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Abstract
Rationale and Objectives—Characterization of smoking-related lung disease typically
consists of visual assessment of chest computed tomographic (CT) images for the presence and
extent of emphysema and centrilobular nodularity (CN). Quantitative analysis of emphysema and
CN may improve the accuracy, reproducibility, and efficiency of chest CT scoring. The purpose of
this study was to develop a fully automated texture-based system for the detection and
quantification of centrilobular emphysema (CLE) and CN in chest CT images.

Materials and Methods—A novel approach was used to prepare regions of interest (ROIs)
within the lung parenchyma for representation by texture features associated with the gray-level
run-length and gray-level gap-length methods. These texture features were used to train a multiple
logistic regression classifier to discriminate between normal lung tissue, CN or “smoker’s lung,”
and CLE. This classifier was trained and evaluated on 24 and 71 chest CT scans, respectively.

Results—During training, the classifier correctly classified 89% of ROIs depicting normal lung
tissue, 74% of ROIs depicting CN, and 95% of ROIs manifesting CLE. When the performance of
the classifier in quantifying extent of CN and CLE was evaluated on 71 chest CT scans, 65% of
ROIs in smokers without CLE were classified as CN, compared to 31% in nonsmokers (P < .001)
and 28% in smokers with CLE (P < .001).

Conclusions—The texture-based framework described herein facilitates successful
discrimination among normal lung tissue, CN, and CLE and can be used for the automated
quantification of smoking-related lung disease.
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Chronic obstructive pulmonary disease (COPD), the third leading cause of death in the
United States (1), is a chronic lung disease strongly associated with smoking. COPD
comprises both large-airway and small-airway disease and emphysema, which is
characterized by the progressive destruction of alveolar walls in lung tissue. Emphysema is
visible on computed tomographic (CT) images as areas with low attenuation values similar
to the density of air. Centrilobular nodularity (CN) or respiratory bronchiolitis (“smoker’s
lung”), which is thought to be the earliest manifestation of smoking-related lung injury,
manifests as multiple centrilobular nodules <3 mm in size centered in the pulmonary lobule
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(2–4). The presence and extent of emphysema and CN are typically assessed by radiologists
for the characterization of smoking-related lung disease.

Currently, the reference standard for the evaluation of disease extent on CT imaging is
visual examination. However, visual assessment of CT images for quantifying and staging
COPD is limited by high interobserver variability (5). For instance, at the Genetic
Epidemiology of COPD (COPDGene) Study CT Imaging Workshop that took place in
February 2010, 51 pulmonologists and radiologists reviewed 395 CT scans, each of which
was evaluated by nine to 11 reviewers. Average κ values for the detection of CN and the
quantification of centrilobular emphysema (CLE) by readers were 0.12 and 0.33,
respectively (6). These poor κ values suggest that the visual detection and quantification of
CN and CLE are limited by readers’ subjectivity. A second limitation of visual assessment is
the time and expense involved. Especially in large-scale projects such as the COPDGene
Study (10,500 subjects from 21 different academic centers), visual evaluation of thousands
of scans can be prohibitively time consuming and costly.

In contrast to visual assessment, the automated quantification of emphysema provides
objectivity and reproducibility. Many computerized methods for the quantification of
emphysema involve densitometry. They rely on a fixed threshold, typically in the range of
−856 to −960 Hounsfield units (HU); voxels and low-attenuation areas (LAAs) with
attenuation values below the threshold are identified as emphysema (7–13). Although these
automated methods overcome the problem of interobserver variability, they are limited by
partial volume effects and differences in scanner models. Because mean attenuation levels
vary for different scanner models and image reconstruction methods, the quantification of
emphysema using density measures is subject to noise, level of inspiration, reconstruction
filter, and scanner model (14–17). Moreover, because multicenter studies such as the
COPDGene Study rely on CT scans obtained using a diversity of scanners, it is unclear what
threshold these studies should use to define emphysema or if scanner-dependent corrections
should be applied.

The quantification of emphysema on the basis of texture, which considers spatial
relationships between pixel intensity values rather than the density values alone, may be
more independent of imaging protocol than density-based quantification. Furthermore,
texture-based quantification of emphysema may correlate more strongly with visual scores
than densitometry, because radiologists consider how LAAs are spatially arranged in the
lung in their evaluations (18). Texture features have been used to differentiate between
abnormal parenchymal textures (17,19–21) and to perform differential diagnosis of
pulmonary disorders (22–25), and several studies have used texture analysis for objective
characterization of emphysema (25–29). These studies evaluated texture features obtained
using the adaptive multiple-feature method (25–27) or local binary patterns (28).

Although texture analysis has been used for the characterization and quantification of
emphysema, automated quantification of CN and “smoker’s lung” has not been studied.
Although CN is often not associated with pulmonary impairment, it is an important marker
of cigarette smoke exposure and therefore may be important in assessing risk for lung
cancer. Nevertheless, densitometric methods cannot differentiate between normal lung and
CN, because smokers with CN (respiratory bronchiolitis) may have overall normal lung
density measurements. Density-based algorithms can detect LAAs in the lungs of subjects
with emphysema, but not the conglomerate extent or pattern of alveolar wall destruction.
Nevertheless, smoking-related lung disease constitutes both emphysema and CN, two
distinct smoking-related conditions that do not necessarily manifest in parallel. Thus, proper
quantification of smoking-related lung disease necessitates the automated detection of CN in
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smokers who have little or no emphysema and accurate discrimination between CN and
normal lung.

The purpose of this study was to use clinically relevant texture features to detect and
quantify CN and CLE in CT images. The automated system that we have developed for
computer-aided diagnosis of smoking-related lung disease integrates texture features
associated with the gray-level run-length (GLRL) and gray-level gap-length (GLGL)
methods. Regions of interest (ROIs) within the parenchyma are represented by texture
features belonging to the GLRL and GLGL methods, which are used to train a classifier to
differentiate among normal lung, CN or “smoker’s lung,” and CLE. This classifier, in turn,
is used to classify full-chest CT scans on a per ROI basis and to quantify the extent of CN
and CLE present on a CT scan. To evaluate the performance of the texture-based
classification system, we compared our method with both density-based quantification and
visual assessment of 71 CT scans from the COPDGene Study cohort.

MATERIALS AND METHODS
Data Description

Study population—Chest CT scans were obtained from the multicenter COPDGene
Study, a cross-sectional study approved by the institutional review board of each of the
participating 21 clinical study centers. To date, the COPDGene Study has acquired >10,000
cases and processed >4700 of them; all image management is compliant with the Health
Insurance Portability and Accountability Act. All subjects in this study were non-Hispanic
whites or African Americans aged 45 to 80 years, and smokers had smoking histories of ≥10
pack-years. Subjects had no concomitant respiratory disorders other than asthma or COPD
and no known or suspected lung cancer. Table 1 provides a more detailed description of the
subjects from the COPDGene Study cohort included in this study.

Image acquisition—All subjects underwent volumetric chest CT imaging at full
inspiration. CT scans were reconstructed with slice thicknesses of 0.625, 0.75, or 0.9 mm
depending on the CT scanner manufacturer; corresponding slice intervals were 0.625, 0.5,
and 0.45 mm, respectively, to achieve near isotropic voxels among manufacturers. Six
scanner models (either Siemens Healthcare, Erlangen, Germany, or GE Healthcare,
Milwaukee, WI) were used in the study: one 16-slice model and five 64-slice multidetector
CT models. Scans were acquired at 200 mAs and 120 kVp. Depending on the manufacturer,
standard, B31f, or B reconstruction kernels were used to achieve medium smooth images.
All scans underwent quality assurance by a trained research analyst to ensure compliance
with study protocol, adequacy of inspiration, inclusion of all parts of the chest, and absence
of motion artifact. More details regarding CT protocols are provided in the supplementary
materials of the study design paper for the COPDGene Study (30,31).

Image processing—Automated segmentation of the right and left lungs from the chest
wall and mediastinum was performed on all CT scans using Pulmonary Workstation Plus
(VIDA Diagnostics, Inc, Coralville, IA). For comparison to the texture-based technique, the
density mask technique was used to quantify percentage LAA, calculated as percentage lung
voxels ≤−950 HU.

Radiologist assessment—The majority of cases used in this study were analyzed
visually by radiologists and pulmonologists at the COPDGene Study CT Imaging
Workshop, which took place at the American College of Radiology Education Center in
Reston, Virginia, in February 2010. Chest CT scans analyzed at this workshop included
scans obtained from 50 normal nonsmoking controls, 50 smokers without evidence of
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COPD by Global Initiative for Chronic Obstructive Lung Disease (GOLD) criteria, and 50
smokers with COPD from each of GOLD stages 1, 2, 3, and 4. (The GOLD criteria identify
five stages of COPD severity. Stage 0 is characterized by the presence of symptoms of
breathlessness without airflow obstruction, and stages 1 through 4 are characterized by
progressively more severe airflow obstruction [32].).

For each of these cases, nine to 11 workshop participants independently recorded the extent
of emphysema above the carina, between the carina and inferior pulmonary veins, and below
the inferior pulmonary veins according to a six-point scale: absent, <5%, 5% to 25%, 25% to
50%, 50% to 75%, and >75%. Cases associated with <75% agreement on emphysema extent
among those who read the scans were excluded from this study. Because of insufficient
supply of CLE cases with ≥75% agreement at the CT Imaging Workshop, workshop cases
were supplemented by additional scans obtained from the COPDGene Study. These scans
were assessed as CLE by the initial reading radiologist, with confirmatory read by an expert
radiologist (J.D.S.) to ensure the presence of CLE.

Overview of Methodology
The proposed system for the quantification of CLE and CN, which is based on classifying
textures in local ROIs within the CT images, comprises multiple steps. First, the ROI
undergoes a preprocessing step that highlights patterns of interest and deemphasizes
unimportant texture elements in the ROI. Then the GLRL and GLGL methods operate on
the ROI, quantifying properties of LAAs and generating a series of 22 statistics that describe
the distribution of LAAs within the ROI. Finally, these statistics are used in a multiple
logistic regression classifier to classify the ROI as (1) normal lung, (2) manifesting CN or
“smoker’s lung,” or (3) CLE. A summary of our methodology is illustrated in Figure 1.

ROI Preprocessing
For densitometric purposes, emphysema can be defined as areas with intensity lower than a
given threshold. This threshold is typically in the range between −856 and −960 HU (28).
Because the textures that are important for emphysema quantification are characterized by
intensity variations in a limited range of intensities, we hypothesized that highlighting the
textures present in the “emphysema” range of intensity values while deemphasizing other
ranges of gray levels may enhance texture analysis. Emphasizing the “emphysema” range
entails two steps: (1) windowing and (2) binning the intensities to just a few pixel values.

To evaluate what thresholds to use in defining this “emphysema” range, we consider four
different intensity windows: −1024 to −950 HU, −1024 to −856 HU, −950 to −856 HU, and
the range between the minimum and maximum values present in the lung mask. Our
motivation for selecting these particular ranges of intensity values is as follows. We consider
the range between −1024 and −950 HU as a potential “emphysema” window because −950
HU has been shown to be the most valid threshold for defining emphysema (33).
Furthermore, for evaluation purposes, we compare the results of the automated texture-based
approach with densitometric results using −950 HU as a threshold to define emphysema.
Nevertheless, although a threshold of −950 HU may be sufficient to detect many cases of
emphysema, it has been shown that a threshold of −856 HU is needed to detect milder forms
of emphysema (34). Therefore, the range between −1024 and −856 HU is also considered a
potential “emphysema” window. The range between −950 and −856 HU is where
differences between CN and emphysema may be found. Consequently, we hypothesized that
this range would facilitate discrimination between emphysema and CN.

In addition to these three intensity ranges, we also consider the range between the minimum
and maximum values present in the segmented lung. This is because attenuation levels may
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vary significantly for different scanner models, so using a fixed threshold to define
emphysema may not be ideal. This intensity range, although not specifically an
“emphysema” range, is considered because it may be more robust to variability due to
scanner model than predetermined thresholds.

Given an intensity window, the next step in emphasizing emphysematous textures is binning
the intensities that fall within this window to only eight pixel values, or bins. Let Il be the
lowest intensity value in the window and Ih the highest intensity value in the window.
Intensity values in the image A are binned according to the following rule to generate the
binned image B:

(1)

This rule maps all intensity values below Il to 1, intensity values above Ih to 8, and intensity
values in the range (Il, Ih) to values between 1 and 8. Binning the pixel attenuation values in
each ROI to only eight gray levels significantly reduces computation time while enabling
meaningful information to be extracted via the GLRL and GLGL methods. Figure 2
illustrates how binning the intensity values using the four different intensity windows leads
to the emphasis of different textural artifacts in the ROIs.

Texture Analysis
We extract two types of texture features from the ROIs: GLRL and GLGL features. Some of
the GLRL features are common to the adaptive multiple-feature method, which has been
used in differentiating pulmonary disorders (20,24–27) and in emphysema quantification
(28,29). The combination of gap-length and run-length features, which inherently
complement each other, provides textural description of the distribution of LAAs in the
lung.

GLRL method—The GLRL method (35) considers the size, orientation, and attenuation
value of texture elements in an image. The GLRL method comprises two primary steps: (1)
cataloging in histograms all runs in an image, as well as their associated sizes, orientations,
and attenuation values, and (2) computing statistics from these histograms. The GLRL
method is used here to summarize various texture properties, such as size, attenuation level,
and distribution, of LAAs, by 11 texture features (see Table 2).

GLGL method—Whereas the GLRL method concerns itself with runs in an image, the
GLGL method (36) considers the size, orientation, and attenuation value of gaps in an
image. Thus, the GLGL method neatly complements the GLRL method. Like the GLRL
method, the GLGL method entails computing histograms of all gaps in an image, as well as
their associated sizes, orientations, and attenuation values, and then calculating statistics
from these histograms. Because emphysematous lung manifests as LAAs, which are
essentially “gaps” in the lung parenchyma, the GLGL method summarizes textural
properties of LAAs by 11 texture features (see Table 2).

Classification
The 22 run-length and gap-length features are used to classify ROIs into three classes:
normal, CN, and CLE. We use a multiple logistic regression classifier (37) because its
performance is on par with popular nonparametric classifiers such as support vector
machines (results not shown). Additionally, logistic regression is commonly used in biologic
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applications to model multinomial outcomes because the resulting models are easily
interpretable.

Statistical Analysis
Difference in percentage normal lung, CN, and CLE by study group was assessed using
Kruskal-Wallis one-way analysis of variance. Differences in medians were compared
because these data were not normally distributed, with unequal variances. To isolate
differences between groups, Dunn’s test was performed with nonsmoking controls as the
reference comparison group.

Experiments
Phase 1: Training—The primary objective of the experiments performed during the
training phase was to identify the intensity window that provides the best discrimination
between lung textures present in normal subjects with no emphysema (NNE), smokers with
no emphysema (SNE), and subjects with CLE. In total, 12 NNE cases, 12 SNE cases, and 12
CLE cases were selected for training (see Table 1). Of these scans, all NNE and SNE scans
and eight CLE scans were obtained from the CT Imaging Workshop (agreement ≥75%). An
expert chest radiologist (J.D.S.) manually selected nonoverlapping circular ROIs of 35
pixels in diameter representing normal tissue in the NNE scans, CN in the SNE scans, and
emphysema in the CLE scans. These ROIs, which were chosen by visual assessment of lung
regions for the presence of normal lung, CN, or emphysema, came from anywhere in the
lung parenchyma. In total, 2879 ROIs were selected from the 36 cases in the training set. Of
these ROIs, 46% belonged to NNE, 30% belonged to SNE, and 24% belonged to CLE
classes.

For each of the four intensity windows considered in this study, every ROI in the training
data set underwent the windowing operation followed by binning to eight intensity values,
and the 22 run-length and gap-length features were derived from the processed ROIs. Thus,
four full data sets were created: one for each intensity window under investigation. Each of
these data sets was then used to train a multiple logistic regression classifier.

Because our objective was not merely to build a robust classifier but also to determine which
intensity window performs best, it was important that we obtain robust, unbiased estimates
of the performance of each windowing strategy. Consequently, a sixfold, randomized cross-
validation procedure was used for evaluation of the four windowing strategies. Hence, for
the 36 scans constituting the training set, six sets of scans, each composed of two NNE
scans, two SNE scans, and two CLE scans, were constituted. During a single run of cross-
validation, five sets (corresponding to 30 CT scans) were used to train the classifier, while
the remaining set of six scans was used for independent testing. This process was repeated
until all ROIs from all 36 scans were classified once in a single run of cross-validation. This
randomized cross-validation process was used for each of the four data sets corresponding to
the four windowing strategies under investigation. Classifier results were generated for each
ROI from all 36 scans, and average confusion matrices were recorded for each windowing
strategy. The best performing intensity window was then identifiable as the windowing
strategy associated with the highest classification accuracy for all three classes.

Phase 2: Evaluation—Once the optimal windowing strategy was identified, additional
experiments were performed to evaluate the performance of the texture-based classification
scheme in quantifying CLE and CN in a full CT scan. First, every ROI in the training data
set underwent windowing using the intensity window selected during the training phase,
followed by binning to eight intensity values and extraction of the 22 texture features. Then,
this full data set was used to train a multiple logistic regression classifier to accurately
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classify ROIs as normal lung tissue, manifesting CN, or manifesting CLE. Finally, a total of
25 NNE cases, 24 SNE cases, and 22 CLE cases were selected for testing (see Table 1). All
NNE and SNE scans were obtained from the CT Imaging Workshop (agreement ≥75%), and
CLE scans included eight GOLD stage 1, six GOLD stage 2, and eight GOLD stage 3 cases
from the COPDGene Study.

All 71 chest CT scans in the evaluation data set underwent a series of preprocessing steps
before region-by-region classification was performed (see Fig 1). First, the lungs were
segmented using Pulmonary Workstation Plus. Then a subset of the pixels within the
parenchyma was automatically selected. The purpose of selecting only a subset of pixels for
classification was simply to reduce computational load, because the chest CT scans analyzed
here have as many as 50 million to 100 million pixels contained within the lung
parenchyma. Hence, rather than providing classification results on a per pixel basis,
classifier results were acquired for every 10 × 10 × 10 pixel cube fully contained in the lung
parenchyma. Thus, for every 10 × 10 × 10 pixel cube, the central pixel was selected, and an
ROI of 35 pixels in diameter was drawn around it. This reduced the total number of ROIs
that were classified to <25,000 per CT scan.

Each of the ROIs selected for classification underwent windowing followed by binning to
eight intensity values before the run-length and gap-length features were calculated from the
processed ROI and used to classify the ROI. These ROIs were then classified by the
multiple logistic regression classifier trained on the full training data set. ROIs manifesting
emphysema were classified as CLE, ROIs containing CN were classified as SNE, and the
remaining ROIs were classified as NNE. Class percentages, calculated as the number of
classified ROIs classified to a particular class divided by the total number of ROIs in the
scan, were recorded for each class.

RESULTS
Phase 1: Training

Quantitative results from classification for each of the four windowing strategies are shown
in the confusions matrices in Table 3. Regardless of intensity window, the NNE and CLE
classes are clearly distinguishable from each other, with <5% of ROIs being confused
between these two classes. ROIs containing only normal lung tissue are correctly classified
with >80% accuracy for all models.

Nevertheless, the intensity window between −950 and −856 HU provides the highest
classification accuracy for all three classes, providing for correct classification of 89% of
NNE ROIs, 74% of SNE ROIs, and 95% of CLE ROIs. When this intensity window is used,
no misclassifications occur between CLE and NNE, and few misclassifications occur
between SNE and CLE classes. Of the four windowing strategies investigated, this intensity
window provides the best discrimination between NNE and SNE textures. Thus, we expect
that the range between −950 and −856 HU is where differences among normal lung tissue,
CN, and emphysema can be found. Consequently, this is the windowing strategy that is
selected for use in phase 2, evaluation on full-chest CT scans.

Phase 2: Evaluation
The performance of the logistic regression classifier on representative chest CT scans from
NNE, SNE, and CLE classes is illustrated in Figure 3. Figure 4 displays results of
classification for each of the 71 chest CT scans in the evaluation data set. Quantitative
classification results are shown in Table 4, which describes the distribution of ROIs in an
average lung scan from each class. The multiple logistic regression classifier finds averages
of only 3% and 5% of ROIs in NNE and SNE scans, respectively, to contain CLE.
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Percentage emphysema in CLE scans is significantly different from percentage emphysema
in NNE and SNE scans (P < .001; see Fig 5a and Table 4). The amount of CN found in SNE
scans is significantly more than in NNE scans (P < .001) and less than in CLE scans (P < .
001), and the difference in percentage normal lung between NNE and SNE scans is also
statistically significant.

Results of emphysema quantification were also evaluated by correlation with percentage
LAA calculated by densitometry. Results are shown in Figure 5b; the associated correlation
coefficient is ρ = 0.82 (P < .001). This study, which uses CT scans obtained on five different
multidetector CT 64-slice scanner models and one 16-slice scanner, confirms that texture-
based quantification of CN and CLE is relatively independent of scanner model, with the
exception of 16-slice scanners. For example, the four NNE scans with the highest percentage
of ROIs classifying as SNE were obtained on 16-slice scanners. Although the difference
between 64-slice and 16-slice scanners is statistically significant (P < .001) among NNE
scans, differences among the five 64-slice scanners manufactured by Siemens and GE were
insignificant (P > .05).

DISCUSSION
The proposed texture-based system for quantification of CN and CLE provides good
discrimination among normal lung tissue, CN or “smoker’s lung,” and CLE. Evaluation of
the classifier during the training phase determined that the proposed system achieves perfect
discrimination between NNE ROIs and ROIs displaying emphysema. Fewer than 3% of
SNE ROIs were classified as CLE, and <6% of CLE ROIs were classified as SNE. This
indicates that CN and CLE are distinct conditions that can be well distinguished from each
other on the basis of texture. Eighty percent of misclassifications resulted from classifier
confusion between NNE and SNE classes, particularly because SNE ROIs displaying more
mild CN were confused as normal lung tissue. Nevertheless, the fact that 89% of NNE ROIs
and 74% of SNE ROIs were classified correctly suggests that CN can be successfully
detected by the texture-based approach.

When the proposed framework operated on full-chest CT scans to quantify extent of CN and
CLE, few ROIs belonging to NNE and SNE scans were classified as emphysematous
(generally <4% and <7% for NNE and SNE scans, respectively). In contrast, high levels of
emphysema were found in CLE scans. The fact that misclassifications occur between NNE
and CLE classes during the evaluation phase but not during the training phase can be
understood in the context of the comparatively small training data set; each chest CT scan
had up to eight times as many ROIs as the whole training data set. Nevertheless, it is clear
from Figure 4 that in the majority of NNE subjects, most ROIs are classified as normal; in
the majority of SNE subjects most ROIs are classified as “smoker’s lung”; and the majority
of CLE subjects have substantial amounts of ROIs classifying as emphysematous.

It is important to note that the amount of CN found in the CT scans of smoking controls was
significantly more than in the scans of nonsmokers (P < .001). Furthermore, smokers
without CLE have significantly less normal lung than those who never smoked (P < .001).
These results indicate that smoking-related lung injury can be distinguished from both
normal lung and CLE on the basis of texture and, like CLE, can be quantified. Nevertheless,
several NNE scans manifest high levels of CN. The detection of CN in normal subjects has
been documented previously (6). In our study the high rate of CN in some NNE scans may
be an artifact of interscanner variability and our relatively small training set or may be due
to nonsmoking inhalation exposures in the normal population. Furthermore, the amount of
CN found in the NNE scans was greater than the amount of CN found in CLE scans. A
similar trend was identified by Lynch et al (6), perhaps because the burden of CN declines in
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subjects who develop emphysema. This apparent decline is in concordance with the premise
that respiratory bronchiolitis is thought to be a precursor for emphysema.

Smoking-related lung disease is a complex process with many CT manifestations in the
lungs that are not specific to smoking. For example, a differential diagnosis for CN includes
cellular bronchiolitis (viral, mycoplasma, aspergillus), endobronchial spread of
mycobacterial infection, hypersensitivity pneumonitis, sarcoidosis, and respiratory
bronchiolitis. Interstitial lung disease can also be seen in smokers. The aim of this study was
to identify smoking-related CT textural features; we did not explore other possible etiologies
for these features, nor did we explore in this pilot study the discrimination of emphysema
from obliterative bronchiolitis.

The GLRL method for texture analysis exploited here has been used for the analysis of lung
textures in conjunction with other features (25–28). Nevertheless, these studies used no
more than five GLRL texture features, instead including additional texture features, such as
local binary patterns (28), shape features (26), and co-occurrence features (25–29) to aid in
classification tasks. Rather than relying on a conglomerate of texture analysis methods, this
paper provides a richer suite of run-length features than originally proposed (35) that can be
used for texture analysis of chest CT scans. Furthermore, this paper introduces an enriched
set of features associated with the GLGL method (36), a natural complement to the GLRL
method, and demonstrates its application in chest CT scan analysis. The fact that we use
only texture features computed from run-length and gap-length histograms, which can be
related to CN and CLE patterns in a straightforward manner, may make this texture-based
approach highly attractive to radiologists and clinicians.

Additionally, this texture-based approach involves windowing all ROIs using the intensity
window between −950 and −856 HU, which was identified during the training phase as the
best performing intensity window. This windowing step, a novel feature of the proposed
system, proves effective in enhancing the ability of run-length and gap-length features to
discriminate among CLE, CN, and normal lung tissue. It is apparent that the range of
intensities between −950 and −856 HU is where differences among normal lung tissue, CN,
and emphysema can be detected most effectively.

It is generally assumed that texture patterns are independent of scanner type. Indeed, this
study confirms that texture-based quantification of CN and CLE is relatively independent of
64-slice scanner model. The poor classification associated with 16-slice scanners may be
attributed to the fact that very few ROIs in the training data set were from scans obtained on
16-slice scanners. Whereas the difference between 16-slice and 64-slice scanners is
statistically significant among NNE scans, a similar trend cannot be picked up with regard to
SNE and CLE classes, because only one of 24 SNE subjects and one of 22 CLE subjects
were scanned using 16-slice scanners. Further work is necessary to determine how robust
the proposed texture-based method is to differences in scanner model and reconstruction
method.

We evaluated the results of the texture-based system for CLE quantification by correlation
with COPD GOLD stage and densitometry. As expected, percentage emphysema increases
with COPD GOLD stage. Although percentage emphysema computed by the texture-based
system tends to be higher than percentage LAA, correlation is strong (ρ = 0.82). In
comparing the results of the texture-based system with densitometry, it is important to
consider that the proposed system operates at the ROI level, while LAA quantification by
densitometry operates at the pixel level. Thus, if 50% of a subject’s lung was classified by
the texture-based system as emphysema, this means that 50% of ROIs in the lung contain
some evidence of emphysema. Because ROIs were 35 pixels in diameter and overlapped
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with one another, this does not mean that 50% of pixels in the lung are emphysematous.
Hence, CLE measurements obtained by densitometry tend to be lower than those obtained
by the texture-based approach.

There were several limitations to this study. First, although we trained the classifier on only
three classes of texture—normal lung tissue, CN, and CLE—during the evaluation phase, we
presented many other features to the classifier, including vessels and large airways. Second,
the large size of the ROIs limited the specificity of region-by-region classification of full-
chest CT scans. Nevertheless, the incorporation of this texture-based system in a hierarchical
framework whereby large ROIs classified as CN or CLE are subsequently subdivided into
smaller ROIs, which are then submitted for classification once more, would address this
issue. Third, in this study, we assessed only one of every 1000 pixels contained in the lung
parenchyma. Further research into how many ROIs per scan must be assessed, as well as the
effect of varying this number, must be performed. Fourth, only 12 CT scans from each class
were used in the training phase, and 22 to 25 scans from each class were analyzed in the
evaluation phase. A more extensive study would expand the training and evaluation data sets
to include more cases from the COPDGene Study. Finally, further validation of the texture
analysis system will also include correlation with important clinical features, including
history of cigarette smoking, symptoms of chronic bronchitis, and physiologic evaluation.

CONCLUSIONS
We have presented a fully automated system for texture-based detection and quantification
of CN and CLE that successfully discriminates among normal lung tissue, CN, and CLE in
CT images. The value of the automated texture-based system lies in providing an
independent review of CT images before they are processed by a radiologist and
incorporating the quantitative values obtained therewith into the radiologist’s report. Thus,
the proposed framework has the potential to facilitate robust quantification of disease extent
and thereby enable accurate tracking of disease progression and regression and response to
therapy.
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Figure 1.
Summary of proposed method for quantification of centrilobular emphysema and
centrilobular nodularity. ROI, region of interest.
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Figure 2.
Representative regions of interest from (a) a scan of a normal subject with no emphysema,
(f) a scan of a smoker with no emphysema, and (k) a scan of a subject with centrilobular
emphysema binned between −1024 and −950 Hounsfield units (HU) (column 2), between
−1024 and −856 HU (column 3), between −950 and −856 HU (column 4), and between the
minimum and maximum gray levels in the parenchyma (column 5).
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Figure 3.
Results of classification are shown in three dimensions for (a) a scan of a normal subject
with no emphysema, (b) a scan of a smoker with no emphysema, and (c) a scan of a subject
with centrilobular emphysema (CLE). Regions of interest (ROIs) colored blue were
classified as normal lung, green ROIs were found to contain centrilobular nodularity, and
red ROIs were found to manifest CLE.
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Figure 4.
Percentage of regions of interest classified as normal lung (blue), centrilobular nodularity or
“smoker’s lung” (green), and centrilobular emphysema (CLE) (red) for (a) 25 normal
subjects with no emphysema, (b) 24 smokers with no emphysema, and (c) 22 subjects with
CLE. Gold, Global Initiative for Chronic Obstructive Lung Disease.
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Figure 5.
Percentage emphysema obtained using the texture-based method is correlated with (a)
percentage low-attenuation area (LAA) computed by the density mask technique and (b)
chronic obstructive pulmonary disease (COPD) Global Initiative for Chronic Obstructive
Lung Disease (GOLD) stage. Black data points represent scans of normal subjects with no
emphysema (NNE); cyan represents scans of smokers with no emphysema (SNE); and blue,
green, and red represent GOLD stages 1, 2, and 3, respectively. The differences in
percentage emphysema computed using the texture-based method were statistically
significant (P < .001) by analysis of variance. SNE scans were not statistically significantly
different from NNE scans, but GOLD stages 1, 2, and 3 were statistically significantly
different from both NNE and SNE classes (P < .05).
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TABLE 2

Gray-level Run-length and Gap-length Features Used for Texture Analysis

Run-length Features Formula Gap-length Features Formula

Average run length Average gap length

Average gray level Average gray level

Short run emphasis Short gap emphasis

Long run emphasis Long gap emphasis

Bright color emphasis Bright color emphasis

Dark color emphasis Dark color emphasis

Gray-level nonuniformity Gray level nonuniformity

Run-length nonuniformity Gap-length nonuniformity

Gray-level distribution Gray-level distribution

Run-length distribution Gap-length distribution

Run percentage Gap percentage

R and G are the run-length and gap-length matrices, respectively; Nr and Ng represent the numbers of run and gap lengths considered, respectively;

Nl is the number of gray levels in the binned image; and n is the number of pixels in the image or region of interest.
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TABLE 3

Average Confusion Matrices Associated with Each of the Four Windowing Strategies Evaluated during the
Training Phase

Range

Classified as

NNE SNE CLE

−1024 to −950 HU

True class NNE 86.2% 13.3% 0.5%

SNE 30.0% 65.0% 5.0%

CLE 2.8% 4.6% 92.7%

−1024 to −856 HU

True class NNE 85.7% 13.8% 4.6%

SNE 27.1% 67.9% 5.0%

CLE 1.8% 9.2% 89.0%

−950 to −856 HU

True class NNE 89.4% 10.6% 0.0%

SNE 22.9% 74.3% 2.9%

CLE 0.0% 5.5% 94.5%

Minimum to maximum

True class NNE 84.3% 14.3% 1.4%

SNE 34.3% 57.1% 8.6%

CLE 3.7% 11.0% 85.3%

CLE, centrilobular emphysema; HU, Hounsfield units; NNE, normal subjects with no emphysema; SNE, smokers with no emphysema.
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