to each of the
three types in the Severe case. The lesion concentrations calculated by (7) were
0.02, 0.04, 0.12, and 0.49 in the Mild, Moderate, Mod-severe and Severe cases,
respectively. Although there were few differences between the rates of lesions
in the Moderate and Mod-severe cases, as shown in Table 1, the concentration
can be used to classify them. In milder cases, the lesions generally exist as
spheres; however, as the disease progresses, the lesions connect with each other
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Table 3. Distance from the normal structure and the rates of lesions (%)

Lesion type
Grade Outer Medium Inner Total
Mild 85.0 13.3 1.7 100

Moderate 73.2 23.6 3.1 100
Mod-severe 67.9 24.2 7.9 100

Severe 41.8 37.6 20.6 100

Table 4. Relation between the distance from the hilar region and the lesions in each
division (%). Bold type represents the divisions where most lesions exist

Grade (Near)← Divisions →(Far) Total
Mild 28.3 21.6 20.8 17.1 12.2 100

Moderate 15.6 12.0 21.2 26.8 24.3 100
Mod-severe 12.8 12.0 26.2 32.5 16.5 100

Severe 18.1 18.2 22.1 22.9 18.7 100

Table 5. Rates of the BV regions within each division over the corresponding division
of the Normal case

Grade (Near)← Divisions →(Far)
Normal 100 100 100 100 100

Mild 90.0 73.5 83.1 99.9 131.9
Moderate 167.6 115.8 100.6 88.5 62.3

Mod-severe 131.4 71.2 73.1 80.0 130.8
Severe 75.3 55.7 44.2 34.5 20.2

and become larger. Thus, the rates of the Inner type lesions increase. Therefore,
it can be considered that the proposed lesion concentration measure can be a
new index of severity of the disease, which cannot be measured by the rate of
lesions over the entire lung region.

Distance between the Hilar Region and Lesions and BV Regions. From
the results shown in Table 4, it is clear that lesions are mostly present at inter-
mediate distances, i.e. between the center and the periphery in the Moderate or
above cases. A study based on two-dimensional (2-D) image processing[4] showed
that lesions tend to exist in the inner layer of the lung. Our analysis makes it
clear that this is also true in terms of 3-D distribution.

Table 5 shows the rates of the BV regions within each divided region of the
abnormal cases over the corresponding division of the Normal case. The rate of
the volume of the BV regions within each division over that of the division in the
Normal case was taken to be 100. The volumes of the divisions are normalized,
since the volumes differ in all divisions and cases.

From this table, the rates of the extracted BV regions decrease in the Severe
case, as the division increases from the hilar region. However, this does not
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hold in the cases of less severity. In these cases, the decreases of the extracted
BV regions in the whole lung themselves, shown in Table 1, are not so large.
Therefore, it is considered that the relation between the distance and the decrease
in the volume of BV regions was not made prominent. Because the experiments
were conducted on a small number of cases, further experiments on many more
cases are required to investigate the supposed tendencies.

4 Conclusion

In this paper, we proposed a new approach to computer-aided diagnosis of pul-
monary emphysema based on 3-D image processing and 3-D CT images. The 3-D
region growing method was utilized for automatic extraction of lesions, which
provides more intelligent and more accurate extraction than the simple thresh-
olding method. We also proposed some feature values based on 3-D distance,
which is impossible to obtain from 2-D slice processing. The experimental re-
sults revealed the following facts: (1) There are fewer lesions around bronchi and
blood vessels compared to other parts of the lung. (2) The lesion concentration
can be a useful measure of the disease’s severity. (3) Lesions tend to exist more
in the intermediate distance from the hilar region. (4) Reduction of peripheral
bronchiole and pulmonary blood vessels is remarkable in the Severe case.

Future work will include further investigation into visualization of the extrac-
tion and analysis results and clarification of the relations between the proposed
method and clinical knowledge.
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