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BACKGROUND: Chronic tobacco smoke exposure results in a broad range of lung pathologies
including emphysema, airway disease and parenchymal fibrosis as well as a multitude of
extra-pulmonary comorbidities. Prior work using CT imaging has identified several clinically
relevant subgroups of smoking related lung disease, but these investigations have generally
lacked organ specific molecular correlates.

RESEARCH QUESTION: Can CT imaging be used to identify clinical phenotypes of smoking
related lung disease that have specific bronchial epithelial gene expression patterns to better
understand disease pathogenesis?

STUDY DESIGN AND METHODS: Using K-means clustering, we clustered participants from the
COPDGene study (n ¼ 5,273) based on CT imaging characteristics and then evaluated their
clinical phenotypes. These clusters were replicated in the Detection of Early Lung Cancer
Among Military Personnel (DECAMP) cohort (n ¼ 360), and were further characterized
using bronchial epithelial gene expression.

RESULTS: Three clusters (preserved, interstitial predominant and emphysema predominant)
were identified. Compared to the preserved cluster, the interstitial and emphysema clusters had
worse lung function, exercise capacity and quality of life. In longitudinal follow-up, individuals
from the emphysema group had greater declines in exercise capacity and lung function, more
emphysema, more exacerbations, and higher mortality. Similarly, genes involved in inflam-
matory pathways (tumor necrosis factor-a, interferon-b) are more highly expressed in bron-
chial epithelial cells from individuals in the emphysema cluster, while genes associated with
T-cell related biology are decreased in these samples. Samples from individuals in the inter-
stitial cluster generally had intermediate levels of expression of these genes.
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INTERPRETATION: Using quantitative CT imaging, we identified three groups of individuals in
older ever-smokers that replicate in two cohorts. Airway gene expression differences between
the three groups suggests increased levels of inflammation in the most severe clinical
phenotype, possibly mediated by the tumor necrosis factor-a and interferon-b pathways.

CLINICAL TRIAL REGISTRATION: COPDGene (NCT00608764), DECAMP-1 (NCT01785342),
DECAMP-2 (NCT02504697) CHEST 2021; 159(2):549-563
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Chronic tobacco smoke exposure results in a broad range
of lung diseases that includes emphysema, airway disease,
parenchymal fibrosis, and a multitude of extrapulmonary
comorbidities.1-3 Identification of more homogenous
subsets of disease with the use of tools such as CT imaging
may better enable clinical, epidemiologic, and genetic
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investigation. Prior work in this area has identified several
clinically relevant subgroups,4-8 but these investigations
generally have lacked organ-specific molecular correlates.

We sought to leverage clinical and imaging data from a
large research cohort, the COPDGene Study, combined
with clinical and bronchial epithelial gene expression
data from the Detection of Early Lung Cancer Among
Military Personnel (DECAMP) Study to identify
smoking-related lung disease subgroups and to begin to
determine their biologic differences.

Methods
Patients and Study Design

The COPDGene Study (NCT00608764) cohort has been described in
detail previously.9 Briefly, it is a multicenter longitudinal
observational investigation of smokers that is focused on the
epidemiologic and genetic factors associated with COPD.10-14 The
baseline enrollment of 10,306 COPDGene participants occurred
between October 2006 and January 2011. All participants were
invited to return for 5- and 10-year follow-up visits. They are also
followed longitudinally through the longitudinal follow-up program.
For this study, analyses were limited to those individuals who had
completed both baseline and 5-year follow-up visits.

The DECAMP Study is a multicenter consortium comprised of 15
military treatment facilities, Veterans Affairs hospitals, and academic
centers across the United States. Participants were recruited into one
of two study protocols, designated as DECAMP-1 (NCT01785342)
and DECAMP-2 (NCT02504697).15 Study participants of DECAMP-
1 were adults aged $45 years with indeterminate pulmonary nodules
and a heavy smoking history. Study participants of DECAMP-2 were
aged 50 to 79 years with a heavy smoking history and a family
history of lung cancer or a personal history of COPD.

Additional details regarding the study design, institutional review
board approval (e-Tables 1, 2), biospecimen collection, and CT
image acquisition protocols are available in the Online Supplement.

Quantitative CT Analysis
The objective imaging measurements used for cluster definition in both
cohorts were obtained by previously defined methods. The breadth of
possible quantitative imaging measures that could be used to define
clusters of individuals with cigarette smoking-related lung diseases is
beyond the scope of this study. Based on prior experience and
expertise in this area, we selected a parsimonious list of imaging
features to attempt to represent the breadth of both pulmonary and
extrapulmonary quantitative CT metrics of lung disease.16-19 These
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included (1) the objective characterization of interstitial features and
emphysema-like tissue with the use of a local histogram-based
technique, (2) the measurement of pectoralis muscle area (expressed
in square centimeters) that is performed on a single axial image above
the level of the aortic arch, and (3) airway wall thickness as defined
by the mean thickness of 6 segmental airways from each subject.20-29

Further details and supplemental analyses with an expanded list of
quantitative measures are available in the Online Supplement.

Cluster Derivation and Statistical Analysis

Changes in the airways and lung parenchyma and extrapulmonary
tissues, such as the thoracic musculature, have been shown to be
related both directly to cigarette smoke exposure and, when
measured using quantitative CT imaging, to clinical outcomes and
disease pathophysiologic condition.16 Cluster analysis was performed
chestjournal.org
with the use of a parsimonious set of variables that were selected to
represent the breadth of the airway, lung parenchyma, and
extrapulmonary processes that are evident in smokers. The imaging
features were log-transformed and standardized as needed to address
distribution skewness and range of each variable and differences
between cohorts related to technical differences in image acquisition
and reconstruction. K-means clustering was then applied to these
variables to group the subjects into clusters. The optimum number
of clusters was determined with a combination of the Silhouette and
Elbow methods (e-Fig 1). Further details regarding methods of both
the clustering, including variable selection, and the statistical analyses
that compare the clusters are available in the Online Supplement.

Details regarding RNA isolation, sequencing, data pre-processing, and
gene expression analysis are available in the online supplement.
Results

Study Population

From the COPDGene cohort, a total of 5,273 subjects
completed both the baseline and 5-year follow-up visits
and had CT imaging data available. These were used for
the derivation of imaging clusters. Of these, 5,067
subjects had complete clinical data, and 4,954 subjects
had complete mortality data. From the DECAMP study,
a total of 360 subjects (169 from DECAMP-1 and 191
from DECAMP-2) had imaging data available and were
used to replicate the imaging clusters. Of these, 146
subjects had bronchial epithelial samples available for
bulk-RNA sequencing. Detailed demographic data on
the subjects from both cohorts are presented in Table 1.
Characterization of Imaging Clusters From
COPDGene

Using quantitative imaging features, we identified three
distinct clusters of COPDGene participants that were
labeled based on their parenchymal phenotype:
preserved, interstitial predominant, and emphysema
predominant (Figs 1, 2, 3A). From a CT imaging
standpoint, the individuals in the preserved cluster
generally had the lowest amount of parenchymal
abnormalities (emphysema and interstitial features) and
had normal airway wall-thickness. Those individuals in
the emphysema cluster demonstrated the highest
emphysema scores and mildly thickened airway walls,
and those individuals in the interstitial predominant
cluster had the highest amount of interstitial changes
and highest airway wall-thickness.

With regards to clinical characteristics (Fig 4A),
individuals in the preserved cluster group tended to have
normal spirometry, normal 6-minute walk distance, and
preserved respiratory health quality of life. Individuals in
the emphysema cluster group tended to have expiratory
airflow obstruction, reduced 6-minute walk distance,
and the lowest respiratory health quality of life, with the
exception that the peripheral measures of inflammation
the baseline clinical disease severity of those individuals
in the interstitial cluster were generally intermediate
between the preserved and emphysema clusters
(Figs 4A, 5). In addition, the emphysema cluster had the
highest mortality rate followed by the interstitial cluster
and then the preserved cluster (Fig 4B, C). Similar
findings were present when an expanded set of imaging
features was used to define the clusters (e-Figs 2, 3) and
the majority of individuals (75.5%) were assigned to the
same feature-based cluster using when clustered using
the expanded imaging variables as they were with the
primary imaging variables (e-Table 2).

The COPDGene patients in the emphysema cluster had
the greatest evidence of disease activity and disease
progression during follow up, followed by those in the
interstitial group. For example, relative to the preserved
group, those in the emphysema group had greater
declines in both FEV1 and 6-minute walk distance,
gained more emphysema, and had a higher rate of
exacerbations (Tables 2, 3). Those patients in the
interstitial group did not have a significantly higher rate
of lung function decline than those in the preserved
group, but they did have a higher rate of decline in
exercise capacity, gained more emphysema, and had a
higher rate of exacerbations than those in the preserved
group (Tables 2, 3). Finally, over 5 years of follow-up,
the majority of individuals (79.4%) remained in their
original cluster (e-Table 3).

Replication of Imaging Clusters in External Cohort
(the DECAMP Study)

After clustering, the first two principal components of
the analytic variables from COPDGene were plotted
against each other for a geometric interpretation of the
551
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grouped data points. The participants from the
DECAMP study were clustered independently based
on the same imaging variables from COPDGene and
projected onto the same principal component plot (Fig
2) and by the similarity in the distribution of the
imaging characteristics within the DECAMP clusters
TABLE 1 ] Cohort Characteristics for the COPDGene and De
Studies

Study Prese

COPDGene

No. 2,6

Clinical characteristics

Age, mean (SD), y 60.22 (

Male, No. (%) 987 (

Black, No. (%) 592 (

Current smoker, No. (%) 1,144 (

Smoking exposure, mean (SD), pack-y 39.11 (

BMI, mean (SD), kg/m2 27.92 (

FEV1, mean (SD), % predicted 86.58 (

Longitudinal follow up

Time between phase 1 and phase 2 visits, mean
(SD), y

5.35 (

Total duration of follow up, mean (SD), y 6.85 (

Died, No. (%) 232 (

Radiologic measures

Interstitial features, mean (SD), % lung 4.55 (

Emphysema, mean (SD), % lung 3.66 (

Pectoralis muscle area, mean (SD), cm2 36.26 (

Airway wall thickness, mean (SD), mm 0.91 (

Detection of Early Lung Cancer Among Military
Personnel

No. 14

Clinical characteristics

Age, mean (SD), y 63.91 (

Male, No. (%) 97 (

Black, No. (%) 13 (

Current smoker, No. (%) 68 (

Smoking exposure, mean (SD), pack-y 47.01 (

BMI, mean (SD), kg/m2 27.49 (

FEV1, mean (SD), % predicted 80.13 (

Radiologic measures

Interstitial features, mean (SD), % lung 7.06 (

Emphysema, mean (SD), % lung 2.81 (

Pectoralis muscle area, mean (SD), cm2 43.04 (

Airway wall thickness, mean (SD), mm 2.10 (

Comparisons of the absolute values of imaging variables between cohorts are lim
aBased on analysis of variance for continuous variables and chi-square test for
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(Fig 3B). Similar to COPDGene, in the DECAMP
cohort, those in the preserved cluster and those in the
emphysema cluster had the least severe and most
severe clinical phenotypes, respectively, and the
interstitial cluster had an intermediate clinical
phenotype (Table 1).
tection of Early Lung Cancer Among Military Personnel

rved
Interstitial

Predominant
Emphysema
Predominant Pa

23 1,910 740 .

8.64) 59.97 (9.10) 65.57 (7.70) <.001

37.6) 1,364 (71.4) 431 (58.2) <.001

22.6) 675 (35.3) 120 (16.2) <.001

43.6) 1,087 (56.9) 153 (20.7) <.001

21.09) 48.35 (28.14) 55.57 (26.81) <.001

5.56) 30.97 (6.22) 25.47 (5.00) <.001

20.07) 73.14 (22.08) 40.62 (19.91) <.001

0.52) 5.34 (0.56) 5.31 (0.48) .409

1.83) 6.18 (2.18) 5.67 (2.43) <.001

9.3) 323 (18.4) 299 (42.5) <.001

2.66) 7.89 (5.37) 5.34 (3.27) <.001

5.42) 4.97 (6.63) 48.65 (15.22) <.001

12.38) 48.64 (16.66) 30.94 (10.63) <.001

0.13) 1.25 (0.19) 1.08 (0.22) <.001

1 153 66

8.11) 66.14 (7.63) 68.11 (6.35) .001

68.8) 131 (85.6) 58 (87.9) <.001

10.7) 32 (22.4) 12 (19.7) .041

51.5) 64 (45.1) 24 (38.7) .227

25.89) 49.08 (25.51) 52.49 (26.56) .381

6.01) 28.52 (6.13) 24.40 (5.40) <.001

17.27) 73.49 (18.12) 54.61 (19.61) <.001

4.50) 12.62 (9.31) 6.81 (8.18) <.001

2.77) 13.08 (8.32) 52.18 (16.60) <.001

13.62) 47.60 (12.87) 39.37 (10.08) <.001

0.35) 2.22 (0.35) 2.01 (0.36) <.001

ited due to technical differences in image acquisition and reconstruction.
categoric variables.
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Figure 1 – A-C, Representative CT images from each of the three cluster phenotypes: A, Preserved. B, Interstitial predominent. C, Emphysema.
Gene Expression Profiling of Imaging Clusters

We analyzed the bronchial epithelial gene expression
associated with imaging cluster membership using a
subset of individuals from the DECAMP study.
Although no genes were differentially expressed when
we compared the interstitial group with either the
emphysema or preserved predominant groups, we
identified 41 genes that were expressed differentially
between the preserved and emphysema clusters (false
discovery rate, < 0.25) (Fig 6A). Eight of these were
expressed at lower levels in individuals from the
emphysema cluster, including those involved in T-cell
biology (T-cell receptor alpha constant, T-cell receptor
antigen, thymocyte-expressed molecule involved in
selection, which have a regulatory role in both positive
and negative T-cell selection during late thymocyte
development, and signaling threshold regulating
transmembrane adaptor 1, which negatively regulates
T-cell antigen receptor-mediated signaling in T cells).
Among the 33 genes that were expressed at higher levels
in individuals from the emphysema cluster are genes
that are related to acute and chronic inflammation
(chemokine ligand 20, IL1B, IL8, and IL1R2), tumor
necrosis factor-alpha (TNF-a) signaling pathway
(TNFA1P6, CXCL3), and mucus production (MUC6)
(e-Table 4).
chestjournal.org
To more fully characterize the biology of the gene
expression differences associated with the imaging
clusters, gene set enrichment analysis was performed on
preranked gene lists created by the pair-wise comparison
of all combinations from the three clusters to identify
enrichment of pathway-related gene sets from the
KEGG, Reactome, and Gene Ontology databases. Gene
sets with significant enrichment (gene set enrichment
analysis q, < 0.05) from individuals in the emphysema
cluster relative to those in the preserved cluster included
upregulated pathways involved in the acute and chronic
inflammatory response, TNF-a signaling via NF-kB
pathway, and epithelial mesenchymal transition (EMT)
(e-Table 4, e-Fig 4), while several common pathways are
upregulated in the interstitial predominant group
relative to the preserved cluster that included TNF-a
signaling via NF-kB pathway and EMT and WNT/b-
catenin signaling (e-Table 5). We also used the Crowd
Extracted Expression of Differential Signatures tool30 to
search its library of manually curated signatures from
the Gene Expression Ominbus for experimental
perturbations that lead to a pattern of gene expression
alterations that are similar to the emphysema signature.
Gene expression signatures from five published datasets
that involved the response to interferon-b were
identified as concordant (GSE26104,31 GSE19392,32
553
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Figure 2 – Cluster Assignment Using
Principal Component Analysis. Overlap
of the Detection of Early Lung Cancer
Among Military Personnel imaging
clusters projected onto the first two
principal components of the COPDGene
imaging features. DECAMP ¼ Detection
of Early Lung Cancer Among Military
Personnel; PC1 ¼ principal component 1;
PC2 ¼ principal component 2.
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GSE3920,33 GSE125066,34 and GSE4840035); we found
that the gene set variation analysis scores from the
signature of genes increased in the emphysema cluster is
significantly increased in peripheral blood mononuclear
cell after interferon-b treatment (GSE26104; Fig 7). We
found a similar increase in the gene set variation analysis
scores from the emphysema-increased signature in
datasets that examined the response of bronchial
epithelial cells, hepatocytes, fibroblasts, and endothelial
cells to interferon-b32-35 (e-Fig 5).

In addition, we were able to identify emphysema
cluster-associated gene expression changes in the
bronchial airway that reflect COPD-associated
processes in the airway from an external cohort.36 We
were also able to characterize the interstitial cluster
using gene set variation analysis with those genes that
were expressed differentially between the emphysema
and preserved clusters to summarize the expression of
the emphysema-increased and emphysema-decreased
genes in each of the three groups (Fig 6B). Further
554 Original Research
details of these analyses are available in the Online
Supplement.
Discussion
Using quantitative CT imaging from the COPDGene
cohort, we identified three subgroups of smokers that
have specific clinical characteristics. Individuals classified
in the emphysema cluster have worse physiologic
measures, reduced exercise capacity, worse respiratory
health-related quality of life, and a lower survival rate.
Those who are classified in the preserved cluster have
little-to-no emphysema, relatively normal physiologic
measures, a normal exercise capacity and symptoms
assessment, and a higher survival rate when compared
with the emphysema cluster; and the interstitial cluster is
composed of individuals whose level of disease is
intermediate in severity. Furthermore, we identified the
same imaging clusters in an independent cohort (the
DECAMP study) and demonstrated that they not only
had similar baseline clinical characteristics but also had
[ 1 5 9 # 2 CHES T F E B R U A R Y 2 0 2 1 ]
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Figure 3 – A-B, Comparison of Imaging Characteristics of the Clusters in the COPDGene and Detection of Early Lung Cancer Among Military
Personnel Cohorts. A, The imaging features used in the identification of the patient clusters in COPDGene were compared between patients assigned to
each of the three clusters. B, The same imaging clusters were compared between DECAMP patients assigned to each of the three clusters. Global
differences for each imaging feature among the three clusters were assessed using analysis of variance and found to be statistically significantly different
(P < .001). Pairwise differences were assessed with the use of t-tests. Two asterisks indicate P # .01; four asterisks indicate P # .0001. ns ¼ not
significant at P > .05.
specific gene expression correlates in bronchial epithelial
cells. More specifically, by leveraging bronchial epithelial
gene expression from patients in the DECAMP cohort,
we identified differential gene expression patterns when
comparing the emphysema cluster with the preserved
cluster that replicated previously published COPD
signatures36 and that are intermediate in their expression
levels in the interstitial group.

Various studies have used spirometry, clinical
symptoms, and imaging studies to identify features
associated with particular disease behavior and
chestjournal.org
outcomes in hopes of identifying unique patient
subgroups.4,23,37-40 In the COPDGene cohort for
example, Castaldi et al4 identified four clusters with
differing clinical and genetic associations. Although their
clustering approach used both clinical and radiologic
variables, in many ways the clusters they identified are
similar to those found in our study and included two
relatively preserved clusters, a severe emphysema cluster,
and an airways disease cluster that appears clinically
similar to that which we termed interstitial predominant.
Our approach suggests that these groups, for the most
part, can be identified with imaging features alone. In
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Figure 3 – Continued
addition, our work demonstrates the presence of these
specific clusters in two very different cohorts, which
suggests that the radiologic variables we used for
clustering may represent broadly distinct thoracic
manifestations of smoking.

A central question raised by this work and other COPD
phenotyping efforts is how to interpret the patient
groups that were identified. One possibility is that the
radiographic subtypes represent a single trajectory of
disease progression (ie, individuals from the preserved
group with progressive disease move into the interstitial
group and then to the emphysema group). In this model,
the interstitial features identified on CT imaging likely
represent inflammation and edema that has been
556 Original Research
observed to precede the development of emphysema in
some cases.27,41 If this hypothesis is correct, then the
identification of interstitial features may enable earlier
disease detection. To some extent, this is supported by
the shifts seen in cluster assignments over 5 years of
follow up in this study. For example, it may be that those
individuals who transition from the interstitial group to
the emphysema group are progressing along the
pathway mentioned earlier and those that transition
from emphysema to interstitial are those that are
experiencing the development of concomitant fibrosis or
having evidence of ongoing disease activity.
Unfortunately, limited data both in terms of time points
and the number of individuals who change groups
prevent us from fully exploring this possibility, and
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Figure 4 – A-C, Comparison of Clinical Characteristics and Mortality Rates of the Clusters in the COPDGene Cohort. A, The clinical characteristics
identified in COPDGene were compared among the three clusters. Global differences for each clinical characteristic among the three clusters were
assessed with the use of analysis of variance and found to be statistically significantly different (P < .001). Pairwise differences were assessed with the
use of t-tests without adjustment for multiple comparisons. Four asterisks indicate P # .0001. B, The survival rate of the three clusters identified in
COPDGene is demonstrated in this Kaplan-Meier curve. Individuals in the emphysema-predominant cluster had the lowest 5-year survival rate;
individuals in the preserved cluster had the highest 5-year survival rate. C, The inset table shows the results of multivariable Cox regression analyses
that compared the interstitial predominant cluster and emphysema cluster with the preserved cluster. Note that these analyses were adjusted for age,
sex, race, smoking status, and FEV1 at baseline. SGRQ ¼ St. George’s Respiratory Questionnaire.
additional work using multistate modeling and cohorts
with multiple points of follow up is necessary to
determine if this is the case. Another possibility is that
these three groups represent three distinct phenotypes of
response to cigarette smoke: a group relatively resistant
to smoking, another group that has evidence of
inflammation and experiences the development of
airway and interstitial disease, and a third group that
experiences the development of progressive emphysema.
This mirrors the clinical observation that various lung-
chestjournal.org
function trajectories lead to COPD42 and suggests that
these different radiographic phenotypes may reflect
distinct pathogenic mechanisms43 that all result in a
common physiologic abnormality (ie, airflow
limitation). In this schema, a subset of the second group,
those with interstitial predominance, may have early or
subtle pulmonary fibrosis and may go on to experience
more advanced fibrotic disease, as has been suggested for
patients with visually defined interstitial lung
abnormalities.41
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Figure 4 – Continued
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Figure 5 – A-B, Peripheral Eosinophilia and Inflammation in the COPDGene Cohort. A, The percent of peripheral WBCs that are eosinophils by
imaging cluster. B, C-reactive protein by imaging cluster. Global differences for each biomarker among the three clusters were assessed with the use of
analysis of variance and found to be statistically significantly different for C-reactive protein (P ¼ .003) and not significant for eosinophilia (P ¼ .05).
Pairwise differences were assessed with the use of t-tests without adjustment for multiple comparisons. One asterisk indicates P # .05; two asterisks
indicate P # .01. ns ¼ not significant at P > .05.
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TABLE 2 ] Rate of Acute Respiratory Disease Events by Cluster

Variable Incidence Rate Ratioa
95% CI

PLower Limit Upper Limit

Preserved Reference

Interstitial predominant 1.14 1.00 1.30 .043

Emphysema predominant 1.32 1.12 1.56 <.001

aExpressed compared with the preserved cluster (eg, those individuals in the emphysema predominant cluster had 32% more acute respiratory disease
events over the course of follow up than those in the preserved cluster).
Although future long-term studies will be needed to fully
answer this central question regarding what each cluster
represents, the gene expression patterns demonstrated
by the current analysis help to explain some of the issues
related to disease progression. For example, our data
suggest that gene expression downstream of interferon-b
signaling is activated in patients with emphysema
relative to patients from the preserved cluster. This may
be due to a COPD-associated increase in airway
epithelial production of interferon-b, because
conditioned media from human bronchial epithelial
cells from patients with COPD that is grown at an air-
liquid interface has increased levels of cytokines and
interferons relative to conditioned media from similarly
grown human bronchial epithelial cells from healthy
donors.44 The role of interferons is intrinsically to
promote an antimicrobial state in cells that are infected
as well as neighboring cells to help limit the spread of
infection.45 Furthermore, they stimulate the adaptive
immune system via antigen presentation and natural
killer cell activation in response to infection.46 But they
TABLE 3 ] Longitudinal Changes in Clinical Measures by Cl

Variable Difference in Annual

FEV1, % predicted

Preserved Reference

Interstitial predominant 0.02

Emphysema predominant �0.66

6-Minute walk distance, ft/y

Preserved Reference

Interstitial predominant �6.2

Emphysema predominant �15.9

Emphysema, % lung volume/y

Preserved Reference

Interstitial predominant 0.13

Emphysema predominant 0.30

aExpressed as the annualized absolute difference in the change of that cluster c
predominant cluster lost an average of 15.9 feet more per year over the cours

chestjournal.org
also play a role in noninfected cells because they are
secreted constitutively in low amounts by many tissues
in order for them to be primed for future responses.47,48

Interestingly, while interferon-b is increased in the
airway epithelium, its production is impaired in BAL
fluid49 and resected lung tissue50 from patients with
COPD. Further research is necessary to determine
whether these differences reflect tissue-specific
differences or differences in the clinical contexts in
which these studies were performed.

Another pathway of interest that was identified in our
study is TNF-a signaling via NF-kB pathway that is
upregulated in the emphysema cluster. Although this
pathway has been implicated in many different
processes in the body, it has been shown specifically to
play a central role in airway inflammation in asthma and

COPD. Many NF-kB-mediated processes are insensitive
to the actions of steroids, and some investigators have
proposed targeting NF-kB signaling as a potential
intervention for steroid-refractory airway disease.

51-53
uster

Changea
95% CI

PLower Limit Upper Limit

�0.10 0.15 .703

�0.87 �0.44 <.001

�10.6 �1.7 .007

�23.4 �8.5 <.001

0.03 0.23 .011

0.13 0.47 <.001

ompared to the preserved cluster (eg, those individuals in the emphysema
e of follow up than those in the preserved cluster.
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Figure 7 – Gene Set Variation Analysis of Emphysema Signature Genes
in Peripheral Blood Mononuclear Cells. Following Interferon-b Treat-
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peripheral blood mononuclear cells from patients at baseline or after
interferon-b treatment (GSE2610418). This demonstrates that the genes
increased in the bronchial airway of patients in the emphysema-cluster
group are induced significantly in peripheral blood mononuclear cells
from patients with multiple sclerosis who are treated with interferon-b.
Post hoc Tukey’s honestly significant difference test was applied to
examine the pairwise differences between groups. Two asterisks indicate
P # .01. GSVA ¼ gene set variation analysis.
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Figure 6 – A-B, Emphysema Cluster-Related Gene Expression. A, With the use of linear modeling, 41 genes were identified to be differentially expressed
between the preserved and emphysema cluster (false discovery rate, <0.25). Of these, eight genes were decreased in the airway epithelial cells from
individuals in the emphysema cluster relative to the preserved cluster group (gene cluster 1), and 33 genes were increased in the emphysema cluster
relative to the preserved cluster group (gene cluster 2). Note: a complete list of gene names is available in the Online Supplement. B, Gene set variation
analysis was used to summarize the expression of each gene cluster in each sample. Variation in these summary scores was then examined as a function
of imaging clusters. For both gene clusters, there was a significant difference between the imaging clusters by analysis of variance (each, P < .001). Post-
hoc Tukey’s honestly significant difference test was applied to examine the pairwise differences between groups. *P # .05; **P # .01.
Our current work suggests that such an intervention may
be of particular importance in those patients with
emphysema predominant disease. Regarding other
salient findings from the genetic analyses, we found that
genes involved in the EMT are upregulated in airway
epithelium from subjects in the emphysema-cluster
group relative to the preserved-cluster group. In addition
to its role in promoting metastasis, EMT has been
implicated in peribronchiolar fibrosis, which is observed
in the small airways of patients with COPD and
contributes to airway obstruction.

54 Genes involved in
WNT/b-catenin signaling are also elevated in patients in
the emphysema cluster. This pathway has been shown to
play a role in the pathogenesis of chronic pulmonary
diseases such as COPD and pulmonary fibrosis by
regulating airway inflammation, remodeling, and EMT.55

Finally, increased expression of the imaging cluster-
associated gene expression signature in bronchial
epithelial cells from individuals in the interstitial
predominant cluster lends credence to the hypothesis that
interstitial featuresmay represent imaging indices of early
disease processes within COPD, such as tissue
destruction, inflammation, and parenchymal remodeling
stemming from smoke exposure.23,29,37,56 Combined,
these findings suggest that, not only is there an underlying
molecular basis for the three patient clusters, but also
these biologic signals impact gene expression in airway
epithelial cells that might either reflect or contribute to
the appearance of the underlying imaging phenotype.
560 Original Research
One of the strengths of our study is the ability to
identify imaging clusters that replicate across two
separate cohorts, despite differences in patient
population and image processing. Another strength is
[ 1 5 9 # 2 CHES T F E B R U A R Y 2 0 2 1 ]



the ability to associate imaging cluster membership
with gene expression differences in the bronchial
airway epithelium, because these gene expression
associations argue for an underlying biologic cause for
the imaging-based subgroups and begin to suggest the
molecular processes that differentiate the groups. Our
study did have several limitations as well. The two
cohorts are not identical and have differences in
inclusion and exclusion criteria. For instance,
COPDGene excluded patients with interstitial lung
disease, which potentially could limit the ability to draw
accurate conclusions regarding interstitial features. No
such exclusion criterion was included in the DECAMP
study. Also, and notably, the demographics of the two
cohorts are quite different, as are several of the imaging
variables, with the latter differences likely related both
to demographics and differences in image acquisition
techniques. The replication of the clusters in the
DECAMP study suggests that they may be robust to
these differences; however, additional work is needed in
other cohorts to determine whether this is the case.
Another potential limitation is the small sample size
from the DECAMP study, which further restricted the
size of the three radiographic subgroups. Of the 360
individuals in the DECAMP study whose imaging was
available for analysis, only 146 samples were available
for RNA sequencing. These sample size limitations
might limit the power to define the molecular
chestjournal.org
differences fully among the three subgroups. Finally, we
selected imaging variables based on prior knowledge
and experience and on available data in the DECAMP
cohort in particular. Although the majority of
individuals were classified into the same cluster with
the use of an expanded set of imaging variables in the
supplemental COPDGene analyses and the clinical
characteristics of clusters based on the expanded
imaging variables were similar to those in the primary
analysis, there were some differences between the
interstitial and preserved groups in particular, which
should be explored in additional work in other
replication cohorts. Similarly, from an exposure
standpoint, although we focused on tobacco smoke
exposure for this work, future studies with more robust
environmental and occupational exposure data, as well
as longer term follow-up data, preferably starting in
childhood, are needed to determine how these clusters
relate to other potential etiologies of COPD.57-59

In summary, in two distinct cohorts, clustering smokers
with the use of quantitative CT imaging-based measures
enabled the identification of three subgroups of disease
that have organ-specific molecular correlates. Further
work is needed to better understand the significance of
these clusters, the pathophysiologic and molecular
differences between them, and their potential usefulness
for defining disease prognosis and management.
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