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BACKGROUND: The risk factors and clinical outcomes of quantitative interstitial abnormality
progression over time have not been characterized.

RESEARCH QUESTIONS: What are the associations of quantitative interstitial abnormality
progression with lung function, exercise capacity, and mortality? What are the demographic
and genetic risk factors for quantitative interstitial abnormality progression?

STUDY DESIGN ANDMETHODS: Quantitative interstitial abnormality progression between visits
1 and 2 was assessed from 4,635 participants in the Genetic Epidemiology of COPD
(COPDGene) cohort and 1,307 participants in the Pittsburgh Lung Screening Study (PLuSS)
cohort. We used multivariable linear regression to determine the risk factors for progression
and the longitudinal associations between progression and FVC and 6-min walk distance,
and Cox regression models for the association with mortality.

RESULTS: Age at enrollment, female sex, current smoking status, and theMUC5Bminor allele
were associated with quantitative interstitial abnormality progression. Each percent annual
increase in quantitative interstitial abnormalities was associated with annual declines in FVC
(COPDGene: 8.5 mL/y; 95% CI, 4.7-12.4 mL/y; P < .001; PLuSS: 9.5 mL/y; 95% CI, 3.7-
15.4 mL/y; P ¼ .001) and 6-min walk distance, and increased mortality (COPDGene: hazard
ratio, 1.69; 95% CI, 1.34-2.12; P< .001; PLuSS: hazard ratio, 1.28; 95% CI, 1.10-1.49; P¼ .001).

INTERPRETATION: The objective, longitudinal measurement of quantitative interstitial ab-
normalities may help identify people at greatest risk for adverse events and most likely to
benefit from early intervention. CHEST 2023; 163(1):164-175
KEYWORDS: 6-min walk test; interstitial lung disease; pulmonary fibrosis; pulmonary function
test; radiology
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Take-home Points

Study Questions: What are the associations of
quantitative interstitial abnormality (QIA) progres-
sion with lung function, exercise capacity, and mor-
tality, and what are the demographic and genetic risk
factors for QIA progression?
Results: Older age, female sex, current smoking
status, and the MUC5B minor allele are associated
with QIA progression; QIA progression over time is
associated with poorer lung function, worse exercise
capacity, and increased mortality, including in low-
dose screening CTs.
Interpretation: The longitudinal measurement of
QIA progression may help identify people at greatest
risk for adverse events and perhaps most likely to
benefit from early intervention to prevent the
development of advanced pulmonary fibrosis.
The parenchymal changes associated with interstitial
lung diseases (ILDs) have also been found on the CT
scans of smokers and community dwellers in large
cohorts without a diagnosis of ILD. Prior studies have
demonstrated that such visually identified parenchymal
changes, often termed interstitial lung abnormalities
and S. Y. A.), Brigham and Women’s Hospital, Boston, MA; the
Applied Chest Imaging Laboratory (B. C., R. S. J. E., R. H., A. A. D., S.
E. M., F. N. R., C. L. P., N. E., G. V. S.-F., J. C. R., G. R. W., R. S. J. E.,
and S. Y. A.), Brigham and Women’s Hospital, Boston, MA; the
Department of Biology (N. A.), University of Washington, Bothell,
WA; the Department of Radiology (R. S. J. E., R. H., C. P., G. V. S.-F., J.
C. R., and R. S. J. E.), Brigham and Women’s Hospital, Boston, MA; the
Department of Radiology (S. M. H. and D. A. L.), National Jewish
Health, Denver, CO; the Channing Division of Network Medicine,
Department of Medicine (M. M. and M. H. C.), Brigham and Women’s
Hospital, Boston, MA; the Division of Pulmonary and Critical Care
Medicine, Department of Medicine (R. K. and G. Y. L.), Northwestern
University Feinberg School of Medicine, Chicago, IL; the Division of
Pulmonary and Critical Care Medicine, Department of Medicine (F. J.
M.), Weill Cornell Medicine, New York, NY; the Division of Pulmo-
nary and Critical Care Medicine, Department of Internal Medicine
(M.L. K. H.), University of Michigan, Ann Arbor, MI; the Division of
Pulmonary Critical Care and Sleep Medicine, Department of Medicine
(R. P. B.), National Jewish Health, Denver, CO; the Division of Pul-
monary, Allergy and Critical Care Medicine, Department of Medicine
(D. O. W.), University of Pittsburgh, Pittsburgh, PA; and the Section of
Pulmonary, Critical Care and Sleep Medicine, Department of Medicine
(I. O. R.), Baylor College of Medicine, Houston, TX.
Ra. San José Estépar and S. Y. Ash contributed equally (co-senior
authors) to this manuscript.
Part of this article has been presented as an oral presentation at the
2021 ATS International Conference [virtual meeting], May 14-
19, 2021.
CORRESPONDENCE TO: Bina Choi, MD; email: bchoi4@bwh.harvard.
edu
Copyright � 2022 American College of Chest Physicians. Published by
Elsevier Inc. All rights reserved.
DOI: https://doi.org/10.1016/j.chest.2022.06.030

chestjournal.org
(ILAs), are associated with spirometric and exercise
limitations, increased mortality, and the MUC5B
polymorphism associated with idiopathic pulmonary
fibrosis (IPF), leading to the conclusion that such
changes may represent early ILD in some patients.1-6

We previously developed an automated, machine
learning-based objective approach to identifying these
parenchymal changes on CT images, and these findings
are called quantitative interstitial abnormalities (QIAs;
previously called interstitial features). We have shown
that the objective presence and quantity of QIAs are
associated with the presence of visually defined ILAs, as
well as functional and survival outcomes similar to those
associated with ILAs.7-10 In the current study, we
hypothesized that the progression of objectively
measured QIAs over time would be associated with
worsening disease severity, including poorer lung
function, exercise capacity, and mortality. We sought to
determine the demographic and genetic risk factors
associated with the progression of QIAs in smokers.

In addition to these primary analyses, we performed
secondary analyses in two specific spirometrically
defined subgroups: smokers with reduced FEV1 and
FVC, but with an FEV1-to-FVC ratio $ 0.7, suggestive
of a restrictive phenotype (often termed preserved ratio
impaired spirometry [PRISm]), and those with normal
spirometry (often termed Global Initiative for Chronic
Obstructive Lung Disease [GOLD] stage 0).11,12 The
former was selected because of spirometric similarities to
IPF, and the latter because one of the larger goals of this
work is to identify smokers at risk for disease
progression and to intervene before it occurs.13

Study Design and Methods
We performed our analysis of QIA progression on chest CT scans of
participants from the Genetic Epidemiology of COPD (COPDGene)
and the Pittsburgh Lung Screening Study (PLuSS), described
previously and in e-Appendix 1.14-16 This study was approved by the
institutional review board at Brigham and Women’s Hospital (IRB
2007P000554).

COPDGene is a prospective cohort of more than 10,300 non-
Hispanic White and Black ever-smokers with at least a 10-pack-
year smoking history, aged 45 to 80 years, without prior
bronchiectasis or ILD, from 21 study centers in the United
States.14 At baseline visit 1 (2006-2011) and visit 2 (2013-2017)
approximately 5 years later, participants underwent collection of
inspiratory and expiratory chest CT scans, pre- and
postbronchodilator spirometric testing, 6-min walk distance
(6MWD) measurements, questionnaires, and genotyping of the
MUC5B polymorphism (rs35705950).8,17 Participants with a
postbronchodilator FEV1 $ 80% predicted and FEV1-to-FVC
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Figure 1 – Representative CT scan images of patients with quantitative interstitial abnormality (QIA) progression. A and B, A patient with no visible
QIAs at baseline (A) who developed subtle evidence of QIAs at the bilateral bases after 5 years of follow-up (B). The percentage of this patient’s lung
occupied by QIAs increased by 8.5% over 5 years, and he died approximately 6 months after his second CT scan was acquired. C and D, A patient with
visually defined interstitial lung abnormalities (ILAs) at baseline (C) who showed progression of QIAs over the 5 years of follow-up (D). The percentage
of this patient’s lung occupied by QIAs increased by 11.6% over the 5 years of follow-up, and he died shortly after his follow-up CT scan.
ratio $ 0.7 were defined as in GOLD stage 0, and those with a
postbronchodilator FEV1 # 80% predicted and a FEV1-to-FVC
ratio $ 0.7 were defined as having PRISm. CT scans were
obtained at inspiration (200 mA) and after expiration (50 mA)
with submillimeter slice reconstruction.14 Mortality was assessed
through the longitudinal follow-up program conducted every 3 to
6 months, as previously described, and the Social Security Death
Index, with deaths adjudicated through January 31, 2018.18,19

PLuSS is a prospective cohort of 3,642 ever-smokers with at least a
12.5-pack-year history, aged 50 to 79 years, without prior history of
lung cancer, from one study center in the United States.16 Between
2002 and 2005, participants underwent collection of inspiratory low-
dose chest CT scans, spirometric testing, and questionnaires. CT
scans were obtained at breath hold (40-60 mA) with 2.5-mm
reconstruction.16 Participants were monitored by serial imaging as
per PLuSS protocols, as well as by spirometry, annual telephone
surveys, and/or mailed questionnaires.16 For this study, we
included only CT scans acquired within 90 days of spirometry
and limited the analyses to participants’ first and last CT imaging.
Therefore, although many PLuSS participants had several imaging
visits, for the purposes of this study only two CT scans were
included, with the first referred to as visit 1 and the last as visit
2. Mortality was assessed by acquisition of death certificates from
the surveys and questionnaires, with deaths adjudicated through
February 28, 2020.16
166 Original Research
The percentages of lung with QIAs and emphysema were measured by
a local density classification approach, which uses a k-nearest
neighbors classifier applied to the local histogram measurements
combined with the distance from the pleural surface as features on
the inspiratory CT scans, described previously (Fig 1, e-Appendix
2).7,8 All analyses were based on the annualized rates of change in
QIAs and emphysema between visits 1 and 2.

We used multivariable linear regression to determine the
longitudinal association between QIA progression and the
changes in FVC and 6MWD (COPDGene only). We used Cox
proportional hazards regression models for the association
between QIA progression and subsequent mortality. All analyses
were adjusted for age; sex; self-reported race (except for the
association between MUC5B and QIA progression); baseline:
percentage of lung with QIA, percentage of lung with
emphysema, airway wall thickness (COPDGene), smoking
status, pack-years, and BMI; and change in: emphysema,
smoking status (COPDGene), BMI, and scanner manufacturer.
The association between MUC5B and QIA progression was
adjusted for principal components of genetic ancestry.20

Associations with change in 6MWD and mortality also were
adjusted for baseline and change in FEV1. Secondary analysis
included a stratified analysis of participants in GOLD stage 0,
with PRISm, and in GOLD stages 1 through 4 (COPDGene).
Secondary “volume-adjusted” analysis was also performed on
[ 1 6 3 # 1 CHES T J A N U A R Y 2 0 2 3 ]



the participants whose FVC on spirometry and inspiratory lung
volume on CT images changed in the same direction (either
both increased or both decreased) between visits 1 and 2. Last,
we performed secondary analyses using additional models
adjusted for self-reported cardiac risk factors at visit 1 (in
COPDGene: diabetes, high BP, high cholesterol, coronary artery
disease, and congestive heart failure; in PLuSS: history of heart
Com
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Visit 1 Clinical Data (n = 10,305)

Longitudinal Follow-up Data (n = 5,519)

Visit 2 Clinical Data (n = 5,668)

Imaging Data (n = 4,635)

Figure 2 – CONSORT diagrams for the COPDGene and PLuSS cohorts. CO
Genetic Epidemiology of COPD; PLuSS ¼ Pittsburgh Lung Screening Study.
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attack, coronary artery bypass surgery, and lower extremity
edema).

All statistical tests were two-sided, and a P value < .05 was
taken to indicate statistical significance. Analyses were
performed with R software (version 4.0.3) implemented with
RStudio version 1.3.21,22
Results

Baseline Characteristics

In the COPDGene cohort, 4,635 participants had complete
clinical data, CT scans, and spirometry from visits 1 and 2
for analysis (Fig 2, Table 1). The mean time between visits 1
and 2 was 5.6 � 0.8 years. At visit 1, participants had a
mean age of 59.9 � 8.7 years, 52.3% were female,
29.1% were self-reported Black and 70.9% were self-
reported non-Hispanic White, 47.6% were current smokers,
and the cohort had a mean pack-year history of 41.9. The
mean prebronchodilator FEV1 decreased over the follow-up
period, from 2.2� 0.8 to 2.0� 0.8 L between visits 1 and 2.
The mean prebronchodilator FVC decreased from 3.2 �
1.0 to 3.0 � 0.9 L between visits 1 and 2. At baseline, 563
participants (12.2%) had PRISm, 2,122 (46.0%) were in
GOLD stage 0 (similar to previously published data12), and
1,874 (40.6%) were in GOLD stages 1 through 4. The mean
percentage of lung occupied by QIAs was 6.0% � 4.6% at
visit 1 and 5.7% � 4.6% at visit 2, and by emphysema was
6.8% � 12.9% at visit 1 and 6.2% � 13.4% at visit 2.

In the PLuSS cohort, 1,307 had complete imaging and
spirometry data, within 3 months of each other,
available from visits 1 and 2 for analysis (Fig 2, Table 1).
The mean time between visits 1 and 2 was 8.6 � 2.8
years. During visit 1, participants had a mean age of 61.0
� 6.6 years; 38.7% were female, 0.2% were American
Indian/Alaskan Native, 0.2% were Asian, 4.2% were
Black, 0.1% were Pacific Islander, and 95.4% were White
by self-reporting; 59.2% were current smokers; and the
cohort had a mean pack-year history of 65.0. The mean
prebronchodilator FEV1 decreased from 2.5 � 0.8 to 2.1
� 0.8 L between visits 1 and 2. The mean
prebronchodilator FVC decreased from 3.6 � 1.0 to 3.2
� 1.0 L between visits 1 and 2. GOLD stage data were
not available. The mean percentage of lung occupied by
QIAs was 16.2% � 7.8% at visit 1 and 15.9% � 6.5% at
visit 2, and by emphysema was 10.2% � 4.2% at visit 1
and 11.7% � 4.2% at visit 2.

Risk Factors for Progression

The demographic and genetic risk factors associated
with the progression of QIAs are shown in Table 2 and
are expressed as the absolute annual rate of change in
QIAs over the course of follow-up. Every additional year
of baseline age was associated with a higher annual
Baseline Enrollment (n = 3,755)

Imaging Data (n = 3,642)

plete Clinical Data including Spirometry (n = 3,530)

ta and Spirometry within 3 months of each other (n = 3,301)

ng Data and Spirometry at two time points (n = 1,307)

PLuSS

NSORT ¼ Consolidated Standards of Reporting Trials; COPDGene ¼
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increase in QIAs by 0.01%/y (95% CI, 0.01%-0.02%; P <

.001) in COPDGene and 0.02% (95% CI, 0.01%-0.02%;
P < .001) in PLuSS. Female sex was associated with a
0.07%/y (95% CI, 0.02%-0.12%; P ¼ .003) higher annual
increase in QIAs compared with male sex in COPDGene
TABLE 1 ] Baseline Characteristics

Characteristic V

Time from visit 1 (mean � SD), y

Age (mean � SD), y 59.9

Sex

Female

Male

Self-reported race

American Indian/Alaskan Native

Asian

Black

Pacific Islander

Non-Hispanic White

Smoking

Former 2,431

Current 2,204

Pack-years, mean � SD 41.9

BMI (mean � SD), kg/m2 29.1

Pulmonary function

Time between CT scan and PFTs (mean � SD), d 1.1

Prebronchodilator FEV1 (mean � SD), L 2.2

Prebronchodilator FVC (mean � SD), L 3.2

Baseline lung function

Preserved ratio impaired spirometry (PRISm) 563

Without spirometric limitations (GOLD stage 0) 2,122

With COPD (GOLD stages 1-4) 1,874

6-Min walk distance, m 437.2

Quantitative CT measures

Percentage of lung occupied by QIAs, mean � SD 6.0

Percentage of lung occupied by emphysema,mean� SD 6.8

Percentage of lung occupied by normal parenchyma,
mean � SD

87.2

Mortality

Alive

Dead

Survival duration from enrollment (mean � SD), y

Data displayed as No. (%) unless otherwise specified. COPDGene ¼ Genetic Epi
Lung Screening Study; QIAs ¼ quantitative interstitial abnormalities.
aInformation unavailable.
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and 0.14% (95% CI, 0.02%-0.26%; P ¼ .025) in PLuSS.
Current smoking status was associated with higher
annual QIA progression only in COPDGene (0.10%/y
[0.06%/y-0.15%/y]; P < .001). Every copy of the minor
allele of the MUC5B promoter polymorphism was
COPDGene (n ¼ 4,635) PLuSS (n ¼ 1,307)

isit 1 Visit 2 Visit 1 Visit 2

. 5.6 � 0.8 . 8.6 � 2.8

� 8.7 65.5 � 8.7 61.0 � 6.6 69.6 � 6.4

2,426 (52.3) 506 (38.7)

2,209 (47.7) 801 (61.3)

. 2 (0.2)

. 2 (0.2)

1,351 (29.1) 55 (4.2)

. 1 (0.1)

3,284 (70.9) 1,247 (95.4)

(52.4) 2,840 (61.4) 484 (40.8) .a

(47.6) 1,785 (38.6) 701 (59.2) .a

� 23.9 43.3 � 24.3 65.0 � 22.5 .a

� 6.1 29.0 � 6.4 28.5 � 5.2 28.7 � 5.4

� 25.7 0.6 � 12.0 29.4 � 16.0 34.1 � 20.3

� 0.8 2.0 � 0.8 2.5 � 0.8 2.1 � 0.8

� 1.0 3.0 � 0.9 3.6 � 1.0 3.2 � 1.0

(12.2) .a .

(46.0) .a .

(40.6) . .

� 112.6 393.8 � 132.3 . .

� 4.6 5.7 � 4.6 16.2 � 7.8 15.9 � 6.5

� 12.9 6.2 � 13.4 10.2 � 4.2 11.7 � 4.2

� 13.3 87.8 � 14.1 66.6 � 7.3 65.6 � 6.4

4,386 (94.6) 1,033 (79.0)

249 (5.4) 274 (21.0)

8.3 � 1.2 12.0 � 1.9

demiology of COPD; PFTs ¼ pulmonary function tests; PLuSS ¼ Pittsburgh
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TABLE 2 ] Predictors of Quantitative Interstitial Abnormality Progression Between Visits 1 and 2

Predictor

COPDGene PLuSS

Effect,a Mean (95% CI) P Value Effect,a Mean (95% CI) P Value

Age at enrollment (per year of age) 0.01 (0.01-0.02) < .001 0.02 (0.01-0.02) < .001

Female sex 0.07 (0.02-0.12) .003 0.14 (0.02-0.26) .025

Current smoker (vs former) 0.10 (0.06-0.15) < .001 0.001 (–0.10 to 0.10) .98

MUC5B minor allele (per copy) 0.12 (0.07-0.16) < .001 .b .b

Adjusted for age; sex; baseline: quantitative interstitial abnormalities, emphysema, airway wall thickness (COPDGene only), smoking status, pack-years,
BMI, and FEV1; and change in: emphysema, smoking status (COPDGene only), BMI, FEV1, and scanner manufacturer. Analyses of age at enrollment, female
sex, and current smoking status were additionally adjusted for self-reported race. Analysis of MUC5B was adjusted for principal components of genetic
ancestry. COPDGene ¼ Genetic Epidemiology of COPD; PLuSS ¼ Pittsburgh Lung Screening Study.
aEffect expressed as the association between the noted exposure and the annual rate of change (percent per year) in quantitative interstitial abnormalities.
bInformation unavailable.
associated with a 0.12%/y (95% CI, 0.07%/y-0.16%/y;
P < .001) annual increase in QIAs in COPDGene.

Clinical Outcomes

As seen in Table 3, each percent increase in QIAs per
year was associated with an 8.5-mL/y decline in FVC in
COPDGene (95% CI, 4.7-12.4 mL/y; P < .001) and a
9.5-mL/y decline in FVC in PLuSS (95% CI, 3.7-
15.4 mL/y; P ¼ .001). Each percent increase in QIAs per
year was associated with a 1.2 m/y decrease in 6MWD
(95% CI, 0.2-2.3 m/y; P ¼ .021) in COPDGene.

QIA progression was associated with higher subsequent
mortality in both COPDGene and PLuSS (Table 4), with
each percent increase in QIA progression per year
associated with a 69% increase in the expected risk of
mortality in COPDGene (hazard ratio [HR], 1.69;
95% CI, 1.34-2.12; P < .001) and a 28% increase in the
expected risk of mortality in PluSS (HR, 1.28; 95% CI,
1.10-1.49; P ¼ .001), while holding the covariates
constant.

PRISm and GOLD 0

As shown in e-Table 1, at baseline, 563 participants
had PRISm and 2,122 were in GOLD stage 0. The
mean percentage of lung with QIAs in participants
with PRISm was 8.4% � 5.9% at visit 1 and 7.6% �
6.1% at visit 2; and in patients in GOLD stage 0 it was
5.6% � 4.4% at visit 1 and 5.3% � 4.3% at visit 2 (e-
Table 1, Fig 3). Mean emphysema in participants with
PRISm was 2.3% � 4.8% at visit 1 and 1.3% �
3.1% at visit 2; similarly, mean emphysema in
participants in GOLD stage 0 was 2.0% � 3.6% at
visit 1 and 1.1% � 2.5% at visit 2. As shown in
Table 5, each percent increase in QIAs per year was
associated with a faster decline in FVC in both
subgroups, with a 13.2-mL/y decline in FVC in PRISm
chestjournal.org
(95% CI, 5.5-20.8 mL/y; P < .001) and a 9.9-mL/y
decline in GOLD stage 0 (95% CI, 5.2-14.5 mL/y; P <

.001). Similar associations between QIA progression
and 6MWD in the subgroup analyses of PRISm and
GOLD stage 0 participants were not statistically
significant. There was a trend toward QIA progression
and mortality in PRISm participants; in GOLD stage
0 participants, each percent increase in QIA
progression per year was associated with a
54% increase in the expected risk of mortality (HR,
1.54; 95% CI, 1.00-2.38; P ¼ .049), while holding the
covariates constant.
Volume-Adjusted Secondary Analyses

To adjust for possible noise on the CT images caused by
an incomplete breath hold on the inspiratory scan, a
secondary analysis of the cohort was performed, limited
to participants whose FVC on spirometry and inspiratory
lung volume on CT images both changed in the same
direction between visits 1 and 2. In this volume-adjusted
cohort (e-Table 2), each percent increase in QIAs per year
was associated with a 29.2-mL/y decline in FVC in
COPDGene (95% CI, 24.5-33.9 mL/y; P < .001) and a
10.7-mL/y decline in PLuSS (95% CI, 3.0-18.3 mL/y; P ¼
.006). Each percent increase in QIAs per year in the
volume-adjusted cohort was associated with a
42% increase in the expected risk of mortality in
COPDGene (HR, 1.42; 95% CI, 1.04-1.96; P ¼ .03) and a
32% increase in PLuSS (HR, 1.32; 95% CI, 1.09-1.58; P ¼
.003), while holding the covariates constant. The
relationship between QIA progression and 6MWD was
not significant in the volume-adjusted cohorts.

This volume-adjusted cohort was also used to study the
PRISm and GOLD stage 0 participants. One reason was
to account for the fact that the PRISm participants had a
higher amount of QIAs and higher BMI at baseline.
169

http://chestjournal.org


TABLE 3 ] Associations Between Rate of Quantitative Interstitial Abnormality Progression and Rate of Change in
FVC and 6-Min Walk Distance Between Visits 1 and 2

FVC (mL/y) 6-Min Walk Distance (m/y)

Cohort Effect,a Mean (95% CI) P Value Effect,a Mean (95% CI) P Value

COPDGene –8.5 (–12.4 to –4.7) < .001 –1.2 (–2.3 to –0.2) .021

PLuSS –9.5 (–15.4 to –3.7) .001 .b .b

Adjusted for age; sex; self-reported race; baseline: quantitative interstitial abnormalities, emphysema, airway wall thickness (COPDGene only), smoking
status, pack-years, and BMI; and change in: emphysema, smoking status (COPDGene only), BMI, and scanner manufacturer. Associations with change in
6-min walk distance also adjusted for baseline and change in FEV1. COPDGene ¼ Genetic Epidemiology of COPD; PLuSS ¼ Pittsburgh Lung Screening Study.
aEffect expressed as the association between the annual rate of change (percent per year) in quantitative interstitial abnormalities and rate of change in the
clinical outcome.
bInformation unavailable.

TABLE 4 ] Association Between Rate of Quantitative
Interstitial Abnormality Progression
Between Visits 1 and 2 and All-Cause Mor-
tality After Visit 2

Cohort

Mortality (Hazard Ratio)

Effect,a Mean (95% CI) P Value

COPDGene 1.69 (1.34-2.12) < .001

PLuSS 1.28 (1.10-1.49) .001

Adjusted for age; sex; self-reported race; baseline: quantitative interstitial
abnormalities, emphysema, airway wall thickness (COPDGene only),
smoking status, pack-years, BMI, and FEV1; and change in: emphysema,
smoking status (COPDGene only), BMI, FEV1, and scanner manufacturer.
COPDGene ¼ Genetic Epidemiology of COPD; PLuSS ¼ Pittsburgh Lung
Screening Study.
aEffect expressed as the association between the annual rate of change
(percent per year) in quantitative interstitial abnormalities and the hazard
ratio for all-cause mortality.
Although prior studies of restrictive disease like PRISm
have identified extreme high body mass and central
obesity to be associated factors,11,23,24 we wanted to
adjust for any effects of obesity-related atelectasis
contributing to CT noise. In this volume-adjusted
cohort, each percent increase in QIAs per year was
associated with an even faster decline in FVC than the
nonadjusted cohort in both subgroups, with a 24.9-mL/y
decline in FVC in PRISm (95% CI, 15.8-34.0 mL/y; P <

.001) and a 27.8-mL/y decline in FVC in GOLD stage
0 (95% CI, 22.1-33.6 mL/y; P < .001).

Cardiac-Adjusted Secondary Analyses

To account for any contributions of pulmonary edema-
related noise on the inspiratory scan, secondary analyses
adjusting for cardiac risk factors were performed (e-
Table 3). These cardiac-adjusted models showed that the
relationship between QIA progression and our clinical
outcomes of interest remained significant, with each
percent increase in QIAs per year associated with an 8.6-
mL/y decline in FVC in COPDGene (95% CI, 4.8-
12.4 mL/y; P < .001), a 9.5-mL/y decline in FVC in
PLuSS (95% CI, 3.6-15.4 mL/y; P ¼ .002), and a 1.2 m/y
decline in 6MWD in COPDGene (95% CI, 0.1-2.2 m/y;
P ¼ .03). In these models, each percent increase in QIAs
per year was associated with a 61% increase in the
expected risk of mortality in COPDGene (HR, 1.61;
95% CI, 1.27-2.02; P < .001) and a 29% increase in
PLuSS (HR, 1.29; 95% CI, 1.11-1.51; P ¼ .001).

Discussion
Multiple prior studies have demonstrated the clinical
relevance of subtle interstitial findings on CT scans, such
as areas of higher attenuation or QIAs, which have been
measured by a variety of techniques and assessed in a
range of cohorts.8-10,25-27 For example, in previous work,
we had shown that objectively measured QIAs
(previously called interstitial features), measured by a
170 Original Research
machine learning-based approach that uses lung density
and distance from the pleural surface, are associated with
decreased lung function, a shorter 6MWD, worse
subjective dyspnea, and increased mortality.8-10 However,
these and other studies have largely focused on cross-
sectional associations or predictions of change in clinical
metrics, rather than on the changes in the CT measures
themselves over time. In this study, we found that in two
large cohorts of smokers, the progression of objectively
measured QIAs is associated with faster declines in lung
function and exercise capacity, and higher mortality. Our
findings demonstrate there is clinical significance not only
in the presence of QIAs in cross-sectional studies, but also
in the gain of QIAs over time.

We found that the risk factors for QIA progression
include advanced age at enrollment, current smoking
status, female sex, and the MUC5B promoter
polymorphism. The MUC5B promoter polymorphism is
a known risk factor for IPF, and prior cross-sectional
studies have shown that the MUC5B polymorphism is
also associated with higher odds of ILAs and QIAs,
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Figure 3 – Box plots of baseline quanti-
tative interstitial abnormalities (QIAs)
in the participants with preserved ratio
impaired spirometry (PRISm), partici-
pants in Global Initiative for Chronic
Obstructive Lung Disease (GOLD) stage
0, or participants in GOLD stages 1
through 4. Boxes show medians and
interquartile ranges; asterisks show
means.
suggesting that, for some, ILAs and QIAs represent early
pulmonary fibrosis.4,10,28,29 Our findings show an
association of the MUC5B polymorphism with
longitudinal gain in QIAs, suggesting that increased
MUC5B expression confers ongoing longitudinal risk
and may play an important role in the development of
IPF from QIAs. Additional risk factors for IPF are older
age and cigarette smoking, and we similarly found that
advanced age at enrollment and current smoking status
are associated with QIA progression.30 However, the
association of female sex with QIA progression was
chestjournal.org
somewhat surprising, as male sex is a risk factor of IPF.30

It is possible that QIA progression in women in our
cohort represents a different disease pathway, or a non-
IPF ILD, given their overlap with IPF in histopathology
and genetic mutations31,32; further studies are needed to
evaluate these hypotheses further.

This longitudinal study suggests that QIA measurements
capture areas that can progress and are associated with
subsequent changes in lung function and mortality. The
associations between QIA progression and lung function
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measured by FVC as well as mortality remained
consistent when the model was limited to volume-
limited participants, further strengthening the
conclusion that QIA progression reflects areas of active
disease. The associations between QIA progression and
FVC, 6MWD, and mortality remained significant when
the model was adjusted for cardiac risk factors, or in
some, the presence of congestive heart failure, further
strengthening the conclusion that QIA progression
represents changes in parenchymal disease rather than
artifact or pulmonary edema.

Regarding mortality, the association between QIA
progression and mortality is important in light of prior
work that suggests that both visually identified
interstitial lung abnormalities (ILAs) and objectively
identified QIAs may represent early or subtle evidence
of future advanced ILD, such as IPF, in some
people.4,5,8-10,25-27,33-35 The fact that QIA progression is
associated with mortality in patients without known
ILD, independent of other factors such as emphysema
progression and change in lung function, highlights that
those people with progression should be studied further
to understand and possibly prevent the development of
more advanced disease. Additional work is needed to
establish more clearly the pathways of progression from
QIAs to IPF. This is a particularly important area of
study, given that the current treatment options for IPF
only slow disease progression and do not reverse prior
fibrosis.36-38

In our secondary analysis of QIAs in participants with
PRISm, we found that these people have a higher
amount of QIAs at baseline (8.4% QIAs; P < .001)
compared with other lung function groups, especially
GOLD stage 0 (5.6% QIAs), despite similar amounts of
visual emphysema at baseline (2.3% and
2.0% emphysema, respectively). PRISm participants had
an increased rate of FVC decline (13.2 mL/y) associated
with every annual increase in QIAs, as did GOLD stage
0 participants (9.9 mL/y). The FVC decline was even
faster in the volume-adjusted participants; PRISm
participants showed an FVC decline of 24.9 mL/y
associated with every annual increase in QIAs, and
GOLD stage 0 participants showed an FVC decline of
27.8 mL/y associated with every annual increase in
QIAs. The decline in FVC associated with QIA
progression is particularly interesting, as prior studies
have shown that PRISm participants actually have lower
rates of FVC decline compared with participants in
GOLD stage 0 or GOLD stages 1-4.12 Our findings
suggest that the presence and progression of QIAs in
[ 1 6 3 # 1 CHES T J A N U A R Y 2 0 2 3 ]



PRISm participants may independently be a
contributing reason to the worse clinical findings seen in
these patients. It is also possible that the resolution or
stability of QIAs seen in some participants may be
related to the transitional nature of PRISm, in which
participants improve to GOLD stage 039; further analysis
is needed to test this hypothesis. Given that PRISm, IPF,
and emphysema are all smoking-related diseases, it is
possible that PRISm encapsulates a group of patients
with early disease in the form of QIAs that can progress
to IPF or combined pulmonary fibrosis and emphysema,
rather than pure emphysema in the future.

Of special interest is the application of these objectively
identified QIAs from research cohorts to the clinical
setting. The CT scans in the PLuSS cohort were obtained
through low-dose radiation protocols and are closer to
the lung cancer screening scans that patients with a
smoking history are likely to receive more readily in the
real world.16 A strength of our study is that we applied
our automated, machine learning-based objective
measure to the PLuSS low-dose CT scans, and we found
consistent associations between QIA progression and
decreased spirometric and survival outcomes. Given that
low-dose cancer screening CT scans are already
standard-of-care, there is potential in broadening their
use to detect and perhaps even screen for QIAs; this
potential should be studied further.

Our study has several limitations in addition to those
already mentioned. First, this is a prospective cohort
study of exposures and outcomes that were evaluated
longitudinally. Although we adjusted for known and
possible confounders of the relationship between QIA
progression and the outcomes of interest, we cannot
prove a causal relationship with complete certainty.
Second, our participants were all ever-smokers, which is
a population at risk for pulmonary fibrosis; the impact of
the presence and progression of QIAs in nonsmokers
remains to be seen. Although our study of two smoker
cohorts focused on risk factors and outcomes related to
IPF, as it is a smoking-related disease, it is likely that
QIAs encompass early stages of other fibrosing ILDs in
addition to IPF, as one can find histopathologic changes
chestjournal.org
and genetic mutations of end-stage IPF in other
fibrosing ILDs.31,32 Given the functional and survival
implications of QIA progression, future studies should
explore and confirm these results in other cohorts. In
addition, given the relationship between age and cross-
sectional QIAs from prior studies, as well as the
association between age and QIA progression in our
study, it was surprising that in both cohorts the
percentage of lung with QIAs decreased over the
duration of follow-up.10 It is possible that this may be
due to survival bias, although the changes in other
measures such as emphysema argue somewhat against
that. Another possibility is regression to the mean,
although again this is not a finding seen with the other
radiographic and clinical measures in this study.
Additional work in other cohorts is needed to better
understand this finding. Finally, although the clinical
associations were similar, there was a large difference in
the absolute amount of lung with QIAs between the two
cohorts. Although some of this difference is likely due to
differences in baseline characteristics between the two
groups, the bulk of the difference is likely due to
differences in CT imaging protocol, particularly in the
use of high vs low radiation doses. This highlights the
need for structured approaches to the application of
measurement tools such as the one employed in this
study, including the use of standardized and consistent
CT imaging protocols and the application of image
harmonization techniques to enable cross-protocol
analyses.
Interpretation
In conclusion, in two cohorts of ever-smokers,
longitudinal progression of QIAs is independently
associated with decreased lung function and increased
all-cause mortality. Identified risk factors for progression
include advanced age, female sex, and the MUC5B
minor allele. Although additional work is needed, the
objective, longitudinal measurement of QIAs may help
identify people at greatest risk for adverse events and
perhaps most likely to benefit from early intervention to
prevent the development of advanced ILDs such as IPF.
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