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ABSTRACT

Chronic Obstructive Pulmonary Disease (COPD) is a chronic lung disease that is characterized by airflow
limitation. COPD is clinically diagnosed and monitored using pulmonary function testing (PFT), which
measures global inspiration and expiration capabilities of patients and is time-consuming and labor-intensive.
It is becoming standard practice to obtain paired inspiration-expiration CT scans of COPD patients. Pre-
dicting the PFT results from the CT scans would alleviate the need for PFT testing. It is hypothesized that
the change of the trachea during breathing might be an indicator of tracheomalacia in COPD patients and
correlate with COPD severity. In this paper, we propose to automatically measure morphological changes in
the trachea from paired inspiration and expiration CT scans and investigate the influence on COPD GOLD
stage classification. The trachea is automatically segmented and the trachea shape is encoded using the
lengths of rays cast from the center of gravity of the trachea. These features are used in a classifier, com-
bined with emphysema scoring, to attempt to classify subjects into their COPD stage. A database of 187
subjects, well distributed over the COPD GOLD stages 0 through 4 was used for this study. The data was
randomly divided into training and test set. Using the training scans, a nearest mean classifier was trained
to classify the subjects into their correct GOLD stage using either emphysema score, tracheal shape features,
or a combination. Combining the proposed trachea shape features with emphysema score, the classification
performance into GOLD stages improved with 11% to 51%. In addition, an 80% accuracy was achieved in
distinguishing healthy subjects from COPD patients.

Keywords: COPD, trachea, GOLD stage, classification

1. INTRODUCTION

Chronic Obstructive Pulmonary Disease (COPD) is a chronic lung disease that is characterized by airflow
limitation. COPD is a leading and rising cause of morbidity and mortality worldwide.1 The current gold
standard for diagnosing and staging COPD is pulmonary function testing (PFT), which provides only global
information about the levels of inspiration and expiration of the patient. Based on the PFT results, COPD
patients are divided in so called GOLD stages,1 ranging from stage 1 (mild COPD) to stage 4 (very severe
COPD). Patients without COPD are categorized into GOLD stage 0 (no COPD). Pulmonary function testing
is time-consuming and laborious.

Thoracic CT scanning is the most effective way to image the lungs in vivo. Since pulmonary function
testing only provides information about the global levels of inspiration and expiration of the patient not
the cause of the obstructive disease, paired inspiration-expiration CT scans are commonly taken of COPD
patients, both clinically and for example in lung cancer screening. If the pulmonary function could be
predicted from the CT scans, PFT procedures would not be necessary anymore, allowing for COPD staging
without PFT both clinically and in screening cohorts. Some research has been done toward correlation
between quantitative measures derived from CT scans and COPD GOLD stages (e.g.2,3) but predicting
COPD GOLD stage from chest CT scans is not feasible yet.

One factor that should be taken into account for predicting COPD GOLD stage is tracheomalacia. Tra-
cheomalacia is defined as excessive expiratory collapse of the trachea caused by weakness of the wall and
supporting cartilage. Tracheomalacia is a common cause of cough and dyspnea in COPD patients. Clini-
cally, tracheomalacia is diagnosed as a change in tracheal lumen area of more than 50% (or sometimes 70%)
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from inspiration to expiration on one slice of a chest CT scan.4 However, Boiselle et al.5 showed that in a
cohort of 51 normal subjects 78% of subjects would also be diagnosed with tracheomalacia according to this
standard. They also showed that in this cohort of normal subjects, only one abnormal tracheal shape was
present. This indicates that tracheal morphologic changes during breathing might be better indicators for
the presence of tracheomalacia than the currently used change in lumen area. The influence of trachea shape
on GOLD stage classification needs to be investigated. In this paper we propose an automatic shape analysis
of morphologic changes in the trachea from inspiration to expiration and use this shape analysis to train a
classifier to improve the classification of COPD patients into GOLD stages based on CT.

2. MATERIALS AND METHOD

2.1 Materials

A database of 187 subjects with various stages of COPD and control subjects without COPD was constructed.
In construction of the database it was attempted to balance the number of subjects in each GOLD stage.
However, subjects with GOLD stage 4 COPD were difficult to find, therefore the final division was: 42 controls
(GOLD stage 0), 44 GOLD stage 1, 41 GOLD stage 2, 36 GOLD stage 3, 24 GOLD stage 4. For each of the
187 subjects, two breath hold scans taken at the same day were available: one scan at total lung capacity
and one scan at residual volume. The data was drawn from the NELSON screening trial6 and from clinical
practice at the University Medical Center Utrecht, the Netherlands. Scans from the NELSON study were
taken at low dose (20-30 mAs, 120-140 KVP), scans from clinical practice were taken at normal dose (130-150
mAs, 120 KVP). All scans were reconstructed to 512 × 512 matrices, with in-plane voxel sizes between 0.6
and 0.8 mm and slice spacing between 0.45 and 0.7 mm.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 1. Example slices from scans of subjects in different GOLD stages. In (a) an axial slice of an inspiration scan
of a subject in GOLD stage 0 is shown. (b) shows an axial slice of the expiration scan of the same subject as in (a).
Images (c) and (d) show axial slices of inspiration and expiration scans of a subject in GOLD stage 1. Frames (e) and
(f) depict slices from a subject in GOLD stage 2, and frames (g) and (h) show slices from a subject in GOLD stage 3.
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2.2 Emphysema score

The lungs in all scans were automatically segmented.7 The emphysema score (ES) for each subject was
computed as the percentage of voxels in the lungs below -950 Hounsfield Units (HU) in the inspiration scan
divided by 100.

2.3 Trachea segmentation

The trachea was automatically segmented using a wavefront propagation method.8 The segmentation of the
lungs is used to infer the orientation of the scan. The starting point for the segmentation of the trachea is
determined by searching for central dark circular regions in axial slices. Next the trachea is obtained using
wavefront propagation. The initial seed provides the first front. At every iteration, all unprocessed voxels
connected to the front that satisfy the voxel criteria form the new wavefront. The wavefront is propagated
until a split of the front is detected. The centerline of the trachea is extracted, the point where the centerline
splits is marked as the carina. The criteria to accept voxels in the wavefront are that the HU of the voxel is
below a threshold t, or (to be less sensitive to noise) the HU value in a 3 × 3 × 3 neighborhood around the
voxel is < t. The threshold t was set to -750 HU.

2.4 Trachea morphology

Trachea analysis was performed on one axial section 1cm above the carina, since this is the clinical standard.
This axial slice was automatically extracted from both the inspiration and expiration CT scan for each subject
based on the carina point determined during trachea segmentation. In these axial slices the tracheal shape
was encoded by the length of a set of rays cast from the center of gravity as follows:

1. Determine center of gravity of trachea

2. Construct 16 rays from the center of gravity to the border of the trachea, starting with a ray at 0
degrees and equal angels in between the subsequent rays.

3. Encode the shape of the trachea as the length of each of the rays. This results in 16 features for the
inspiration and 16 features for the expiration scan.

4. Concatenate the features of inspiration and expiration and normalize them by dividing by the the length
of the longest ray in inspiration. In this way, we compensate for differences in tracheal lumen size and
we implicitly encode the tracheal area change between inspiration and expiration.

Example images of the tracheal shape encoding are shown in Figure 2.

2.5 GOLD Stage Classification

On the training data, four different classifiers were applied to determine the best classifier based on the shape
features: Linear Discriminant Classifier, Knn Classifier (with optimal K determined during training), Nearest
Mean Classifier, and a Support Vector Machine classifier. The Nearest Mean classifier performed best in
terms of accuracy on the training data and was therefore chosen to be used for the experiments performed
in this paper. A Nearest Mean classifier was trained using the scans in the training set to classify subjects
into the correct GOLD stage (0-4) based on three sets of features: ES (1 feature), TS (32 features), ES and
TS (33 features). For the last two feature sets, sequential forward feature selection was applied on the shape
features in the training data to select a maximum of 10 features. An additional experiment was performed to
classify subjects into GOLD stage 0 (no COPD) vs. GOLD stages 1-4 (COPD) with the same feature sets.
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Figure 2. Examples of inspiration and expiration slices 1cm above the carina for two subjects. The first row shows
and example of an inspiration slice, with the first frame showing the original slice, the second frame shows the trachea
segmentation overlayed on the slice, in the third frame example rays from the center of gravity of the trachea are
shown. In this example eight rays are shown to illustrate the principle, for the study 16 rays were used. The second
row shows the same frames for the expiration scan of the same patient as in the first row. The third and fourth row
show the inspiration and expiration slice of another patient. The shown tracheas show very different tracheal shape
changes from inspiration to expiration, which is reflected in the length of the rays.
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Table 1. Results of GOLD stage classification and GOLD 0 (no COPD) vs. GOLD 1-4 (COPD) classification.

Feature set % Correct % FOLD0 vs. GOLD1-4
ES 42 67
TS 41 72
ES & TS 51 80

3. RESULTS

The results of classifying the subjects into the correct GOLD stage are shown in Table 1. For the shape
features, a set of five features from both the inspiration and expiration tracheas was selected. For each
feature set we report the percentage of subjects that were correctly classified. Note that the most likely class
accuracy for the whole set is GOLD1, which would be reached if all subjects were assigned to that class, and
results in an accuracy of 44/187 = 23.5%. The accuracy of the classification for COPD subjects vs. controls
is also provided in Table 1.

4. CONCLUSION AND DISCUSSION

Determining the COPD GOLD stage of an individual patient from chest CT scans is a step in the direction of
unraveling the mechanisms of COPD and allows diagnosing and staging COPD with only a CT exam without
an additional pulmonary function test. A method for encoding tracheal morphologic changes is proposed and
shown to improve the classification of COPD patients and controls into the correct GOLD stage. In addition,
the proposed tracheal shape features can be used to distinguish healthy subjects from COPD patients.

From Table 1 it can be seen that including tracheal shape features next to emphysema score improves the
classification of subjects into the correct GOLD stage. In addition, it is shown that tracheal shape is helpful
in distinguishing COPD patients from non-COPD subjects. This is in line with the findings of Boiselle et
al.5 who found that in normal subjects almost no abnormal tracheal shapes were present, whereas in COPD
patients there were.

The classification of subjects into GOLD stages is not perfect, but this was to be expected; the reference
standard is based on an entirely independent measurement and the underlying mechanisms of the disease are
largely unknown. In addition, more factors need to be taken into account to predict the GOLD stage from a
chest CT scan than just the emphysema score and tracheomalcia, for example measurements of small airways
disease (airtrapping) are likely to play an important role. The results indicate that the proposed tracheal
shape analysis are correlated to pulmonary function.

Lee et al3 found that for a group of 115 COPD patients and 92 controls, the only CT measurements
among a set of measurements that were significantly different for COPD patients and controls was a measure
of trachea elongation, which is in line with our findings. In future work we will investigate additional features
and their influence on GOLD stage classification.

In this work an axial slice 1cm above the carina was selected in both the inspiration and expiration scan
of the patient. It is likely that these slices are not anatomically at exactly the same location since the trachea
also compresses during exhalation. In future work we plan to use 3D shape analysis of the trachea and use
image registration to find corresponding positions in the trachea between inspiration and expiration. In future
work we also plan to classify the tracheal changes into the shape categories defined by Boiselle et al.4
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