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BACKGROUND: In smokers, the lung parenchyma is characterized by inflammation and
emphysema, processes that can result in local gain and loss of lung tissue. CT measures of
lung density might reflect lung tissue changes; however, longitudinal data regarding the
effects of CT lung tissue on FEV1 in smokers with and without COPD are scarce.

METHODS: The 15th percentile of CT lung density was obtained from the scans of 3,390
smokers who completed baseline and 5-year follow-up of the Genetic Epidemiology of COPD
(COPDGene) study visits. The longitudinal relationship between total lung capacity-adjusted
lung density (TLC-PD15) and FEV1 was assessed by using multivariable mixed models.
Separate models were performed in smokers at risk, smokers with preserved ratio and
impaired spirometry (PRISm), and smokers with COPD according to the Global Initiative for
Chronic Obstructive Lung Disease (GOLD) staging system.

RESULTS: The direction of the relationship between lung density and lung function was GOLD
stage dependent. In smokers with PRISm, a 1-g/L decrease in TLC-PD15was associated with an
increase of 2.8 mL FEV1 (P¼ .02). In contrast, among smokers with GOLD III to IV COPD, a
1-g/L decrease in TLC-PD15 was associated with a decrease of 4.1 mL FEV1 (P ¼ .002).

CONCLUSIONS: A decline in TLC-PD15 was associated with an increase or decrease in FEV1

depending on disease severity. The associations are GOLD stage specific, and their presence
might influence the interpretation of future studies that use CT lung density as an inter-
mediate study end point for a decline in lung function.
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Emphysema is defined as abnormal permanent dilation
of the distal airspaces,1 and numerous investigations
have shown that CT imaging is able to provide in vivo
assessments of this pathologic process.2,3 Densitometric
measures of the lung parenchyma have been used in
clinical, epidemiologic, and genetic investigations, and
this research has repeatedly demonstrated the ability of
CT densitometry to be a biomarker for disease
stratification.4-6 Subjects with greater amounts of
pathologically low attenuating lung tissue on CT
imaging have more severe COPD.7 These cross-sectional
data strongly suggest that CT scanning could also be
used as an intermediate study end point in which change
in lung density is related to loss of lung function. There
are few published data, however, supporting that
contention.

Although the relationship between changes in CT lung
density and lung function has been observed in smokers
with alpha1-antitrypsin deficiency (AATD),8-10 this
association has not been convincingly shown in
longitudinal observational studies of smokers without
AATD.11-15 This finding may be, in part, due to the
relative severity of AATD vs non-AATD parenchymal
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remodeling but also the complex nature of parenchymal
remodeling in smokers. Inflammation might precede
centrilobular airspace dilation. When observed
macroscopically using CT imaging, the remodeling
will effectively result in a local gain and then loss of
lung density as it evolves from normal tissue to
emphysema.

One way to determine the presence of such a
phenomenon is to stratify a cohort according to disease
severity with the assumption that those with less severe
disease are at a different stage of parenchymal
remodeling than those with more severe COPD. We
therefore sought to determine if longitudinal CT
densitometry was related to loss of lung function using
data from the Genetic Epidemiology of COPD
(COPDGene) study, one of the largest observational
investigations in which subjects underwent volumetric
CT scanning and detailed clinical assessments at
baseline and a 5-year interval follow-up. A priori, we
decided to undertake these analyses stratified according
to COPD severity to fully leverage the breadth of
smoking-related lung disease represented in the
COPDGene study cohort.
Methods
Study Population

The COPDGene study has been described in detail previously16 and is
expanded on in e-Appendix 1. At baseline, subjects underwent detailed
characterization, including the following: volumetric inspiratory CT
scans of the chest; questionnaires; and spirometric measures of lung
function. COPDGene subjects were asked to return for a 5-year
interval visit to repeat the characterization performed at baseline. We
used the first 5,000 dataset of subjects who completed the second
visit for this analysis.

Classification of Smokers
Based on their spirometric measures (see e-Appendix 1), subjects were
then classified as follows: (1) smokers at risk (ie, normal spirometric
data): FEV1/FVC $ 0.7 and FEV1 % predicted $ 80; (2) smokers
with preserved ratio and impaired spirometry (PRISm)17: FEV1/
FVC $ 0.7 and FEV1 % predicted < 80; and (3) smokers with
COPD: FEV1/FVC < 0.7. COPD severity was further classified into
Global Initiative for Chronic Obstructive Lung Disease (GOLD)
stages I through IV.18,19 GOLD III and IV were combined because of
smaller sample sizes.

Clinical Assessment

Subjects’ demographic and clinical data (including smoking history,
history of congestive heart failure, and acute respiratory disease
events20) were obtained with standardized questionnaires (available
at www.COPDGene.org). More details on this topic are available in
e-Appendix 1.

CT Assessment

Volumetric inspiratory CT scans of the chest were acquired at maximal
inflation according to standardized coaching and practiced breath-
holding.16 Baseline and follow-up inspiratory CT scans were used in
this analysis. Details on CT protocols, visual assessment for
interstitial lung abnormalities (ILA), and lung density measurements
are provided in e-Appendix 1. Briefly, on baseline CT scans, ILA
and interstitial lung disease were identified as previously
described.21,22 We used the lung density at 15th percentile (PD15) of
the Hounsfield unit distribution adjusted for predicted total lung
capacity (TLC) (measured by using CT imaging) on baseline and
follow-up scans (hereafter referred to as TLC-PD15) as the main CT
measure.12

Statistical Analysis

More details on statistical analysis are described in e-Appendix 1.
Multivariable linear mixed models were used to assess the
longitudinal relationship between the FEV1 and TLC-PD15. The
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primary predictor of interest, TLC-PD15, was separated into
within- and between-subject components, and the former was
used to derive the main estimates for the relationship of interest.
Model building was performed based on previous research,23 and
the covariates are discussed in e-Appendix 1. Secondary analyses
were conducted by using similar modeling but with unadjusted
PD15 as the densitometric measure and TLCCT as a covariate for
-Never-smoker control
 (n = 89)
-Lung procedure during
 follow-up (transplant,
 lung volume
 reduction) (n = 136)

Not eligible (n = 225)

-CT lung density
 (n = 1,339)
-FEV1 (n = 45)
-Change in smoking
 status (n = 1)

Missing data (n = 1,385)

Final sample of smokers with
complete data (n = 3,390)

COPDGene subjects with baseline
and visit 2 data total (N = 5,000)

Figure 1 – Diagram of subject selection. COPDGene, Genetic Epidemi-
ology of COPD.
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lung volume. Models were generally stratified according to group,
although some models that included all severity groups in one
model were also fit by including lung density-by-severity group
interaction terms to determine whether rates of change differed
significantly between groups. P values < .05 were considered
significant. The analysis was performed by using SAS 7 package
(SAS Institute, Cary, NC).
Results
Complete longitudinal CT, clinical, and spirometric data
were available on 3,390 of the 5,000 subjects (Fig 1).
Participants with missing data were more likely to be
African American (26% vs 33%) and have lower FEV1

(2.35 vs. 2.25 L; P ¼ .0002), with no differences in age,
pack-years, or sex and smoking status proportions
(P > .05). The details of the remaining cohort are
provided in Table 1.

Changes in TLC-PD15

In the overall cohort, there was a small, variable change in
TLC-PD15 (mean � SD) over 5.4 years of follow-up
(–0.81 � 11.4 g/L). The inspection of the distribution of
TLC-PD15 showed no major violations of normality
(e-Fig 1).When examined in univariate analysis according
to smoking group, smokers with GOLD III to IV COPD
had the greatest decrease (–4.43� 9.6 g/L), whereas those
at risk had a modest gain in TLC-PD15 (1.07� 11.42 g/L)
over the same period of observation. For the other
smoking groups, the changes in TLC-PD15 were as
follows: PRISm, –1.37� 12.1 g/L;GOLD ICOPD, –1.22�
11.66 g/L; and GOLD II COPD, –2.11 � 11.06 g/L.

The decrease in TLC-PD15 was greater in
African-American subjects than in non-Hispanic white
subjects (–1.60 � 12.1 g/L vs –0.41 � 11.1 g/L; P ¼ .008)
and current than former smokers (–2.37 � 11.85 g/L
vs 0.66� 10.81 g/L; P< .0001). Those who quit smoking
between the baseline and follow-up visits (n¼ 376) had a
greater decline in TLC-PD15 than those who continued to
smoke (–5.60 � 12.1 g/L vs –1.33� 11.6 g/L; P< .0001).
The time elapsed since quitting was not related to TLC-
PD15 at visit 2 (P ¼ .37). Former smokers who resumed
smoking (n¼ 82) between study visits gained TLC-PD15
(5.97 � 16.1 g/L). We observed no differences in TLC-
PD15 change between sexes (P¼ .46). Finally, unadjusted
lung density change was inversely correlated with change
in TLCCT (r¼ –0.53; P< .0001). These correlations were
in the same direction and remained significant in each
smoking group (r range, –0.43 [COPD GOLD III-IV] to
–0.57 [smokers at risk]).

Changes in FEV1

The change in FEV1 over the study period (5.4 years, on
average) was variable, with a mean of –200 � 274 mL
(–37.1 � 51.2 mL per year). The greatest decrease was
observed in ever smokers with GOLD I COPD (–261 �
268 mL per 5 years) and those with normal lung
function (–220 � 255 mL per 5 years). The smallest
decrease in lung function was observed in those ever
smokers with either PRISm (–104 � 271 mL per 5 years)
or GOLD III to IV COPD (–139 � 248 mL per 5 years).
Additional analyses are shown in e-Appendix 1.

Associations Between FEV1 and TLC-PD15
According to Smoking Group

In the entire cohort with complete data, the interaction
between TLC-PD15 and smoking group was significant
(P < .0001) in the adjusted models (similar results were
found for the interaction between unadjusted PD15 and
severity group [P < .0001]). Subsequent analyses were
then conducted stratified according to smoking groups.
Figure 2 demonstrates the relationship of change in
FEV1 and change in TLC-PD15 according to smoking
group. We explored these associations further using
mixed models in which there were substantial
differences in both the direction and strength of the
longitudinal associations between FEV1 and TLC-PD15.
In smokers with PRISm, a 1-g/L decrease in TLC-PD15
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TABLE 1 ] Subject Characteristics According to Smoking Group

Characteristic
All Subjects
(N ¼ 3,390)

Smoking Group

At Risk
(n ¼ 1,628)

PRISm
(n ¼ 372)

GOLD I COPD
(n ¼ 306)

GOLD II COPD
(n ¼ 656)

GOLD III-IV COPD
(n ¼ 428)

Age, y 60 � 9 58 � 8 58 � 8 63 � 8 63 � 8 63 � 8

Male 50 48 44 56 53 57

Non-Hispanic white race 74 72 66 82 79 79

BMI, kg/m2 29 � 6 29 � 6 32 � 7 27 � 5 29 � 6 28 � 6

Pack-years of smoking 43 � 23 37 � 20 41 � 22 45 � 23 49 � 23 54 � 26

Current smoking status 45 47 53 47 44 35

Smoking status change

No change 87 87 87 86 88 82

Quit smoking 11 10 10 10 10 17

Resume smoking 2 3 3 3 2 1

History of CHF 2 1 5 0 2 4

ILA 6 5 8 8 6 3

>1 Acute respiratory
disease episode
in the prior year

17 9 19 11 24 42

FEV1, L 2.4 � 0.9 2.9 � 0.7 2.1 � 0.5 2.6 � 0.7 1.9 � 0.5 1.1 � 0.3

FEV1, % predicted 80 � 23 98 � 11 71 � 8 91 � 9 66 � 8 39 � 9

FVC, L 3.4 � 1.0 3.7 � 0.9 2.7 � 0.7 4.1 � 1.0 3.3 � 0.9 2.6 � 0.8

FVC, % predicted 90 � 17 97 � 12 72 � 9 107 � 12 86 � 13 70 � 13

FEV1/FVC ratio 0.69 � 0.1 0.78 � 0.1 0.76 � 0.1 0.65 � 0.04 0.59 � 0.1 0.43 � 0.1

TLCCT, L 5.6 � 1.4 5.4 � 1.3 4.7 � 1.1 6.2 � 1.5 5.8 � 1.4 6.2 � 1.4

TLCCT change, mL –31 � 500 –8 � 478 39 � 519 –84 � 557 –27 � 485 10 � 425

CT lung density, g/L 77.0 � 21.8 84.7 � 20.5 84.1 � 17.6 77.4 � 18.9 69.9 � 19.9 53.6 � 22.2

Data are mean � SD or %. The data are for the baseline visit unless otherwise specified. CHF ¼ congestive heart failure; GOLD ¼ Global Initiative for
Chronic Obstructive Lung Disease; ILA ¼ interstitial lung abnormalities; PRISm ¼ smokers with preserved ratio and impaired spirometry; TLCCT ¼ total
lung capacity by CT scan. Missing data, ILA, 159.
was significantly associated with an increase in FEV1 of
2.8 mL. In contrast, among smokers with GOLD III to
IV COPD, a 1-g/L decrease in TLC-PD15 was associated
with a decrease in FEV1 of 4.1 mL. The associations
between FEV1 and TLC-PD15 in smokers at risk and
those with GOLD I and II COPD were not significant in
fully adjusted models (e-Table 1, Table 2). When
excluding subjects with ILA, congestive heart failure,
and change in smoking status during follow-up, the
effect of TLC-PD15 on FEV1 remained significant
(Table 3). Additional results among those who had a
change in lung volume < 20%, as well as when using
TLCCT as a separate covariate for lung volume and the
non-volume-adjusted metric PD15 (e-Table 2), are
shown in e-Appendix 1.

Discussion
We analyzed the clinical and imaging data from > 3,300
subjects in the COPDGene study, one of the largest
chestjournal.org
cohorts of smokers with a full range of disease. The data
suggest two important features that must be considered
when using CT imaging as an intermediate study end
point for smokers. The first is that the progression of
parenchymal disease on CT scan is not consistent across
GOLD stages and in fact may be characterized by an
increase or decrease in low attenuating tissue over a
limited period of observation. Those smokers at risk for
the development of COPD tended to have an increase in
the radiographic estimates of lung tissue per unit volume
(grams per liter) over a 5-year period of observation,
whereas those smokers with GOLD III to IV COPD
exhibited the more “prototypic” loss in lung tissue over
the same time period. We are unaware of this
bidirectional phenomenon being reported previously.
The second feature is that the association between TLC-
PD15 and lung function is dependent on GOLD stage. A
decrease in FEV1 was associated with an increase in
TLC-PD15 in the PRISm group, whereas a decrease in
641
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Figure 2 – Plots of 5-year changes in FEV1 as a function of the 15th percentile of lung density adjusted for total lung capacity (TLC-PD15) changes
according to smoking group. The plots were performed by using unadjusted linear regression analysis. The longitudinal association between FEV1 and
within-subject TLC-PD15 remained significant in adjusted mixed models (see text and Table 2) for smokers with PRISm and smokers with GOLD III to
IV COPD. GOLD, Global Initiative for Chronic Obstructive Lung Disease; PRISm, smokers with preserved ratio and impaired spirometry.
FEV1 was related to a loss of TLC-PD15 in GOLD III to
IV ever smokers. These data corroborate and expand on
previous investigations of a similar nature.9,10,12,13

We begin by focusing on the paradoxical observation
that lung density may increase or decrease on serial CT
scanning. Although the biologic basis for this
observation is not revealed in our current analyses,
previous histopathologic investigations may suggest a
potential etiology. The precursor to centrilobular
emphysema is a gain of tissue due to inflammation and
remodeling of the respiratory bronchiole and
surrounding alveolar structures.24 In addition, smokers
develop pathologic and radiologic evidence of fibrosis
that increases lung density.21,25 Normal lung tissue
becomes inflamed, and the irregular deposition of the
642 Original Research
matrix precedes airway dropout and airspace dilation.26

The aggregate of these data suggest that airspace
remodeling in AATD emphysema is not characterized
by a simple monotonic loss of tissue. Subjects may
appear to have gained lung tissue (when inflammation
and remodeling in the respiratory acinus leads to excess
tissue or to a certain degree of microscopic fibrosis25),
have no net change in the amount of tissue (when gains
due to inflammation and remodeling are offset by a loss
of healthy parenchyma), or exhibit a loss of lung tissue
(when airspace and airway destruction exceeds the
inflammation/remodeling process) depending on the
sampling interval. In addition to these changes in lung
tissue, the lungs become hyperinflated, which further
decreases lung density.27 It is therefore possible that in
smokers at risk, the 5-year interval between the
[ 1 5 3 # 3 CHES T MA R C H 2 0 1 8 ]



TABLE 2 ] Effects of Within-Subject TLC-PD15 on FEV1

Over 5 Years of Follow-up According to
Smoking Group in All Participants

Smoking Group/COPD
Severity Group

TLC-PD15 Effect (per 1 g/L)

Estimate
(mL of FEV1) SE P Value

PRISm –2.8 1.2 .02

At risk –0.3 0.7 .61

COPD stage

GOLD I –0.4 1.4 .78

GOLD II 1.9 1.2 .11

GOLD III-IV 4.1 1.3 .002

Estimates are from multivariable mixed models, which included the
following covariates: between-subject CT 15th percentile of lung density
adjusted for total lung capacity (TLC-PD15), age, age2, sex, race (non-His-
panic white, African American), height, height2, BMI, pack-years smoked,
current smoking status at baseline, change in smoking status during
follow-up, ILA, history of CHF, acute respiratory disease in the year prior to
enrollment, scanner make, time (categorical: visits 1 and 2), time*sex,
time*race, and time*acute respiratory disease in the year prior to enroll-
ment. In addition, a random intercept termwas included for scannermodel
(see Statistical Analysis section for more details). The full model is shown for
smokers with PRISm and those with GOLD III to IV COPD in e-Appendix 1.
See Table 1 legend for expansion of other abbreviations.
COPDGene visits spans a period in which parenchymal
inflammation and remodeling predominate and there is
an increase in tissue grams per liter on CT imaging. In
those with more advanced COPD, this same 5-year
window may span an interval characterized by tissue
loss in excess of inflammation/destruction.
TABLE 3 ] Effects of Within-Subject TLC-PD15 on FEV1

Over 5 Years of Follow-up According to
Smoking Group, Excluding Those With ILA,
CHF, and Change in Smoking Status

Smoking Group/COPD
Severity Group

TLC-PD15 Effect (per 1 g/L)

Estimate
(mL of FEV1) SE P Value

PRISm –2.8 1.3 .03

At risk –0.9 0.7 .23

COPD stage

GOLD I 0.5 1.7 .77

GOLD II 2.4 1.3 .06

GOLD III-IV 3.8 1.4 .01

Estimates are from multivariable mixed models excluding subjects with
change in smoking status during follow-up, ILA, and history of CHF, which
included the following covariates: between-subject CT TLC-PD15, age,
age2, sex, race (non-Hispanic white, African American), height, height2,
BMI, pack-years smoked, current smoking status at baseline, acute
respiratory disease in the year prior to enrollment, scanner make, time
(categorical: visits 1 and 2), time*sex, time*race, and time*acute respi-
ratory disease in the year prior to enrollment. In addition, a random
intercept term was included for scanner model (see Statistical Analysis
section for more details). See Table 1 and 2 legends for expansion of
abbreviations.

chestjournal.org
This gain or loss of lung tissue in grams per liter on CT
imaging affected subsequent analyses focused on the
relationship between change of CT features and change
in FEV1. These results were contrary to expectations that
a decrease in lung tissue density on CT scan should be
uniformly associated with a loss of lung function.
Exclusive of our findings in PRISm (in which gain in
lung density was associated with a decrease in FEV1),
our longitudinal data are most consistent with those
reported by Shaker et al,15 who found a greater decline
in lung density in a small group of GOLD III subjects
than smokers without airflow obstruction. Other
investigations such as those reported by Coxson et al12

and Mohamed Hoesein et al13 reported no association
between GOLD III and change in CT emphysema.
Explanations for the discrepant results between
observational studies likely include differences in sample
size and the duration of follow-up.

The aggregate COPDGene data are consistent with other
studies, which report that the densitometric evolution of
parenchymal injury in smokers is a subtle process.12,15

In our investigation, subjects only exhibited a 1- to
4.4-g/L change in TLC-PD15 over a 5-year period of
observation even when stratified according to GOLD
stage. In contrast, studies of subjects with AATD report
more dramatic radiologic changes over a much smaller
time interval.9,10 For example, the Randomized, placebo-
controlled trial of augmentation therapy in Alpha-1
Proteinase Inhibitor Deficiency (RAPID-RCT) showed a
clear decline in lung attenuation in several hundred
subjects over a 1-year period of observation (placebo
group, –2.12 g/L).9 The observed differences between
AATD and non-AATD-related COPD are likely due to
the greater severity of the former condition and that the
panlobular form of emphysema more commonly found
in patients with AATD evolves in a faster and more
linear manner than centrilobular emphysema typically
found in non-AATD smokers.

There are limitations to our data, including the lack of
a histopathologic corroboration of the lung density
findings on CT imaging. Although this corroboration
would be ideal for such an investigation, it is
impractical to do so in large cohorts, and it is not
feasible to serially sample the same region of lung for
histologic examination. Although the COPDGene
study includes smokers at risk, PRISm, and the
full-range of COPD stages, care should be taken when
extrapolating these findings to non-heavy smokers
because those subjects were not included in the present
study. Although 29% of the subjects had missing data,
643
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and a potential selection bias for this analysis cannot
be completely excluded, the large sample size included
the full range of COPD severity and those with no
disease, making this bias less likely. Although the
subjects were followed up for 5 years, the imaging and
lung function assessments were only performed at two
time points, which prevents us from constructing true
radiologic trajectories to understand disease
progression. Airspace dilation may be a monotonic
process in smokers without AATD, but CT scanning
lacks the ability to disambiguate the alveolar walls from
the cellular infiltrate. This method is unlike
histopathologic measures such as the mean linear
intercept, which “sees through” inflammation by
ignoring alveolar cellular infiltrate when performing a
grid counting assessment of the alveolar structure. As
such, a therapy may seem promising in the early stages
of development but then fail in human studies because
it does not meet an expected CT end point.
644 Original Research
Our findings do not preclude the utility of longitudinal
CT scanning as a biomarker for intermediate study end
point but merely suggests that efforts to identify disease
progression may be further enhanced by using a
multidimensional metric of disease severity and its
change over time. The observed relationship between
FEV1 and TLC-PD15 will have implications for
therapeutic studies using longitudinal CT scanning. The
natural trajectory of CT scan-based assessments of
parenchymal disease in smokers may involve a gain or
loss of lung density. Part of this process may be predicted
by baseline measures of disease severity. This factor will
be important to consider in future studies because a loss
of lung density may signify therapeutic benefit in some
and be deleterious in others. Finally, there is significant
interest in the development of therapies for early-stage
disease, and although such interventions may have the
greatest impact in less advanced COPD, there are clear
challenges to serial densitometry in this cohort.
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