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Abstract

Rationale and Objective—Emphysema is characterized by airspace dilation, inflammation,
and irregular deposition of elastin and collagen in the interstitium. Computed tomographic (CT)
studies have reported that lung mass (LM) may be increased in smokers, a finding attributed to
inflammatory and parenchymal remodeling processes observed on histopathology. We sought to
examine the epidemiologic and clinical associations of LM in smokers.

Materials and Methods—Baseline epidemiologic, clinical, and CT data (n=8,156) from
smokers enrolled into the COPDGene Study were analyzed. LM was calculated from the CT scan.
Changes in lung function at five-year follow-up were available from 1,623 subjects. Regression
analysis was performed to assess for associations of LM with forced expiratory volume in 1
second (FEV;) and FEV decline.

Results—Subjects with Global Initiative for Chronic Obstructive Lung Disease (GOLD) 1
COPD had greater LM than either smokers with normal lung function or those with GOLD 2-4
COPD (P<0.001 for both comparisons). LM was predictive of rate of the decline in FEV (decline
per 100 g, —4.7 £ 1.7 ml/yr, P=0.006).

Conclusion—Our cross sectional data suggest the presence of a biphasic radiologic remodeling
process in smokers: the presence of such non-linearity must be accounted for in longitudinal CT
studies. Baseline LM predicts the decline in lung function.

Keywords
lung mass; smoking; CT scan; COPD; emphysema

Introduction

Emphysema is defined as abnormal, permanent dilation of the distal airspaces.! The
development and progression of this pathologic process is associated with a decline in lung
function and progressive clinical impairment.2 Spirometric measures of lung function have
been the benchmark for monitoring progression of disease and response to therapeutic
intervention but such investigations lack sensitivity and require large cohorts followed over
relatively long periods of time.3 For these reasons, computed tomographic (CT) imaging of
the chest is increasingly being leveraged as a source of intermediate study endpoints to
objectively assess response to treatment.*5

Densitometric measures of the lung parenchyma to detect and quantify emphysema have
been utilized in cross-sectional investigations for almost 30 years’=2 including the percent
low attenuation areas (%LAA — those regions of the lung less than a select attenuation value)
and percentage of lung volume less than the 10t or 15t percentile.8:10 While each of these
may have relative advantages when considering disease severity and progression!!, they are
all focused on the low attenuating regions of the lung histogram, the tail that may be most
sensitive for the detection of airspace dilation. This may limit the ability of such metrics to
fully assess the remodeling process characteristic of COPD.
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Prior histological work by Vlahovic and colleagues demonstrated that airspace dilation in
emphysema was also accompanied by inflammation and the deposition of excess elastin and
collagen.12 The mean degree of airspace enlargement was directly related to interstitial
thickness. Additional CT-based work suggests that macroscopic emphysema is not just an
absence of tissue. In their series of 40 subjects, Guenard et al reported that 22 of the 24
patients with emphysema had normal or even increased lung mass (LM).13 These previous
studies prompted us to more comprehensively explore the significance of lung mass in
smokers where we hypothesized that such measures would be highly clinically relevant even
after adjustment for CT-based estimates of emphysema. To do this we examined quantitative
measures of emphysema and lung mass in CT scans obtained as part of the COPDGene
Study.14

The COPDGene Study has been described in detail previously.1* Approximately 10,300
non-Hispanic White and African-American smokers aged 45-80 years were recruited for the
purpose of identifying genetic and epidemiological predictors of the disease (thereafter
referred to as the baseline cohort). At baseline, subjects underwent detailed characterization
including volumetric inspiratory CT scans of the chest, questionnaires, and spirometric
measures of lung function. Subjects with active lung diseases other than asthma,
emphysema, or COPD were excluded. The COPDGene Study was approved by the
Institutional Review Board (IRB) of each participating center, and all subjects provided
written informed consent.

COPDGene subjects are returning for a 5 year interval visit to repeat the characterization
performed at baseline. The first 2000 data set of smokers who returned to the second visit
are the basis for the decline in lung function analysis using their clinical and CT data from
their baseline visit.

Spirometric measurements and COPD definition

Spirometric measures of lung function including forced expiratory lung volume in a second
(FEV1), forced vital capacity (FVC), and the FEV1/FVC ratio were performed using the
Easy-One spirometer (ndd Medical Technologies Inc, Andover MA). Testing was performed
before and after the administration of a short acting inhaled bronchodilator (albuterol) per
American Thoracic Society recommendations and results were expressed as a percent of
predicted values.1518 Subjects were then classified into Global Initiative for Chronic
Obstructive Lung Disease (GOLD) stages of disease severity.1” Smokers with no evidence of
spirometric obstruction (FEV1/FVC >0.7) were categorized as being “At risk” for the
development of COPD while those with an FEV1/FVC <0.7 were categorized has having
COPD. In our investigation, never-smoking subjects and smokers with a proportionally
reduced FEV; and FVC with preserved ratio were excluded from analysis.18

Clinical assessment

Demographics and clinical demographics data including smoking history and acute
respiratory disease events were obtained with standardized questionnaires, which are
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available at www.COPDGene.org. Acute respiratory diseases episodes were defined as an
increase of respiratory symptoms including cough, sputum production, and dyspnea in
smokers with and without COPD. The episodes were counted if the subject had an episode
lasting 48 hours or more and it was associated with antibiotic or corticosteroid use.1®

CT assessment

Volumetric CT scans of the chest were performed at both maximal inflation and relaxed
exhalation.14 Baseline inspiratory CT scans were used in this analysis. Images were acquired
with the following CT protocol: for General Electric (GE) LightSpeed-16, GE VCT-64,
Siemens Sensation-16 and -64, and Philips 40- and 60-slice scanners with 120kVp, 200mAs,
and 0.5s rotation time. Images were reconstructed using a standard algorithm at 0.625mm
slice thickness and 0.625mm intervals for GE scanners; using a B31f algorithm at 0.625
(Sensation-16) or 0.75mm slice thickness and 0.5mm intervals for Siemens scanners; and
using a B algorithm at 0.9mm slice thickness and 0.45mm intervals for Philips scanners.20
Densitometric assessments of the lung parenchyma were performed on the inspiratory scans
using in-house software. Attenuation areas thought to reflect emphysematous destruction of
the lung parenchyma were defined as the percent of lung attenuation areas less than -950
Hounsfield Unit (HU) (%LAA-950). LM was calculated on a voxel by voxel basis as
described and validated previously.21:22 Briefly, we used the following equation to calculate
LM:

HU+1024

Lung mass (g):W * Voxel volume * No of voxels

Statistical Analysis

Analyses were performed using SAS 9.3 (SAS Institute, Cary, NC). Data are presented as
means * standard deviation (SD) or median (interquartile range) for continuous variables
according to their distribution type and as frequency (%) for categorical variables. All
references to LM in this manuscript pertain to measures obtained from the baseline CT
scans. Comparisons of LM and %LAA-950 across GOLD groups were performed using
analysis of the variance (GLM procedure of SAS). Between-group comparisons were carried
out using appropriate contrast statements as well as an interaction term between GOLD
stage and current smoking status. This latter was done to test differences in LM by smoking
status across disease stages. In subjects with COPD, multivariable linear regression models
were used to assess the relationship between LM and both baseline FEV; as well as the
annual change in FEV1 over the 5 year interval between baseline and second visits. This
change in FEV1 was calculated as the difference between baseline visit and second visit
measures divided by follow-up time. A negative value for ml/year is to be interpreted as the
ml/year decrease in FEV from baseline with a larger number signifying a more rapid
decline in lung function. In the cross-sectional analysis of outcome FEV1, covariate
selection for model construction was done based on prior work by Vestbo and colleagues.?3
Models included age, sex, height, weight, current smoking status, %LAA-950, and
exacerbation in the year prior to enrollment. In preliminary analysis, height and weight were
the body size measures most strongly related to a subject’s lung mass. In addition to those
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covariates, baseline FEV1 was included in models for decline in FEV. For both outcomes
there was an additional adjustment for scanner brand/make as differences in section
thickness and reconstruction kernel influence CT densitometric measures of lung
parenchyma.?4. P values <0.05 were considered statistically significant.

There were 10,300 subjects enrolled in COPDGene at baseline with 8,872 of these subjects
eligible for the primary analyses of LM. LM data was available on 8,156 (92%) of this
cohort (Figure 1). Characteristics of the subjects in the baseline and second visit are
presented in Table 1. At the baseline visit 51% of this cohort was current smokers and 50%
had COPD. Participants’ characteristics in the baseline by GOLD stage are shown in Table
2.

The difference in LM between smokers with and without COPD was 30 g (887 £ 190 g vs.
917 + 165 g P<0.0001). LM was the greatest in subjects with GOLD Stage 1 COPD (941
+ 198) and they had greater LM than either smokers without COPD (P=0.0007) or GOLD
2—-4 COPD subjects (P<0.0001). LM tended to decline with disease severity (P for trend
<0.0001) (Figure 2). In contrast, %LAA-950 slightly increased from GOLD 0 (2.0 + 2.5%)
to GOLD 1 (5.2 £ 5.7%) and to GOLD 2 (7.1 + 7.8%) and then it showed a larger increase
from GOLD 2 to GOLD 3 (15.8 £ 12.3%) and GOLD 4 (26.9 + 14%) (Figure 2). LM was
greater in current than former smokers (P<0.0001 for both GOLD and smoking status
effects; P=0.003 for interaction GOLDxSmoking status) (Figure 3).

As expected from the observed trend of LM by GOLD stage among COPD subjects, LM
was directly associated with FEV in adjusted models as shown in Table 3. When the
analysis was restricted to smokers at risk, LM remained significantly associated with FEV1
(Beta = 144; P <0.0001). LM was inversely related to emphysema when %LAA-950 was
considered as a continuous covariate (P<0.0001) in the adjusted model (Table 3) or a
categorical variable (P<0.0001 for trend) (Figure 4).

Relationship between lung mass and change in FEV, in COPD subjects

Two thousand subjects had completed their second visit of which 1,775 were eligible for this
analysis (Figure 1) and 1623 (91%) had available data with a mean baseline LM of 884

+ 174 g. Approximately 43% of these subjects were current smokers and 50% had COPD
(Table 1). Greater LM and higher percentage of emphysema at baseline were associated with
a more rapid decline in FEV1 in the multivariable model even after adjusting for baseline
demographics, FEV level, current smoking status, acute respiratory disease episodes in the
prior year to enrollment, and CT scanner brand/make (Table 3).

Discussion

This investigation consisted of a cross-sectional examination of CT based estimates of LM
of smokers enrolled in COPDGene as well as a secondary analysis of the relationship of
baseline LM and subsequent rate of decline in lung function. Our analyses revealed that
GOLD 1 subjects had the greatest mean LM, greater than either the smokers with normal
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lung function or the smokers with GOLD 2-4 COPD. The GOLD 4 subjects had the lowest
mean lung mass. These trends were observed in both pooled analyses and analyses stratified
by current smoking status. LM was also related to rate of decline in FEV1.

Smoking status is a known confounder of the densitometric assessment of the lung
parenchyma.2 Prior investigation has demonstrated that smokers with GOLD 1 to 2 COPD
had greater lung density than never smokers, current smokers (vs. former) have increased
lung density,26 and that smoking cessation, presumably through resolution of parenchymal
inflammation, may in fact lead to a paradoxical increase in the amount of low attenuation
areas evident on CT scan.2” For this reason we stratified our initial analysis of LM by
smoking status. Visual inspection of data in Figure 3 and subsequent statistical analyses
corroborates this supposition and current smokers tended to have greater LM than former
smokers at all GOLD stages. Even after such stratification however, GOLD 1 former
smokers still had the greatest LM suggesting that our findings cannot be attributed to current
smoking status alone.

The histopathologic evolution of emphysema is not a monotonic loss of tissue but rather a
biphasic trajectory. There is an increase in regional lung tissue in early disease
(inflammation and obstruction of the terminal and respiratory bronchioles) followed by
dilation of the adjacent alveoli and destruction of the acinus.2829 Our cross-sectional CT
analysis also suggests the presence of a biphasic nature to parenchymal remodeling in
smokers. In the earliest stages (GOLD 0 to GOLD 1), chronic tobacco smoke exposure, in
susceptible smokers, results in an increase in overall lung mass, possibly secondary to
inflammation and subsequent remodeling. In those smokers with advanced disease (GOLD
2-4), the loss of tissue may have outpaced inflammation and attempts at repair, with a
resultant net decrease in lung mass.

CT scanning is looked to as a tool that may provide quantitative COPD biomarkers to serve
as intermediate study endpoints in clinical investigation. The most common current
application of this tool is in the objective assessment of emphysema progression. To date,
studies of such have demonstrated mixed results. While Stockley et al reported that CT may
be useful for monitoring the therapeutic benefit of anti-protease augmentation in patients
with alpha one antitrypsin deficiency,3 recent data from the ECLIPSE Study suggested that
the heterogeneity of longitudinal CT data precludes its utilization in small clinical cohorts.3!
While these discrepant observations may be due to the enrollment criteria, number of
participating research centers, standardization of the CT data, or biologic basis for the
development of COPD, a biphasic change in lung mass, if present, would also confound
longitudinal densitometry in a manner dependent upon the sampling interval. Subjects with
earlier stages of COPD may manifest a gain of tissue on serial imaging, which will obscure
low attenuation areas and result in the appearance of less emphysema. This may in part
explain why a small but significant portion of ELCIPSE subjects “lost” emphysema from
their baseline to year 3 CT scan.32 In contrast, subjects with latter stages of COPD may
behave in a more expected fashion by losing lung tissue and gaining low attenuation areas
on CT scan. The implications for such would be significant when utilizing CT as an
intermediate endpoint for a pharmaceutical agent that may slow the progression of
emphysema. An efficacious compound may appropriately reduce the parenchymal
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inflammation promoting the progression of emphysema but on longitudinal CT analysis this
reduction could even result in a paradoxical increase in low attenuation areas. Such a
phenomenon would not obviate the use of CT to evaluate disease progression but may
further add to the intricacy of its interpretation.

Our study is focused on the complexity of CT based assessments of parenchymal
remodeling in smokers. Since we did not have histopathologic validation of our findings we
sought to substantiate the relevance of CT LM by exploring its clinical implications. In
cross-sectional analyses LM was directly related to the absolute measures of FEV1 and FVC
(r=0.62, P=<0.0001), likely reflecting the association between lung mass and lung size.
Subjects with larger lungs (and therefore greater LM) have greater spirometric measures of
lung function.

LM was also predictive of the rate of decline in lung function. The reasons for this are not
clear but persisted after multivariable adjustment including anthropomorphics and the
%LAA-950. While highly speculative, these findings may suggest that greater LM reflects a
heightened inflammatory state of the lung with excessive remodeling and subsequent
worsening of lung function. Further comprehensive exploration of this observation of the
decline in lung function is warranted but is beyond the scope of our current study.

A great limitation to the analyses presented herein is the lack of longitudinal CT data on LM
and the tenuous assertion that cross-sectional data (trend of lung mass by GOLD Stage)
reflects disease progression. While this assertion may indeed be true, potential verification
or repudiation of our interpretation of the CT data awaits the ongoing collection and
objective analyses of the follow up COPDGene CT scans. Even a second CT scan will not,
however, be enough to validate our hypothesis since data from 2 time points cannot be
readily used to define a non-linear trajectory. Our study also lacks an in vivo assessment of
pulmonary parenchymal inflammation or histological validation by explanted tissue. Finally,
our large sample size allowed us to detect statistically significant small differences in lung
mass across GOLD stages as well as according to smoking and COPD statuses. Whether or
not the observed differences have clinical relevance requires further investigation.

Computed tomographic assessments of the lung parenchymal in smokers are increasingly
being examined as tools that may serve as intermediate study endpoints for clinical
investigation. While current smoking status has been rather convincingly shown to confound
such efforts,25 our data suggests that there is a biphasic remodeling process found in the
parenchyma of former smokers. Further, this biphasic process may hinder our ability to
assess emphysema progression in early stage disease. The extrapolation of longitudinal
trajectories from cross sectional data is subject to clear limitations, but our findings may in
part explain previously published reports on the progression/regression of emphysema.
Validation of our results would suggest that CT scanning can provide new insight into
parenchymal remodeling in smokers and possibly even the initiation of emphysema. It
would also suggest that densitometric assessments of the change in emphysema are
confounded by this complex process and longitudinal studies must account for this when
quantifying disease progression.
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Baseline COPDGene
cohort total, 10,300

COPDGene subjects with a
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Figure 1.

Flowchart showing subject selection and final samples.
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Figure 2.
Lung mass and %LAA-950 as a function of COPD GOLD stages. The differences in lung

mass (mean + SD) between GOLD 0 (or smokers at risk) and GOLD 1 and between GOLD
1 and GOLD 2-4 were significant (P=0.0007 and P<0.0001, respectively). The difference in
%LAA-950 (mean + SD) between GOLD 0 and GOLD 1-4 was significant (P<0.0001).
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Figure 3.
Lung mass as a function of COPD GOLD stages and current smoking status. The difference

in lung mass (mean + SD) between current (black diamond) and non-current smokers was
significant (interaction term between GOLD stage and smoking status, P=0.003).
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Figure 4.
Lung mass as a function of emphysema groups on CT scans in smokers. The decline in lung

mass (mean + SD) as %LAA-950 emphysema increases was significant (P trend <0.0001).
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Table 1

Characteristics of the subjects in the baseline and of those with a second visit.

Characteristic Baseline Subjects with a
(N=8,156) second visit
(N=1,623)
Age, y 60+9 61+ 9
Male gender, % 55 52
African-American race, % 31 27
Height, cm 170+ 9 170+9
Weight, kg 82+19 83+18
Pack-years of smoking 44 + 25 44 £ 24
Current smoking status, % 51 43
FEVy, L 23%10 23+£09
FEV, change, ml/yr - -41+52
FEV{, % predicted 78 £ 27 80 + 25
FVC, L 34+10 3410
FVC, % predicted 89 +18 91 £17
FEV1/FVC ratio 0.65+0.17 0.66 +0.16
%LAA-950, % 6.8 +10.0 71+93
Lung mass, g 902 + 183 884 £ 174
Subjects with COPD, % 50 50
One or more acute respiratory disease episode in the prior yr. to enrollment, % 21 18

Data are presented as mean + SD or proportion (%)
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