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Emphysema is characterized by airspace dilation and pa-
renchymal destruction. These changes are readily appar-

ent not only at histopathologic analysis but also visually 
and quantitatively at chest CT (1–3). Despite this, longi-
tudinal assessment of the effectiveness of interventions in 

the treatment of emphysema and chronic obstructive pul-
monary disease (COPD) has largely been focused on sur-
rogate physiologic biomarkers and end points such as lung 
function and exercise capacity, rather than on emphysema 
itself (4). This is in part because in the past these alternative 
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Background:  The relationship between emphysema progression and long-term outcomes is unclear.

Purpose:  To determine the relationship between emphysema progression at CT and mortality among participants with emphysema.

Materials and Methods:  In a secondary analysis of two prospective observational studies, COPDGene (clinicaltrials.gov, NCT00608764) 
and Evaluation of Chronic Obstructive Pulmonary Disease Longitudinally to Identify Predictive Surrogate End-points (ECLIPSE; 
clinicaltrials.gov, NCT00292552), emphysema was measured at CT at two points by using the volume-adjusted lung density at 
the 15th percentile of the lung density histogram (hereafter, lung density perc15) method. The association between emphysema progres-
sion rate and all-cause mortality was analyzed by using Cox regression adjusted for ethnicity, sex, baseline age, pack-years, and lung 
density, baseline and change in smoking status, forced expiratory volume in 1 second, and 6-minute walk distance. In COPDGene, 
respiratory mortality was analyzed by using the Fine and Gray method.

Results:  A total of 5143 participants (2613 men [51%]; mean age, 60 years 6 9 [standard deviation]) in COPDGene and 1549 
participants (973 men [63%]; mean age, 62 years 6 8) in ECLIPSE were evaluated, of which 2097 (40.8%) and 1179 (76.1%) had 
emphysema, respectively. Baseline imaging was performed between January 2008 and December 2010 for COPDGene and January 
2006 and August 2007 for ECLIPSE. Follow-up imaging was performed after 5.5 years 6 0.6 in COPDGene and 3.0 years 6 0.2 
in ECLIPSE, and mortality was assessed over the ensuing 5 years in both. For every 1 g/L per year faster rate of decline in lung 
density perc15, all-cause mortality increased by 8% in COPDGene (hazard ratio [HR], 1.08; 95% CI: 1.01, 1.16; P = .03) and 
6% in ECLIPSE (HR, 1.06; 95% CI: 1.00, 1.13; P = .045). In COPDGene, respiratory mortality increased by 22% (HR, 1.22; 
95% CI: 1.13, 1.31; P , .001) for the same increase in the rate of change in lung density perc15.

Conclusion:  In ever-smokers with emphysema, emphysema progression at CT was associated with increased all-cause and respiratory 
mortality.
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previously acquired data. Data generated by the authors or  
analyzed during the study are available online (https://www. 
ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000179.
v1.p1 and https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.
cgi?study_id=phs001252.v1.p1).

Cohort Descriptions
Details regarding the COPDGene and ECLIPSE cohorts and 
lists of investigators and previous publications describing other 
analyses of these cohorts are available in the supplemental 
material (Appendix E1, E4–E8 [online]) (11,12). Briefly, the 
COPDGene Study is a multicenter longitudinal observational 
investigation of smokers that is focused on the epidemiologic 
and genetic factors associated with COPD (12). Our study in-
cluded the participants who completed the baseline and 5-year 
follow-up visits. Imaging was performed between November 
2007 and July 2017 for COPDGene. The COPDGene-spe-
cific data sets used for this study include the phase I and phase 
II data set from March 2019 and the mortality data set from 
October 2018. The ECLIPSE study was a 3-year multicenter 
longitudinal study largely composed of participants with 
COPD. Longitudinal follow-up included assessment of all-
cause mortality for 8 years (5 years after the 3-year follow-up 
visit) (11). Imaging and clinical assessments were performed 
between January 2006 and March 2010, and the specific data 
set used for this study was generated in April 2015. Inclusion 
criteria for this study included complete longitudinal clinical, 
imaging, and lung function data and mortality follow-up data. 
Never-smokers were excluded except for developing the distri-
bution-based minimum clinically important difference.

Image Analysis
Details regarding CT image acquisition and analysis for both 
cohorts were described previously and are available in Appen-
dix E1 (online) (7,13). Analysis of the COPDGene CT scans 
was performed by using the Chest Imaging Platform (https://
chestimagingplatform.org/), an extension of the Slicer open-
source image analysis program (SlicerACIL, v4–10–2), and 
image analysis of the ECLIPSE CT scans was performed by us-
ing Pulmonary Workstation 2.0 (VIDA Diagnostics) (14,15).

Details regarding the rationale for and calculation of the base-
line and longitudinal emphysema measures are available in Ap-
pendix E1 (online). Briefly, we classified participants as having 
emphysema at baseline if they had more than the upper limit of 
normal amount of tissue with a density of less than 2950 HU as 
defined by work from the Multi-Ethnic Study of Atherosclerosis 
cohort (16). For longitudinal assessment on the basis of work 
by the Quantitative Imaging Biomarkers Alliance, we quantified 
emphysema by using the volume-adjusted lung density mea-
sured at the 15th percentile of the CT lung density histogram 
(hereafter, referred to as lung density perc15) (Fig 1) (17). To 
calculate lung density perc15, the lung attenuation for each CT 
voxel measured in Hounsfield units was first translated into a 
more general measure of density, grams per liter. The frequency 
of lung density measures for the entire lung (ie, the lung density 
histogram) is then used to identify the 15th percentile of lung 
density (lung density perc15; Fig 1) and this number is then 

Abbreviations
AIC = Akaike information criterion, COPD = chronic obstructive pul-
monary disease, ECLIPSE = Evaluation of COPD Longitudinally to 
Identify Predictive Surrogate End-points, HR = hazard ratio

Summary
In participants with emphysema, quantitatively measured emphy-
sema progression at CT was associated with increased mortality.

Key Results
	n In the COPDGene trial and Evaluation of Chronic Obstructive 

Pulmonary Disease Longitudinally to Identify Predictive Surrogate 
End-points (ECLIPSE) cohorts of ever-smokers, emphysema 
progression measured by using quantitative CT densitometry dur-
ing 3–5 years was associated with higher all-cause and respiratory 
mortality.

	n Independent of lung function loss and decline in exercise capacity, 
for every 1 g/L per year faster change in density, all-cause mortal-
ity increased by 8% in COPDGene (hazard ratio [HR], 1.08; P = 
.03) and 6% in ECLIPSE (HR, 1.06; P = .045) cohorts; respira-
tory mortality increased by 22% in the COPDGene cohort (HR, 
1.22; P , .001).

measures of disease severity were more commonly obtained than 
performance of CT imaging. However, the growing use of CT in 
lung cancer screening and other indications, and the shared risk 
factors between emphysema and lung cancer mean that many 
patients with emphysema are now undergoing serial CT exami-
nations (5). These CT examinations represent an opportunity 
for monitoring the progression of diseases such as emphysema 
over time.

Previous work in the COPDGene and Evaluation of COPD 
Longitudinally to Identify Predictive Surrogate End-points 
(ECLIPSE) cohorts has demonstrated that emphysema pro-
gression can be measured quantitatively and that it is associated 
with a decline in lung function (6,7). In addition, cross-sectional 
studies demonstrated the association between emphysema and 
adverse outcomes such as mortality, but there is limited evidence 
regarding the clinical relevance of emphysema progression or its 
additive importance in predicting outcomes to other measures 
of disease severity (8–10). We hypothesized that in smokers with 
emphysema, emphysema progression would be associated with 
both all-cause mortality and respiratory mortality. We also aimed 
to determine the relationship between emphysema progression 
at CT and mortality among participants with emphysema.

Materials and Methods
Our study was a secondary analysis of prospectively collected 
data from two large observational cohorts, COPDGene (clini-
caltrials.gov, NCT00608764; http://www.copdgene.org/) and 
ECLIPSE (clinicaltrials.gov, NCT00292552; http://www.
eclipse-copd.com/), both of which were approved by the indi-
vidual site institutional review boards at every participating 
site (Appendix E1–E3 [online]) (11,12). Written informed 
consent was obtained from all participants in accordance with 
institutional review board regulations, and all data were ob-
tained and stored in accordance with the Health Insurance 
Portability and Accountability Act. No informed consent was 
required for our study because it was a secondary analysis of 
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Differences in the annualized rate 
of decline in lung density perc15 were 
analyzed by using t tests. The associa-
tion between emphysema progression 
and mortality was analyzed by using 
multivariable Cox regression with 
adjustments made for both baseline 
and longitudinal variables including 
ethnicity, sex, baseline age, baseline 
smoking status, baseline pack-years, 
baseline forced expiratory volume in 
1 second, baseline 6-minute walk dis-
tance, baseline lung density perc15, 
change in smoking status, annualized 
rate of change in forced expiratory vol-
ume in 1 second, and annualized rate 
of change in 6-minute walk distance 
(16,17,19–22). Additionally, in COP-
DGene, respiratory specific mortality 
was analyzed by using the Fine and 
Gray method. To determine whether 
the addition of longitudinal imaging 
data improved the prediction of sub-
sequent mortality, we compared the 
model fit of multivariable Cox models 
containing all of the demographic and 
exposure covariates from the primary 
analyses and combinations of the fol-
lowing: baseline lung density perc15 
and/or forced expiratory volume in 1 
second and longitudinal lung density 
perc15 and/or forced expiratory vol-
ume in 1 second by using Akaike in-
formation criteria (AIC), partial like-

lihood ratio tests (for nonnested models), and likelihood ratio 
tests (for nested models) (23–25).

All statistical tests were two sided and P values less than .05 
indicated statistical significance. All analyses were performed in 
R (version 4.0.3; R Foundation for Statistical Computing) by 
using RStudio (version 1.3.1093) and the tidyverse, survival, 
survminer, cmprsk, and nonnestcox packages.

Results

Participant Characteristics
A total of 5143 of 10 198 (50.4%) participants in the COP-
DGene cohort (mean age at baseline, 60 years 6 9 [standard 
deviation]; 2613 men [51%]) and 1549 participants in the 
ECLIPSE cohort (mean age at baseline, 62 years 6 8; 973 men 
[63%]) met inclusion criteria (Tables 1, 2 ; Fig E1 [online]). 
Of those, 2097 of 5143 (40.8%) and 1179 of 1549 (76.1%) 
had emphysema at baseline and were included in the primary 
analyses, respectively (Table E1, Fig E1 [online]).

Among participants with emphysema in the COPDGene 
cohort, 387 of 2097 (18.5%) had evidence of emphysema pro-
gression defined by an absolute decrease in lung density perc15 
of more than the reproducibility coefficient and 617 of 2097 

adjusted for lung volume by using the sponge model (16–18). 
Increases in emphysema are expressed as decreases in density (ie, 
a lower lung density perc15 indicates more emphysema) (Fig 1).

Statistical Analysis
Details regarding the statistical analyses are available in Appen-
dix E1 (online). Briefly, the primary analyses were performed 
in ever-smokers who had emphysema at baseline. Secondary 
analyses were performed in all smokers regardless of the base-
line presence of emphysema.

Emphysema progression was analyzed by using two general ap-
proaches. For the primary analysis, the annualized rate of change 
in lung density perc15 was analyzed as a continuous predictor. 
Thus, the effects shown are for the association between a 1 g/L 
per year faster rate of decline in density (increase in emphysema). 
Secondary dichotomized analyses were performed by comparing 
participants who showed progression (hereafter, progressors) with 
those who did not (hereafter, nonprogressors). For these analy-
ses, progression was defined in one of two ways: on the basis of 
the repeatability coefficient of lung density perc15 and the rate 
of emphysema progression in never-smoking healthy individuals. 
Additional details regarding the definition of progressors and non-
progressors is available in Appendix E1 (online).

Figure 1:  Example 77-year-old female participant from the chronic pulmonary obstructive disease (COPD) 
gene (COPDGene) cohort with evidence of quantitative emphysema progression but no clear visual progression of 
emphysema over 5 years who ultimately died during long term follow-up. (a) A representative coronal noncontrast 
CT image and the associated CT density histogram for the participant at baseline. (b) A representative noncontrast-
enhanced coronal CT image and the associated CT density histogram for the participant at the 5-year follow-up 
visit. Lung density perc15 = volume-adjusted lung density measured at the 15th percentile of the CT lung density 
histogram.
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cohort, the mean rate of change in lung density perc15 in par-
ticipants who lived versus those who died was 0.41 g/L per year 
6 2.72 versus 20.33 g/L per year 6 2.13 (P , .001), respec-
tively. In the ECLIPSE cohort, the mean rate of change in lung 
density perc15 in participants who lived versus those who died 
was 21.10 g/L per year 6 2.95 versus 21.50 g/L per year 6 
2.72, respectively (P = .04).

All-Cause Mortality and Respiratory Mortality
Regarding the primary outcome, in ever-smokers in the COP-
DGene cohort with emphysema at baseline, for every 1 g/L 
per year faster rate of decline in lung density perc15, all-cause 

(29.4%) had emphysema progression defined by a rate of lung 
density perc15 decline faster than the distribution-based mini-
mum clinically important difference. In the ECLIPSE cohort, 
173 of 1179 (14.7%) had evidence of emphysema progression 
defined by an absolute decrease in lung density perc15 of more 
than the reproducibility coefficient and 606 of 1179 (51.4%) 
had emphysema progression defined by a rate of lung density 
perc15 decline faster the distribution-based minimum clinically 
important difference (Tables 1, 2). In both cohorts, the rate of 
emphysema progression, measured by annualized rate of change 
in lung density perc15, was faster in those who died than in 
those who survived (Fig 2). Specifically, in the COPDGene 

Table 1: Characteristics of Ever-Smokers in COPDGene Cohort

Parameter Visit 1 Visit 2
Demographic and other characteristics
  No. of participants 5143 5143
  Mean age (y) 60 6 9 65 6 9
  Sex
    Male 2613 (50.8) 2613 (50.8)
    Female 2530 (49.2) 2530 (49.2)
  Ethnicity
    White 3609 (70.2) 3609 (70.2)
    Black 1534 (29.8) 1534 (29.8)
  Smoking status
    Former smoker 2644 (51.4) 3140 (61.1)
    Current smoker 2499 (48.6) 2001 (38.9)
  Mean no. of pack-years 42.5 6 23.5 44.0 6 23.9
  Mean time between CT and PFTs (d) 1.1 6 24.3 0.7 6 11.4
  Mean time between visit 1 and visit 2 CT examinations (y) 5.5 (0.8)
Pulmonary function
  Mean postbronchodilator FEV1 (L) 2.3 6 0.8 2.1 6 0.8
  Mean postbronchodilator FVC (L) 3.4 (1.0) 3.1 (0.9)
  Gain or loss of FEV1 (%)
    Gained FEV1 987 (19.2)
    Lost FEV1 4156 (80.8)
Baseline quantitative CT measures
  Mean total lung capacity at CT (L) 5.5 6 1.4 5.4 6 1.4
  Mean total lung capacity at CT (% predicted) 104.8 6 17.2 106.1 6 17.7
  Mean lung density perc15 (g/L) 84.4 6 24.2 85.3 6 25.3
Longitudinal change in quantitative CT measures
  Gain or Loss of Emphysema based Dlung density perc15 relative to RC (%)
    Gained emphysema by lung density perc15 with absolute change . RC 874 (17.0)
    No change or loss in emphysema by lung density perc15 with absolute change , RC 4269 (83.0)
  Rate of emphysema progression relative to distribution-based minimum clinically important difference
    Rate of progression faster than never-smoking healthy participants 1461 (28.4)
    Rate of progression not faster than never-smoking healthy participants 3682 (71.6)
Mortality
  Mortality rate
    Alive 4869 (94.7)
    Dead 274 (5.3)
  Mean survival duration from enrollment (y) 8.2 (1.2)

Note.—Data are number of participants; data in parentheses are percentages. Mean data are 6 standard deviation. Lung density 
perc15 indicates the volume-adjusted lung density measured at the 15th percentile of the lung density histogram. ECLIPSE = Evaluation 
of Chronic Pulmonary Obstructive Disease Longitudinally to Identify Predictive Surrogate End-points, FEV1 = forced expiratory volume in 
1 second, FVC = forced vital capacity, PFT = pulmonary function test, RC = repeatability coefficient.
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(HR, 1.06; 95% CI: 1.00, 1.13; P = .045) (Table 3). In the di-
chotomized analyses, in the COPDGene cohort ever-smokers 
with emphysema at baseline who had a loss of density more 
than the repeatability coefficient had 65% higher mortality 
(HR, 1.65; 95% CI: 1.10, 2.47; P = .02) than those who did 
not, and those who had a rate of loss of density faster than 

mortality increased by 8% (hazard ratio [HR], 1.08; 95% CI: 
1.01, 1.16; P = .03) (Table 3) and respiratory mortality in-
creased by 22% (HR, 1.22; 95% CI: 1.13, 1.31; P , .001). 
Similarly, in ever-smokers in the ECLIPSE cohort with 
emphysema at baseline, for every 1 g/L per year faster rate  
of decline in perc15, all-cause mortality increased by 6% 

Table 2 Characteristics of Ever-Smokers in ECLIPSE Cohort

Parameter Screening 1 Year 3 Years
No. of participants 1549 1484 1549
Mean age (y) 62 6 8 63 6 8 65 6 8
Sex
  Women 576 (37.2) 551 (37.1) 576 (37.2)
  Men 973 (62.8) 933 (62.9) 973 (62.8)
Ethnicity
  African American/African heritage 26 (1.7) 25 (1.7) 26 (1.7)
  Native American or Alaskan native 1 (0.1) 1 (0.1) 1 (0.1)
  Central/South Asian heritage 1 (0.1) 1 (0.1) 1 (0.1)
  Japanese heritage 1 (0.1) 1 (0.1) 1 (0.1)
  Southeast Asian heritage 1 (0.1) 1 (0.1) 1 (0.1)
  Mixed race 2 (0.1) 2 (0.1) 2 (0.1)
  Native Hawaiian or other Pacific Islander 1 (0.1) 1 (0.1) 1 (0.1)
  White, Arabic/North African heritage 3 (0.2) 3 (0.2) 3 (0.2)
  White, White/European heritage 1513 (97.7) 1449 (97.6) 1513 (97.7)
Clinical group
  Participants with COPD 1278 (82.5) 1221 (82.3) 1278 (82.5)
  Smoker control participants 271 (17.5) 263 (17.7) 271 (17.5)
Mean pack-years 44.4 6 26.0 44.3 6 25.6 44.4 6 26.0
Mean time between CT and PFTs (d) 10.4 6 41.4 7.6 6 25.4 3.1 6 32.2
Mean time from baseline CT (y) 0.0 6 0.0 1.0 6 0.1 3.0 6 0.2
Pulmonary function
  Mean postbronchodilator FEV1 (L) 1.7 (0.9) 1.7 (0.9) 1.6 (0.9)
  Mean postbronchodilator FVC (L) 3.3 (1.0) 3.3 (1.0) 3.2 (1.0)
  Gain or loss of FEV1

    Gained 656 (44.2) 481 (31.1)
    Lost 827 (55.8) 1066 (68.9)
Baseline quantitative CT measures
  Mean total lung capacity at CT (L) 6.0 6 1.4 6.0 6 1.4 5.9 6 1.5
  Mean total lung capacity at CT (% predicted) 107.4 6 20.2 107.4 6 20.0 106.7 6 21.0
  Volume-adjusted lung density perc15 61.2 (26.7) 59.5 (25.3) 57.4 (25.9)
Longitudinal change in quantitative CT measures
  Gain or loss of emphysema based on the change in lung density perc15 relative to RC
    Gained emphysema by lung density perc15 (absolute change . RC) 264 (17.0)
    No change or loss of emphysema by lung density perc15 (absolute change , RC) 1285 (83.0)
  Rate of emphysema progression relative to distribution-based minimum clinically  
important difference
    Rate of progression faster than never-smoking healthy participants 828 (53.5)
    Rate of progression not faster than never-smoking healthy participants 721 (46.5)
Mortality
  Mortality rate
    Alive 1255 (81.0)
    Dead 294 (19.0)
  Mean survival duration from enrollment (y) 6.9 6 1.8

Note.—Data are number of participants; data in parentheses are percentages. Mean data are 6 standard deviation. Lung density perc15 
indicates the volume-adjusted lung density measured at the 15th percentile of the lung density histogram. COPD = chronic obstructive 
pulmonary disease, ECLIPSE = Evaluation of COPD Longitudinally to Identify Predictive Surrogate End-points, FEV1 = forced expiratory 
volume in 1 second, FVC = forced vital capacity, PFT = pulmonary function test, RC = repeatability coefficient.
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were acquired similarly, whereas the inclusion of additional infor-
mation either in the form of longitudinal information from the 
same modality or information from a different modality improved 
model fit (Table 5). For example, the addition of longitudinal im-
aging to longitudinal spirometry significantly improved model fit 
in the COPDGene cohort (longitudinal spirometry–only AIC, 
1952.60; both longitudinal spirometry and longitudinal imaging  
AIC, 1946.70; P = .01) and ECLIPSE cohort (longitudinal 
spirometry–only AIC, 2673.12; both longitudinal spirometry 

the minimum clinically important difference had 76% higher 
mortality (HR, 1.76; 95% CI: 1.25, 2.48; P = .001) than those 
who did not. In the ECLIPSE cohort, ever-smokers with em-
physema at baseline who had a rate of loss of density faster than 
the minimum clinically important difference had 76% higher 
mortality (HR, 1.63; 95% CI: 1.18, 2.24; P = .003) than those 
who did not. However, this association was not statistically sig-
nificant in the ECLIPSE cohort when progression was defined 
on the basis of the repeatability coefficient (HR, 1.39; 95% CI: 
0.93, 2.07; P = .19) (Table 4, Fig 3).

Comparing Model Performance
Regarding model fit, models with either spirometry (forced expira-
tory volume in 1 second) or imaging (lung density perc15) data 

Figure 2:  Differences in progression rate by outcome. Annualized rate 
of change in volume-adjusted lung density measured at the 15th percen-
tile (referred to as lung density perc15) of the CT lung density histogram 
by mortality in the (a)  COPDGene cohort (those with emphysema at 
baseline) and in the (b) Evaluation of Chronic Obstructive Pulmonary Dis-
eaase Longitudinally to Identify Predictive Surrogate End-points (ECLIPSE) 
cohort (those with emphysema at baseline). Differences between rates by 
outcome assessed by using t tests.

Table 3: Association between Rate of Change in Emphysema 
Progression and Mortality

Cohort Hazard Ratio P Value
COPDGene 1.08 (1.01, 1.16) .03
ECLIPSE 1.06 (1.00, 1.13) .045

Note.—Data in parentheses are 95% CIs. Effects expressed as 
change in the risk of all-cause mortality per 1 g/L per year faster 
rate of change in density. Mortality assessed as time since follow-up 
visit. All models adjusted for ethnicity and sex; baseline age, smoking 
status, pack-years, forced expiratory volume in 1 second, 6-min-
ute walk distance, and volume-adjusted lung density measured 
at the 15th percentile of the CT lung density histogram; and 
change in smoking status, rate of change in forced expiratory 
volume in 1 second, and rate of change in 6-minute walk distance. 
Results shown are in those with emphysema at baseline. ECLIPSE 
= Evaluation of Chronic Obstructive Pulmonary Disease Longi-
tudinally to Identify Predictive Surrogate End-points.

Table 4: Association between Emphysema Progression and 
Mortality Responder Analysis

Parameter Hazard Ratio P Value
Loss of density more than the RC
  COPDGene 1.65 (1.10, 2.47) .02
  ECLIPSE 1.39 (0.93, 2.07) .10
Rate of loss of density faster than  
    the individuals with MCID
  COPDGene 1.76 (1.25, 2.48) .001
  ECLIPSE 1.63 (1.18, 2.24) .003

Note.—Data in parentheses are 95% CIs. For loss of density more 
than the repeatability coefficient, the effects are expressed as those 
with decrease in volume-adjusted lung density measured at the 15th 
percentile of the lung density histogram (referred to as lung density 
perc15) more than the repeatability coefficient compared with those 
who had a decrease in density less than or equal to the repeatability 
coefficient (lung density perc15; ie, participants who progressed vs 
those who did not). For rate of loss of density faster than that in 
never-smoking healthy individuals, the effects are expressed as those 
with a rate of decrease in density (lung density perc15) faster than 
the minimum clinically important difference defined by the rate 
in never smoking healthy participants. Mortality assessed as time 
since follow-up visit. All models were adjusted for ethnicity and sex; 
baseline age, smoking status, pack-years, forced expiratory volume in 
1 second, 6-minute walk distance, and lung density perc15; change 
in smoking status, rate of change in forced expiratory volume in 1 
second, and rate of change in 6-minute walk distance. Results shown 
are in participants with emphysema at baseline. ECLIPSE = Evalu-
ation of Chronic Obstructive Pulmonary Disease Longitudinally to 
Identify Predictive Surrogate End-points, MCID = minimum clini-
cally important difference, RC = repeatability coefficient.
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spirometry data and vice versa improved overall model fit as in 
the primary analyses.

Discussion
The clinical longitudinal assessment of emphysema has largely 
focused on surrogate functional measures of disease severity 
rather than the direct measurement of emphysema itself (4). This 
is in part because the clinical relevance of emphysema progression 
is unclear. Therefore, we aimed to determine whether emphy-
sema progression was associated with mortality. We found 
that among ever-smokers with emphysema at baseline in two 
large observational cohorts, COPDGene and Evaluation of 
Chronic Obstructive Pulmonary Disease Longitudinally to 
Identify Predictive Surrogate End-points (ECLIPSE), a faster 
rate of emphysema progression measured by using CT den-
sitometry over 3–5 years was associated with higher all-cause 
and respiratory mortality. Specifically, for every 1 g/L per year 

and longitudinal imaging AIC, 2659.59; P , .001). Similarly, 
the addition of longitudinal imaging to baseline imaging also im-
proved the model fit in COPDGene (baseline imaging–only AIC, 
1977.49; both baseline and longitudinal imaging AIC, 1964.60; 
P , .001) and ECLIPSE (baseline imaging–only AIC, 2703.38; 
both baseline and longitudinal imaging AIC, 2690.71; P , .001). 
Additional comparisons are shown in Table 5.

Secondary Analyses
Similar relationships between emphysema progression and 
mortality and model performance were found when all ever-
smokers (ie, those with and without emphysema at baseline) 
were included (Tables E2–E4; Figs E2, E3 [online]). Of note, 
among all ever-smokers in the COPDGene cohort, models 
that incorporated forced expiratory volume in 1 second alone 
did appear to perform better than those that used lung density 
perc15 alone. But the addition of longitudinal imaging data to 

Figure 3:  Adjusted survival curves created by using the corrected group prognosis method and by using multivariable Cox models adjusted 
for ethnicity; sex; baseline age; baseline pack-years of cigarette use; baseline percent predicted expiratory volume in 1 second; baseline volume-
adjusted lung density measured at the 15th percentile of the CT lung density histogram (referred to as lung density perc15); and change in scanner 
model, body mass index, CT-measured lung volume, and smoking status. Survival curves of (a) COPDGene cohort (participants with emphysema at 
baseline) and (b) Evaluation of Chronic Pulmonary Obstructive Disease Longitudinally to Identify Predictive Surrogate End-points (ECLIPSE) cohort 
(participants with emphysema at baseline) show progressors who had a decrease of lung density perc15 more than the repeatability coefficient and 
nonprogressors who did not. Survival curves of (c) COPDGene cohort and (d) ECLIPSE cohort progressors in whom the rate of lung density perc15 
decline was faster than the distribution-based minimum clinically important difference on the basis of the rate of change in never-smoking healthy 
participants.
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ing AIC, 2659.59; P , .001). In conjunction with previous 
work regarding emphysema progression and cross-sectional 
studies about emphysema and mortality, our findings suggest 
that emphysema cannot only be measured over time but also 
that quantitative emphysema progression is clinically impor-
tant (6–9,26).

These findings have several implications. For example, it is 
estimated that more than 6 million people in the United States 
are eligible for annual CT screening for lung cancer. Because of 
shared risk factors between lung cancer and emphysema, many 
of the individuals undergoing lung cancer screening may be 
found to have emphysema (28,29). Although the uptake of CT 
screening remains relatively low, this represents an opportunity 
to improve the early diagnosis of lung cancer and to diagnose 
and longitudinally measure other thoracic diseases as the rate of 
these studies increases.

faster decline in lung density, all-cause mortality increased 
by 8% in the COPDGene cohort (hazard ratio [HR], 1.08; 
95% CI: 1.01, 1.16; P = .03) and 6% in the ECLIPSE cohort 
(HR, 1.06; 95% CI: 1.00, 1.13; P = .045), whereas respira-
tory increased by 22% in the COPDGene cohort (HR, 1.22; 
95% CI: 1.13, 1.31; P , .001). In addition, the inclusion of 
multiple modalities of disease severity quantification resulted 
in better performance of mortality prediction models than the 
reliance on one modality alone. For example, the addition of 
longitudinal imaging to longitudinal spirometry significantly 
improved the fit of the model for the prediction of mortality 
in both the COPDGene cohort (longitudinal spirometry–only 
Akaike information criterion [AIC], 1952.60; both longitudi-
nal spirometry and longitudinal imaging AIC, 1946.70; P = 
.01) and ECLIPSE cohort (longitudinal spirometry–only AIC, 
2673.12; both longitudinal spirometry and longitudinal imag-

Table 5: Comparison of Model Performance in Both Cohorts

Parameter

Akaike Information 
Criterion P Value

First  
Model

Second  
Model

First Model vs  
Second Model  
(Nonnested Only)

Second Model  
vs First Model

COPDGene cohort
  Baseline spirometry vs baseline imaging 1960.87 1977.49 .08 .92
  Baseline spirometry vs baseline spirometry and baseline imaging 1960.87 1957.74 NA .02
  Baseline imaging vs baseline spirometry and baseline imaging 1977.49 1957.74 NA ,.001
  Longitudinal spirometry vs longitudinal imaging 1952.60 1964.60 .20 .80
  Longitudinal spirometry vs longitudinal spirometry and longitudinal imaging 1952.60 1946.70 NA .01
  Longitudinal imaging vs longitudinal spirometry and longitudinal imaging 1964.60 1946.70 NA ,.001
  Baseline spirometry vs longitudinal spirometry 1960.87 1952.60 NA .002
  Baseline imaging vs longitudinal imaging 1977.49 1964.60 NA ,.001
  Baseline spirometry and baseline imaging vs longitudinal spirometry and  
    longitudinal imaging

1957.74 1946.70 NA ,.001

ECLIPSE cohort
  Baseline spirometry vs baseline imaging 2689.05 2703.38 .17 .83
  Baseline spirometry vs baseline spirometry and baseline imaging 2689.05 2673.96 NA ,.001
  Baseline imaging vs baseline spirometry and baseline imaging 2703.38 2673.96 NA ,.001
  Longitudinal spirometry vs longitudinal imaging 2673.12 2690.71 .15 .85
  Longitudinal spirometry vs longitudinal spirometry and longitudinal imaging 2673.12 2659.59 NA ,.001
  Longitudinal imaging vs longitudinal spirometry and longitudinal imaging 2690.71 2659.59 NA ,.001
  Baseline spirometry vs longitudinal spirometry 2689.05 2673.12 NA ,.001
  Baseline imaging vs longitudinal imaging 2703.38 2690.71 NA ,.001
  Baseline spirometry and baseline imaging vs longitudinal spirometry and longitu 
    dinal imaging

2673.96 2659.59 NA ,.001

Note.—All models adjusted for ethnicity and sex; and baseline age, smoking status, and pack-years. All models with longitudinal data 
also adjusted for change in smoking status, rate of change in forced expiratory volume in 1 second, and rate of change in 6-minute walk 
distance. Baseline models include baseline forced expiratory volume in 1 second and/or baseline volume adjusted lung density. Longitudinal 
models include baseline and rate of change in forced expiratory volume in 1 second and/or baseline volume adjusted lung density. For non-
nested models, the P value given for each comparison is the P value for partial likelihood ratio test with the null hypothesis that the model 
fits are equally close to the true model. For example, for baseline spirometry versus baseline imaging comparison, the first P value given is 
for the alternative hypothesis that the baseline spirometry model fits better than the baseline imaging model, and the second P value given is 
for the alternative hypothesis that the baseline imaging model fits better than the baseline spirometry model (23,24). For the nested models, 
the P value given is for the likelihood ratio test with the null hypothesis that both models fit equally well and the alternative hypothesis that 
the second (larger) model fits better than the first (smaller) model (23,24). Results shown are in those with emphysema at baseline. COPD 
= chronic obstructive pulmonary disease, ECLIPSE = Evaluation of COPD Longitudinally to Identify Predictive Surrogate End-points, NA 
= not applicable.
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the appropriate setting (eg, densitometric measures of emphy-
sema in patients with emphysema-predominant disease and 
measures of airway wall thickness in airway-predominant smok-
ing-related lung disease). Additional work is needed to evaluate 
such an approach, but it could be viewed as analogous to the use 
of cancer antigen 125 in ovarian cancer and prostate-specific an-
tigen in prostate cancer, where each is useful in the appropriate 
clinical context (39,40).

In conclusion, emphysema progression was measured in 
ever-smokers with emphysema from two observational cohorts: 
COPDGene and Evaluation of Chronic Obstructive Pulmonary 
Disease Longitudinally to Identify Predictive Surrogate End-
points, or ECLIPSE, during 5 and 3 years, respectively. Emphy-
sema progression measured by using CT densitometry was asso-
ciated with increased mortality, and the addition of quantitative 
emphysema measures to models by incorporating measures of 
lung function improved the prediction of mortality. These find-
ings, combined with previous cross-sectional work, suggested 
that objectively measured emphysema at CT is a clinically mean-
ingful imaging biomarker that can be used for measuring disease 
progression. Our work is part of the support for an ongoing U.S. 
Food and Drug Administration review of quantitative emphy-
sema as an imaging biomarker. Our work will enable clinicians 
and researchers to directly measure emphysema progression in 
hopes of identifying new disease-modifying therapies and im-
proving clinical outcomes.

Acknowledgments: The authors appreciate the contributions of the COPD 
Foundation and the COPD Biomarker Qualification Consortium to this work, as 
well as the work done by the Quantitative Imaging Biomarkers Alliance and the 
Radiological Society of North America.

Author contributions: Guarantor of integrity of entire study, S.Y.A.; study con-
cepts/study design or data acquisition or data analysis/interpretation, all authors; 
manuscript drafting or manuscript revision for important intellectual content, all 
authors; approval of final version of submitted manuscript, all authors; agrees to 
ensure any questions related to the work are appropriately resolved, all authors; 
literature research, S.Y.A., F.N.R., F.C.S., G.V.S.F., D.A.L., G.R.W.; clinical stud-
ies, S.Y.A., S.B.F., R.T.S., M.K.H., S.M.H., F.N.R., D.A.L., G.R.W.; experimental 
studies, S.Y.A., R.S.J.E., S.B.F., S.M.H., G.R.W.; statistical analysis, S.Y.A., R.A.S., 
L.H.N., G.R.W.; and manuscript editing, S.Y.A., R.S.J.E., S.B.F., R.T.S., R.A.S., 
L.H.N., S.R., M.K.H., D.M., S.M.H., S.E.M., F.N.R., C.L.P., F.C.S., G.V.S.F., 
D.A.L., G.R.W.

Disclosures of Conflicts of Interest: S.Y.A. Activities related to the present article: 
disclosed no relevant relationships. Activities not related to the present article: dis-
closed ownership/dividends from Quantitative Imaging Solutions. Other relation-
ships: disclosed no relevant relationships. R.S.J.E. Activities related to the present 
article: disclosed no relevant relationships. Activities not related to the present ar-
ticle: disclosed money to author for consultancy from LeukoLabs; disclosed money 
to author’s institution for grant from Boehringer Ingelheim; disclosed payment for 
lectures from Chiesi; disclosed stockholdings from Quantitative Imaging Solutions. 
Other relationships: disclosed no relevant relationships. S.B.F. Activities related to 
the present article: disclosed grant from GE Healthcare. Activities not related to the 
present article: disclosed money to author for consultancy from Plarean; disclosed 
payment for lectures from Sanofi/Regeneron; disclosed membership on scientific 
advisory board for Xemed; disclosed that author is co-chair for the CT Lung Den-
sity Biomarker Committee of QIBA, sponsored by RSNA and NIBIB. Other rela-
tionships: disclosed no relevant relationships. R.T.S. Activities related to the pres-
ent article: disclosed employment and consortium member of GlaxoSmithKline. 
Activities not related to the present article: disclosed money to author for consulting 
fees from Immunomet, ENA Respiratory, Vocalis Health; employment until retire-
ment in October 2019 from GlaxoSmithKline; shareholder of GlaxoSmithKline 
stock. Other relationships: disclosed no relevant relationships. R.A.S. Activities re-
lated to the present article: disclosed money to author for fees for participation in 
review activities from Kamada. Activities not related to the present article: disclosed 

From a practical standpoint, multiple companies already 
provide densitometric measurements routinely to clinical inves-
tigators, and several open-source methods for image processing 
and emphysema quantification are freely available (14,15,29). 
Based in part on this current study, the COPD Biomarkers 
Qualification Consortium, a group organized by the COPD 
Foundation (Appendix E1, E8 [online]), is working to qualify 
quantitative emphysema, specifically lung density perc15, with 
the U.S. Food and Drug Administration as a biomarker for the 
measurement of disease severity and progression (30). There-
fore, although clear logistic hurdles remain, measurements like 
this could be incorporated quickly into chest CT scan reading 
and interpretation in the near future. Importantly, if quantita-
tive emphysema is approved as an imaging biomarker by the 
U.S. Food and Drug Administration, it could also be used in 
clinical trials aimed at identifying disease-modifying therapies 
by targeting the underlying pathologic disease of emphysema 
rather than the physiologic result.

That is not to say that CT densitometry and our study are 
without limitations. CT-measured lung density is affected 
by a number of factors beyond the extent of emphysema 
(7,17,18,21,31–33). Although we attempted to account for 
these, their effect cannot be discounted. For example, although 
we used a volume-adjusted approach in our study, spirometric 
gating was not used and this was a limitation (34,35). Similarly, 
we used multivariable modeling to attempt to account for con-
founders such as change in smoking status and changes in lung 
function and exercise capacity, but the relationship between em-
physema and mortality may have been affected by other poten-
tially unmeasured confounders, especially because emphysema 
and COPD are systemic diseases associated with a multitude of 
physiologic process and comorbid illnesses (36,37).

Other limitations to this study included the use of objective 
quantitative measures for both the definition of emphysema and 
the measurement of progression. We specifically selected these 
quantitative measures instead of visual assessment of emphysema 
because although visual emphysema does correlate with quanti-
tative measures, it is subjective and varies from reader to reader, 
making the assessment of progression difficult (15,38). Even 
objectively, it is difficult to define who is a so-called progres-
sor or nonprogressor, as is evident from the disparate numbers 
of participants defined as having disease progression, depend-
ing on whether the repeatability coefficient or distribution-based 
minimum clinically important difference definition of progres-
sion was used. To some extent, this is true of categorizing any 
continuous variable, and until additional work is performed in 
other cohorts, we suggest that quantitative emphysema progres-
sion may be best measured as a continuous rate rather than as a 
dichotomous “yes” or “no.” In addition, as is evident on Figure 1, 
quantitative measurement may demonstrate progression in the 
absence of clear visual progression. A hybrid approach in which 
the radiologist identifies emphysema and then a quantitative 
method is used to measure severity and/or progression may be 
the best strategy to leverage the strengths of both subjective and 
objective image interpretation, including guarding against spuri-
ous results because of confounders. This type of workflow would 
also allow the radiologist to apply the appropriate biomarker in 
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