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Abstract. Lung and lobe segmentation are prerequisites for automated
analysis of chest CT scans. This paper presents fully automatic meth-
ods for segmentation of the lungs and lobes from thorax CT scans. Both
methods have previously been published. The lung segmentation starts
by automatically identifying the trachea and main bronchi. From the
trachea, the lungs are found using a region growing approach. In cases
for which errors are automatically detected in the resulting lung segmen-
tation, a multi-atlas segmentation approach is applied. The lobe segmen-
tation is based on a multi-atlas approach and was especially designed to
be robust against incomplete fissures. The methods were evaluated on
55 volumetric chest CT scans provided by the LObe and Lung Analy-
sis 2011 (LOLA11) challenge. The scans were acquired at different sites,
using several different scanners, scanning protocols, and reconstruction
parameters.

1 Introduction

Multi-slice CT scanning technology has revolutionized the in vivo study of the
lungs and motivates the need for pulmonary image analysis [1]. Segmentation of
the lungs and lobes is a prerequisite for such image analysis in chest CT scans.
Accurate lung segmentation allows for the detection and quantification of ab-
normalities within the lungs. Segmentation of the pulmonary lobes is important
to localize parenchymal disease inside the lungs and to quantify the distribution
of a parenchymal disease.

A wide variety of methods for lung segmentation in 3D chest CT scans is
available (e.g. [2-7]). Most of these methods rely on the fact that for normal
lung parenchyma there is a large difference in attenuation between the lung
parenchyma and the surrounding tissue (e.g. [2-4]). The advantages of such
methods are that they are generally fast and perform well on scans that do
not contain dense abnormalities. However, in the case of dense pulmonary or
subpleural abnormalities, these areas are not included in the lung segmentation
of these algorithms. Therefore, several methods have been developed to be able
to handle pathological abnormalities, but these are often specialized for one
type of abnormality. In this work, the lung segmentation as presented in [8] is
applied. This method uses a hybrid approach: First, a fast, conventional lung
segmentation method is applied. The result of this method are automatically
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checked for possible errors based on shape measurements. To scans with failures
a multi-atlas based algorithm using non-rigid registration is applied.

The pulmonary lobes are physically separated by the pulmonary fissures.
When the pulmonary fissures are complete, a segmentation of the fissures equals
a segmentation of the lobes. However, the pulmonary fissures are often incom-
plete or barely visible on chest CT scans, in which case the position of the lobar
border is inferred from the airway and vessel trees and general knowledge about
the shapes of lobes. Several methods for segmentation of the lobes have been
published [9-14]. In this paper, we apply the method proposed in [15]. This is a
fully automatic lobe segmentation method that employs the fissures, the lungs,
the bronchial tree, and shape information to define the lobe borders in a multi-
atlas based setup. The method was especially designed to be robust against
incomplete fissures.

Results of the lung and lobe segmentation methods are presented on the 55
scans provided by the LObe and Lung Analysis 2011 (LOLA11) challenge, which
contains scans acquired at different sites, using several different scanners, scan-
ning protocols, and reconstruction parameters. Most scans contain pathologic
abnormalities, ranging from mild to severe.

2 Methods

The lung and lobe segmentation methods applied have both been previously
published [8, 15]. Therefore, only a short description of the methods is provided
here, for details we refer to the respective original papers.

2.1 Lung segmentation

The lung segmentation applied consists of three steps. As a first step, the lungs
are automatically segmented using a conventional method employing region
growing and morphological smoothing. Next, automatic error detection is ap-
plied. The scans that are likely to contain errors are then segmented by a multi-
atlas segmentation.

Conventional lung segmentation The conventional lung segmentation con-
sists of four steps: (1) Extraction of the large airways; (2) Segmentation of the
lung regions; (3) Separation of the left and right lungs; (4) Smoothing. Each step
is shortly described below.

1. The trachea and main bronchi are found using region growing. The seed
point for the region growing is automatically determined by searching for a
round, connected region on axial slices with an average Hounsfield Unit (HU)
below -950. Using the voxel with the lowest HU within the found region as a
seed, the trachea and main stem bronchi are grown using explosion controlled
region growing. From the result, the point with the lowest HU is taken as
seed point for the next step.
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2. The lungs are segmented using region growing from the new seed point.
Optimal thresholding as described by Hu et al. [3] is used to determine the
upper threshold for this region growing operation.

3. After the lungs are grown, the trachea and bronchi found in the first step
are removed from the results to obtain only the lungs. In cases where only
one connected component is found for the lungs, the lungs are separated by
applying dynamic programming in axial slices.

4. As a final step for the lung segmentation, each lung is smoothed separately
using 3D hole filling and morphological closing with a spherical structuring
element of size 11 to include vessels in the segmentation and smooth the
borders.

Error Detection The segmentation results of the conventional lung segmenta-
tion are automatically checked for errors to identify scans for which multi-atlas
segmentation should be applied. For this paper, only shape analysis was applied
for the error detection. The shape analysis checks if the shape of the costal lung
surface is convex by comparing to the convex hull of the lungs. If the difference
between the convex hull and the segmented lung in the costal lung surface is
large, it is likely that an error occurred.

Multi-atlas lung segmentation The multi-atlas segmentation applied follows
the general scheme of multi-atlas segmentation with averaging as a decision
fusion; A set of eight atlases is registered to the test image and the labels are
propagated. For each voxel in the test image, the propagated labels are averaged
and the result is subsequently thresholded at 0.5. For a description of the atlases
used see [8].

2.2 Lobe segmentation

The lobe segmentation is based on a multi-atlas scheme in which information
from scans with complete fissures is transformed to the test scan. In the case of
lobe segmentation, the goal of the registration is to transform the atlas to the
test scan in such a way that the lobar borders line up. Directly registering chest
CT scans from different subjects does not lead to satisfactory results due to
anatomical variations inside the lungs; the fissures do generally not line up after
registration. Therefore, instead of registering the original chest CT data, the atlas
is constructed by combining automatically extracted anatomical segmentations
of the lungs, fissures, and airways.

3 Experiment and Results

The methods were applied to all 55 scans of the LOLA11 segmentation challenge.
The conventional lung segmentation took on average 20 seconds per scan on a
single core PC. For 14 scans, the multi-atlas lung segmentation was applied after
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the error detection indicated possible errors. For these 14 scans, the multi-atlas
lung segmentation took on average 120 minutes per scan. The segmentation of
the lobes took on average 110 minutes per scan on a single core PC. The results
were submitted to the LOLA11 website, where the evaluation was performed.
Evaluation was performed in terms of overlap, where overlap between two binary
volumes was defined as the volume of their intersection divided by the volume
of their union. A slack border of 2mm around the reference standard was used
to account for discrepancies at the lung border. Table 1 shows the results of our
method for lung segmentation. It can be seen that although the average overlap
is high there are scans for which the method completely fails, with a minimum
overlap of 0.019. In Table 2 the results for our lobe segmentation are provided.
It can be appreciated that the results for the right middle lobe are substantially
worse than for the other lobes. Figures 1, 2, 3, 4 show examples of lung and lobe
segmentations of our methods on four different scans from LOLA11.

Table 1. Results of lung segmentation for the 55 scans in LOLA11.

mean SD min QI median Q3 max
left lung [0.964 0.11 0.283 0.982  0.991 0.995 0.997
right lung|0.959 0.162 0.019 0.989  0.994 0.996 0.999
score 0.962

Table 2. Results of lobe segmentation for the 55 scans in LOLA11.

mean SD min Q1 median Q3 max
left upper lobe |0.930 0.133 0.359 0.944 0.977 0.989 0.995
left lower lobe  |0.895 0.204 0.037 0.933  0.975 0.983 0.995
right upper lobe {0.870 0.181 0.000 0.834  0.950 0.977 0.998
right middle lobe|0.647 0.345 0.000 0.410 0.850 0.918 0.987
right lower lobe [0.913 0.134 0.311 0.912  0.965 0.980 0.995
score 0.851

4 Discussion & Conclusion

In this paper, previously proposed methods for segmentation of the lungs and
lobes [8, 15] were applied to the data from the LOLA11 challenge without changes
of the methods or parameters. The results show that the methods perform well
on average but there are several scans for which the methods fail. After visu-
ally checking the results, we conclude that the main reasons for the failures in
the lung segmentation are that the method is not able to include some severe
abnormalities at the lung border. Although the multi-atlas based segmentation
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Fig. 1. Example of the lung segmentation results for case lolal1-10. The left frame
shows the original slice, in the middle the result of the conventional lung segmentation
is shown. An error was detected in the right lung after which the multi atlas method
was applied. The results of the multi-atlas method are shown in the right frame. The
dense abnormality is now included in the lung segmentation but at the borders the
multi-atlas segmentation is less precise than the conventional method.

VIS 4

Fig. 2. Example output of the lung and lobe segmentation for case lola11-02. The right
lung contains pathologic abnormalities which were not included in our lung segmen-
tation. Since the error checking in the hybrid lung segmentation method was set to
only check the shape of the costal lung surface, this scan was segmented using the
conventional lung segmentation method. The segmentation of the lobes seems not to
be affected by the error in the lung segmentation.

performs slightly better in this aspect than the conventional method, it still of-
ten doesn’t find the lung borders correctly. For the segmentation of the lobes,
the main problems arise either from abnormalities around the fissures leading to
failures of the fissure detection or severely altered lobar shapes that can not be
handled by the registration.

As shown in Figure 1, the hybrid lung segmentation is sometimes able to
correct the errors in the conventional lung segmentation, but on the other hand
is less precise at the borders of the lungs. As a result, the overall performance of
the lung segmentation method does not improve much with the hybrid approach
compared to the conventional approach for lung segmentation. A possible solu-
tion would be to only use the results of the multi-atlas segmentation locally at
the locations where errors were detected.

Since overall overlap measures were computed for evaluation, the errors in
the lung segmentation are also reflected in the quantitative results of the lobar
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Fig. 3. Example output of the lung and lobe segmentation for case lola11-04. Despite
pathologic abnormalities in the left lung, the lung and lobe segmentations are still able
to generate a good result.

segmentation. For some cases, e.g. the case shown in Figure 2 the lung segmen-
tation is incorrect but the lobar boundary was correctly identified. The lobe
segmentation mainly failed in cases that showed a lot of pathologic abnormali-
ties, leading to failures of the input segmentations of lungs, fissures, and airways.
We believe that for some of the cases in the LOLA11 set, which are very abnor-
mal, an interactive approach, such as for example proposed in [14], would be the
best solution since it is unlikely that automatic methods will be able to solve
these kind of cases.

The atlas-registration applied for the lobe segmentation is designed to pro-
duce a valid lobe shape in cases with incomplete fissures. For this reason, the
atlas-registration is designed in such a way that it is notable to deform much
from the shapes in the atlases. For cases in which severe abnormalities alter the
shapes of the lobes, which is the case for some scans in LOLA11, the applied
registration is not able to deform to these shapes. We observed that in these
kind of cases, the fissures are often found correctly but the following atlas regis-
tration is not able to align the fissures in the atlas and the test scan. As a result,
the lobar segmentation is incorrect. We will investigate for future work how we
can solve this problem. Since fissure detection also sometimes leads to spurious
responses simple forcing the atlas to always follow the found fissures does not
produce adequate results.

In conclusion, we have presented the application of fully automatic lung and
lobe segmentation methods to the set of 55 scans of the LOLA11 challenge. The
results show that the methods are on average successful in segmenting the lungs
and lobes, but in cases with severe abnormalities the methods fail.
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