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Abstract

Rationale: There is increasing evidence that aberrant processes
occurring in the airways may precede the development of idiopathic
pulmonary fibrosis (IPF); however, there has been no prior
confirmatory data derived from imaging studies.

Objectives: To assess quantitative measures of airway wall
thickness (AWT) in populations characterized for interstitial lung
abnormalities (ILA) and for IPF.

Methods: Computed tomographic imaging of the chest and
measures of AWT were available for 6,073, 615, 1,167, and 38
participants from COPDGene (Genetic Epidemiology of COPD
study), ECLIPSE (Evaluation of COPD Longitudinally to Identify
Predictive Surrogate Endpoints study), and the Framingham Heart
Study (FHS) and in patients with IPF from the Brigham and
Women’s Hospital Herlihy Registry, respectively. To evaluate these
associations, we used multivariable linear regression to compare a
standardized measure of AWT (the square root of AWT for airways
with an internal perimeter of 10mm [Pi10]) and characterizations of
ILA and IPF by computed tomographic imaging of the chest.

Results: In COPDGene, ECLIPSE, and FHS, research participants
with ILA had increased measures of Pi10 compared with those

without ILA. Patients with IPF had mean measures of Pi10 that were
even greater than those noted in research participants with ILA.
After adjustment for important covariates (e.g., age, sex, race, body
mass index, smoking behavior, and chronic obstructive pulmonary
disease severity when appropriate), research participants with ILA
had increased measures of Pi10 compared with those without ILA
(0.03 mm in COPDGene, 95% confidence interval [CI], 0.02–0.03;
P, 0.001; 0.02 mm in ECLIPSE, 95% CI, 0.005–0.04; P = 0.01;
0.07 mm in FHS, 95% CI, 0.01–0.1; P = 0.01). Compared with
COPDGene participants without ILA older than 60 years of age,
patients with IPF were also noted to have increased measures of Pi10
(2.0 mm, 95% CI, 2.0–2.1; P, 0.001). Among research participants
with ILA, increases in Pi10 were correlated with reductions in lung
volumes in some but not all populations.

Conclusions: These results demonstrate that measurable increases
in AWT are consistently noted in research participants with ILA
and in patients with IPF. These findings suggest that abnormalities
of the airways may play a role in, or be correlated with, early
pathogenesis of pulmonary fibrosis.
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Interstitial lung abnormalities (ILA) are
defined as radiologic abnormalities on
computed tomographic (CT) imaging of the
chest suggestive of an underlying interstitial
lung disease (ILD) in those without a clinical
diagnosis. Previous studies have demonstrated
that some research participants with ILA may
experience a syndrome similar to but less
severe than that noted in patients with
idiopathic pulmonary fibrosis (IPF) and
includes physiologic decrements (1, 2),
common histopathologic findings (3), shared
genetic predictors (4, 5), and adverse clinical
outcomes (6–9). This information implies that
assessments of research participants with ILA
may help to improve understanding of the
processes that lead to and characterize IPF.

Although much remains to be learned
about the biological processes that result in
the earliest stages of IPF development, a
growing consensus (10) suggests that
aberrant processes originating in the airways
in general (11, 12), and alveolar epithelium
in particular (13, 14), may play an important
role in early IPF disease pathogenesis. In
contrast to this consensus, IPF is often
defined by a gross lack of airway-centered
imaging abnormalities (15). However,
comparisons of airway wall measurements
between patients with IPF and undiagnosed
research participants with ILA with airway
wall measurements in those without
imaging evidence of an underlying ILD have
not been presented previously.

We hypothesized that quantitative
measures of airway wall thickness (AWT)
would be increased in research participants
with ILA and in patients with IPF compared
with those without imaging evidence of ILD.
To evaluate this hypothesis, we assessed
standardized chest CT measures of AWT in
three populations also characterized for ILA
and in patients with IPF.

Methods

Study Design
Protocols for study recruitment and
participant phenotyping in COPDGene

(Genetic Epidemiology of COPD study),
ECLIPSE (Evaluation of COPD
Longitudinally to Identify Predictive
Surrogate Endpoints study), and the
Framingham Heart Study (FHS) and in an
IPF cohort identified from a registry of
patients with ILD at Brigham and Women’s
Hospital (BWH) have previously been
reported (1, 5, 16, 17). In brief, the
COPDGene study is a multicenter
longitudinal study of smokers designed to
identify genetic and nongenetic risk factors
for chronic obstructive pulmonary disease
(COPD) that excluded participants with
lung diseases other than asthma,
emphysema, or COPD (18). The ECLIPSE
study is a multicenter, multinational 3-year
observational study of patients with COPD
and control subjects (this analysis was
limited to patients with COPD) (19). The
FHS, which now includes several cohorts, is
a longitudinal study originally designed to
identify risk factors for cardiovascular
disease; this analysis includes assessments of
the Third Generation and Offspring cohorts
(20). The IPF cohort includes a selected
group of IPF cases from the David E.
Herlihy Data Registry and DNA repository
of ILD at the BWH as of August 15, 2015,
that had a lung biopsy demonstrating usual
interstitial pneumonia (17). In addition, all
patients with IPF included consented to a
medical history review and an analysis of
their imaging data. The institutional review
boards of the BWH and individual
participating centers approved this study.

Chest CT Evaluation
For ILA determination, chest CT scans were
evaluated (21) by up to three readers
(radiologists and pulmonologists) who were
blind to any patient-specific information.
ILA were defined as nondependent
changes affecting more than 5% of any
lung zone, including any combination of
nondependent ground-glass or reticular
abnormalities, diffuse centrilobular
nodularity, nonemphysematous cysts,
honeycombing, or traction bronchiectasis,
as previously described (1, 7). CT scans with

either focal or unilateral ground-glass
attenuation, focal or unilateral reticulation,
or patchy ground-glass abnormality (,5%
of the lung) were considered indeterminate.
Next, the scans with ILA were classified
into subtypes by the type and location
of radiologic densities as well as the
consistency with IPF imaging patterns
(1, 5, 16).

AWT
In each participant or patient,
measurements of the square root of a
hypothetical airway with an internal
perimeter of 10 mm (Pi10) were collected
using 3D Slicer (www.slicer.org)
(COPDGene, FHS, IPF cohort) and VIDA
software (ECLIPSE) as previously described
(22–24). In brief, up to six segmental airways
in COPDGene and ECLIPSE and up to three
or four segmental airways in the FHS were
selected for measurements of AWT. For
each airway, manual tracings are obtained of
the total airway (Ao) and the luminal airway
(Ai), and the AWT is calculated as the result
of Ao2Ai. Pi10 is then assessed from the
slope of the regression line calculated by
comparing the square root of the wall area
measures plotted against the internal
perimeter of the airway. In the BWH cohort
of patients with IPF, approximately eight
airway wall measurements (mean, 7.8
airways) were preferentially chosen from
airways in the right and left upper lobes to
minimize the selection of frankly fibrotic
airways.

Statistical Analysis
Associations between pairs of variables were
conducted with Fisher’s exact tests (for
categorical variables) and with two-tailed
t tests or Wilcoxon rank-sum tests (for
continuous variables) when appropriate. In
ILA cohorts, analyses were limited to
participants with and without ILA, and
participants with indeterminate ILA status
were excluded. Multivariable linear
regression (in COPDGene, ECLIPSE, and
IPF cohort) and multivariable mixed effects
models with a random effect for familial
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relatedness (FHS) analyses were performed
to identify associations between AWT as
measured by Pi10 and ILA, adjusting for
age, sex, pack-years smoked, current
smoking status, body mass index, Global
Initiative for Chronic Obstructive Lung
Disease (GOLD) classification (when
available and with COPD defined as those
with GOLD stage 2 or higher), and measures
of total lung capacity (TLC; calculated from
volumetric CT measurements [COPDGene,
ECLIPSE, and FHS] or plethysmography
[IPF cohort]) when reported. Patients with
IPF were compared with COPDGene
participants without ILA who were older
than 60 years of age. Additional analyses
limited to the subset of participants with ILA
within each cohort were also performed. All
analyses were conducted using SAS software
(version 9.4; SAS Institute) or R version
2.15.3 (R Foundation for Statistical
Computing). Reported P values are two
sided, and those less than 0.05 were
considered statistically significant.

Results

Baseline Characteristics
Baseline characteristics of participants from
COPDGene, ECLIPSE, and the FHS
stratified by ILA status, as well as those of

patients with IPF, are presented in Table 1.
Similarly to prior publications (1, 5, 16),
research participants with ILA tend to be
older, are more likely to be current smokers,
and are more likely to have a greater total
smoking exposure. The patients with IPF
evaluated were more likely to be male and
had often smoked, but had less cumulative
tobacco exposure, compared with cohorts
limited to smokers.

ILA and Pi10
In each population, research participants
with ILA had increased measures of Pi10
compared with those without ILA (see
Table 1, and Figure 1). The mean measures
of Pi10 among patients with IPF were even
greater than those reported for research
participants with ILA (see Table 1).

In both unadjusted analyses and
analyses adjusted for important covariates
(e.g., age, sex, body mass index, pack-years
of smoking, current smoking status, and
COPD [defined by those in GOLD stage 2 or
higher]), airway wall measures were thicker
in those with ILA than in those without ILA
(see Table 2 and Figure 2). Larger increases
in airway wall measures in unadjusted and
adjusted analyses were also noted in patients
with IPF than in COPDGene participants
without ILA who were older than 60 years of
age (see Table 2 and Figure 2).

We assessed for effect modification of
the association between Pi10 and ILA by
smoking and COPD status. There was no
statistical evidence for differences in the
association between Pi10 and ILA among
current versus former smokers in the
COPDGene and ECLIPSE cohorts (P. 0.3
for both cohorts) or between ever versus
never smokers in the FHS and IPF cohorts
(P. 0.7 for both cohorts). Although there
was borderline evidence of statistically
significant differences in the association
between Pi10 and ILA among those with
and without COPD (COPDGene, P = 0.052;
FHS, P = 0.07) favoring an increased effect
among those without COPD, these
differences were minor (e.g., ILA resulted in
a 0.005-mm greater increase in Pi10 among
those without COPD than in those with
COPD in COPDGene).

ILA and Pi10 Supportive Analyses
First, to exclude the possibility that these
findings of association were due to an
artifact of airway compression secondary to
reduced lung volumes, additional analyses
were performed adjusting for TLC (as a
percent predicted value). There was not
strong evidence that the associations
between increased airway wall measures and
ILA were explained by reductions in lung
volumes alone in all cohorts (although some

Table 1. Baseline characteristics of participants in each cohort, stratified by interstitial lung abnormality status when applicable

COPDGene ECLIPSE Framingham Heart Study IPFCohort (n = 38)

No ILA
(n = 5,375)

ILA
(n = 698)

No ILA
(n = 473)

ILA
(n = 142)

No ILA
(n = 1,062)

ILA
(n = 105)

Age, yr 596 9 616 10 626 7 646 8 556 11 686 12 636 6
Sex, female, n (%) 2,465 (46) 343 (49) 167 (35) 39 (27) 541 (51) 55 (52) 10 (26)
Race, white, n (%) 3,692 (69) 481 (69) 461 (97) 139 (98) 1,062 (100) 105 (100) 31 (82)
Body mass index, kg/m2 296 6 296 6 276 6 266 5 296 6 286 5 306 5
Current smoker, n (%) 2,736 (51) 432 (62) 180 (38) 67 (47) 63 (6) 13 (13) 0 (0)
Ever smoker, n (%) 5,316 (99) 695 (99) 473 (100) 142 (100) 512 (48) 62 (60) 30 (79)
Pack-years of smoking,
median (IQR)

38 (27) 42 (28) 45 (27) 42 (30) 0 (11) 7 (20) 25 (25)

History of COPD, n (%) 1,795 (33) 215 (31) 473 (100) 142 (100) 87 (8) 14 (13) 0 (0)
TLC percent predicted,
median (IQR)

97 (21) 91 (22) 117 (23) 112 (30) 87 (19) 78 (25) 58 (22)

FVC percent predicted,
median (IQR)

90 (23) 85 (22) 78 (25) 80 (28) 101 (17) 101 (15) 64 (27)

Pi10, mm 3.666 0.13 3.726 0.14 3.946 0.2 3.996 0.21 3.646 0.24 3.716 0.24 5.766 0.67

Definition of abbreviations: COPD= chronic obstructive pulmonary disease, defined here as Global Initiative for Chronic Obstructive Lung Disease stage 2 or
higher; COPDGene =Genetic Epidemiology of COPD study; ECLIPSE= Evaluation of COPD Longitudinally to Identify Predictive Surrogate Endpoints study;
FVC = forced vital capacity as a percentage of predicted value; ILA = interstitial lung abnormalities; IPF = idiopathic pulmonary fibrosis; IQR = interquartile range;
Pi10 = square root of the airwaywall area of a hypothetical airway with internal perimeter of 10mm; TLC= total lung capacity as a percentage of predicted value.
Values are means and standard deviations or number (percent). Missing values: COPDGene: pack-years of smoking, n = 62; TLC, n = 1; FVC, n = 33;
ECLIPSE: ever smoker, n = 7; TLC, n = 363; Framingham Heart Study, body mass index, n = 4; current smoker, n = 3; ever smoker, n = 3; pack-years of
smoking, n = 4; TLC, n = 3; FVC, n = 67; IPF: body mass index, n = 1; pack-years of smoking, n = 13; TLC, n = 2.
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findings of association were attenuated after
lung volume adjustment) (see Table 2).
Compared with those without ILA (after
adjusting for important covariates including
measures of TLC), patients with IPF were

noted to have 1.98-mm (95% confidence
interval [CI], 1.92–2.05 mm; P, 0.001)
increases in Pi10 measures.

Second, to exclude the possibility that
these findings of association in research

cohorts of smokers could be limited to
those with airway-centered interstitial
abnormalities, additional analyses were
performed between those with and without
ILA, with ILA defined by a predominance of

ECLIPSE
No ILA

Cohorts

P
i1

0 
(m

m
)

COPDGene
ILA

COPDGene
No ILA

3.0

3.5

4.0

4.5

ECLIPSE
ILA

FHS
No ILA

FHS
ILA

Figure 1. The median, minimum, maximum, and first and third quartiles (bottom and top of boxes) of the square root of airway wall thickness (in mm) of
hypothetical airways with internal perimeter of 10 mm (Pi10) are shown for each cohort, with individual data points superimposed. Blue boxes represent
subjects without interstitial lung abnormalities (ILA), and yellow boxes represent subjects with ILA. COPDGene =Genetic Epidemiology of COPD; ECLIPSE=
Evaluation of COPD Longitudinally to Identify Predictive Surrogate Endpoints; FHS = Framingham Heart Study.

Table 2. Associations between interstitial lung abnormalities, idiopathic pulmonary fibrosis, and Pi10 measurement

COPDGene ECLIPSE Framingham Heart Study IPF Cohort

Mean
Difference in
Pi10, mm
(95% CI)

P Value Mean
Difference in
Pi10, mm
(95% CI)

P Value Mean
Difference in
Pi10, mm
(95% CI)

P Value Mean
Difference in
Pi10, mm
(95% CI)

PValue

Unadjusted analysis 0.029 (0.02–0.03) ,0.001 0.022 (0.003–0.04) 0.02 0.069 (0.02–0.1) 0.002 2.1 (2.07–2.15) ,0.001
Adjusted* analysis 0.026 (0.02–0.03) ,0.001 0.023 (0.005–0.04) 0.01 0.063 (0.01–0.1) 0.01 2.0 (1.96–2.07) ,0.001
Adjusted† analysis 0.018 (0.01–0.02) ,0.001 0.026 (0.001–0.05) 0.04 0.044 (0.006–0.1) 0.09 1.98 (1.92–2.05) ,0.001
Adjusted† subgroup‡

analysis
0.019 (0.01–0.02) ,0.001 0.03 (0.004–0.06) 0.03 0.045 (0.006–0.1) 0.09 — —

Definition of abbreviations: CI = confidence interval; COPDGene =Genetic Epidemiology of COPD study; ECLIPSE = Evaluation of COPD Longitudinally to
Identify Predictive Surrogate Endpoints study; IPF = idiopathic pulmonary fibrosis (Comparison group for the IPF cohort is participants from COPDGene
without interstitial lung abnormalities over the age of 60 years.); Pi10 = square root of the airway wall area of a hypothetical airway with internal perimeter of
10 mm (Mean change in Pi10 is calculated using linear regression models comparing those with interstitial lung abnormalities with those without interstitial
lung abnormalities.)
*Adjusted analyses are adjusted for age, sex, pack-years of smoking, current smoking status, body mass index, and Global Initiative for Chronic Obstructive
Lung Disease stage (when available).
†Adjusted analyses are adjusted for age, sex, pack-years of smoking, current smoking status, body mass index, Global Initiative for Chronic Obstructive
Lung Disease stage (when available), and total lung capacity.
‡Adjusted analyses of association between Pi10 and interstitial lung abnormalities excluding subjects with predominantly centrilobular abnormalities.
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centrilobular nodules excluded. There was
not strong evidence that these exclusions
substantially altered the associations
between increased measures of Pi10 and ILA
(see Table 2). Of note, only one research
participant with ILA in the FHS was defined
by the presence of centrilobular nodules,
and the patients with IPF evaluated did not

have centrilobular nodules on their chest CT
scans. Although some difference between
the associations of Pi10 and ILA exist
between ILA subgroups, there was not
strong evidence that these associations were
being driven by the presence of pulmonary
fibrosis exclusively (see also Table E1 in the
online supplement).

Third, to exclude the possibility that
these findings of association could be limited
to alterations in airways adjacent to visually
defined ILA, individual lobar measurements
of airway walls were reassessed in the
COPDGene cohort (where these separate
measures were recorded). In COPDGene,
there was evidence that right upper lobe
airway measurements (as measured by airway
wall area in the right upper lobe apical
segment) were increased among those with
ILA defined by a lower lobe subpleural
distribution. After adjusting for important
covariates, compared with those without
ILA, research participants with ILA (in this
case defined by a lower lobe subpleural
distribution) were noted to have a 1.04-mm2

(95% CI, 0.4–1.7 mm2; P = 0.002) increase in
airway wall area. Additional findings of
association for airways in other anatomic
locations are included in Tables E2A and E2B.

Finally, because Pi10 is a composite
measure, we also evaluated associations
between absolute wall area and airway
lumen measures in research participants
with ILA compared with those without ILA
(in the COPDGene and FHS cohorts when
this information was available). Similar
increases in the adjusted changes in absolute
airway wall measures were noted among
those with ILA compared with those
without ILA for most but not all individual
airway assessments (see also Tables E2A and
E2B).

Pi10 and Lung Volumes in Those
with ILA
To determine the impact of increased Pi10 in
these populations, the associations between
lung volume reductions and Pi10 among
research participants with ILA and among
patients with IPF were evaluated. As noted in
Table 3, although there was consistent
evidence between increases in Pi10 and
reduced measures of TLC across all
populations characterized for ILA, after
adjustment for important covariates, these
associations were statistically significant only
among participants with ILA in the
COPDGene and FHS cohorts. There was not
robust evidence that Pi10 was strongly
associated with the variability of lung volume
measures in this sample of patients with IPF.

Discussion

Our study demonstrates that measures of
AWT are increased in three independent

Figure 2. Axial and coronal slices from computed tomographic scans of participants in COPDGene
and David E. Herlihy Data Registry and DNA repository of interstitial lung disease. Top: Patient without
interstitial lung abnormalities (ILA) from COPDGene revealing an absence of reticular changes. Top
inset: Narrow airway walls of an airway with approximate internal perimeter of 10 mm. Middle: Subject
from COPDGene with ILA and definite fibrosis showing subpleural reticular changes and traction
bronchiectasis. Middle inset: Thickened airwaywalls of an airwaywith approximate internal perimeter of
10 mm. Bottom: Patient with IPF from David E. Herlihy Data Registry and DNA repository of interstitial
lung disease with fibrotic changes showing subpleural reticular changes, honeycombing, and traction
bronchiectasis. Bottom inset: Thickened airway walls of proximal right upper lobe airways.
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cohorts of research participants with ILA
and in patients with IPF. The associations
between ILA and increased measures of
AWT are not explained solely by reductions
in lung volumes, by airway-centered
interstitial abnormalities, or by
measurements obtained from airways in
close proximity to the observed interstitial
abnormalities. There is not strong evidence
that these associations were limited to
smokers. In some but not all cohorts,
relative increases in AWT are associated
with reduced lung volumes. In total, these
findings demonstrate that detectable
thickening commonly occurs in the airways
in early (3) and later stages of pulmonary
fibrosis and suggests that airway thickening
may be implicated in or occur coincident
with the pathologic processes that result in
clinical disease.

Although the alveolar epithelium is
most commonly implicated as the anatomic
focus of IPF pathophysiology (25), a
growing body of evidence derived from
genetic (4, 14, 26) and histopathologic
studies (27–30) has also implicated
biological processes occurring in the airways
as potential important drivers of IPF
pathogenesis. Despite these findings, there
has been no prior study that has presented
imaging assessments of airway wall
measures in either research participants
with ILA or patients with IPF. Our findings
provide further support that aberrant airway
processes may contribute to or occur

coincident with IPF disease pathogenesis,
and they suggest that these processes may
begin early in the disease.

More is known about the role of Pi10 in
obstructive airway diseases (31–33) such as
COPD, in which increased Pi10 measures
have been associated with worsening
respiratory symptoms, increased frequency
of COPD exacerbations, and increased
mortality risk (32–35). In addition, in
patients with COPD, increased AWT is
frequently correlated with the presence (36)
and development (37) of airflow limitation.
In contrast, our findings demonstrate that
AWT can be correlated with restrictive lung
physiology in some populations. This
suggests that the contribution of increased
AWT to the type of physiologic decrement
likely also depends on the underlying
disease process correlated with these
changes.

To provide some context, the relative
differences observed in Pi10 measures
between research participants with and
without ILA (0.05–0.06 mm square root of
wall area) are similar to the amounts of
difference in Pi10 measures that have been
associated with chronic bronchitis
(0.03 mm) (38), bronchodilator
responsiveness (0.04 mm) (39), and
increases in respiratory symptoms (0.1 mm)
(32) in patients with COPD. The median
value for Pi10 (derived from upper lobe
airway measurements) noted in patients
with biopsy-proven IPF (5.78 mm) is larger

than the means commonly reported in
patients with COPD (3.69–4.94 mm) (35,
39–41).

Although our study provides evidence
that airway wall thickening commonly
occurs in early (3) as well as in later stages
of pulmonary fibrosis when airway
abnormalities are commonly detected (e.g.,
traction bronchiectasis) (42), our findings
do not allow us to comment on the specific
reasons for these increased measures of
Pi10. Although increased measures of Pi10
are commonly viewed as increased
measures of AWT, it is important to note
that Pi10 is a composite measure that
results both from factors that increase
thickness of the airway wall and from
factors that narrow the airway lumen. This
suggests that factors which result in
narrowing of the airway lumen (e.g., diffuse
increases in airway mucus content) (43)
also may have contributed to these
findings. In addition, it is important to note
that Pi10 is primarily a measure of wall
thickness in large airways. Although Pi10
has been correlated with histologic
assessments of small airways in patients
with COPD, it is unclear if correlations
would be noted in the development of ILD.

Our study has a number of additional
limitations. First, although increases in
AWT were consistently noted in all
populations, the associations between
relative increases in measures of Pi10 and
relative decreases in lung volume measures

Table 3. Associations between 0.1-mm increase in Pi10 and changes in total lung capacity and forced vital capacity in participants
with interstitial lung abnormalities and idiopathic pulmonary fibrosis

COPDGene ECLIPSE Framingham Heart Study IPF CohortAnalysis

Mean
Difference
in Percent
Predicted

Volume (95% CI)

P
Value

Mean
Difference
in Percent
Predicted

Volume (95% CI)

P
Value

Mean
Difference in

Percent
Predicted

Volume (95% CI)

P
Value

Mean
Difference in

Percent
Predicted

Volume (95% CI)

P
Value

TLC unadjusted 23.4 (24.2 to 22.6) ,0.001 22.7 (25.2 to 20.2) 0.04 21.5 (22.8 to 20.2) 0.03 0.07 (20.7 to 0.8) 0.88
TLC adjusted* 24.1 (24.9 to 23.4) ,0.001 22.1 (24.8 to 0.5) 0.11 21.3 (22.5 to 20.1) 0.03 20.2 (21.3 to 0.9) 0.67
FVC unadjusted 24.3 (25.1 to 23.4) ,0.001 22.3 (23.9 to 20.8) 0.004 20.4 (21.5 to 0.7) 0.47 20.03 (21.0 to 1.0) 0.95
FVC adjusted 22.2 (22.8 to 21.5) ,0.001 20.9 (22.6 to 0.7) 0.25 20.08 (21.2 to 1.1) 0.89 20.3 (21.6 to 0.9) 0.59

Definition of abbreviations: CI = confidence interval; COPDGene =Genetic Epidemiology of COPD study; ECLIPSE = Evaluation of COPD Longitudinally to
Identify Predictive Surrogate Endpoints study; FVC = forced vital capacity as a percentage of predicted value; IPF = idiopathic pulmonary fibrosis; Pi10 =
square root of the airway wall area of a hypothetical airway with internal perimeter of 10mm (Mean changes in percent predicted lung volumes are calculated
using linear regression models among those with interstitial lung abnormalities and IPF; the associations reflect the correlations between a 0.1-mm increase
in Pi10 and the result of measures of lung volumes.); TLC = total lung capacity as a percentage of predicted value.
*Adjusted analyses in participants with interstitial lung abnormalities are adjusted for age, sex, pack-years of smoking, current smoking status, body mass
index, and Global Initiative for Chronic Obstructive Lung Disease stage (when available). In participants with interstitial lung abnormalities, they are adjusted
for age, sex, body mass index, and pack-years of smoking.
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were not statistically significant, when
adjusted for important covariates, in all
cohorts. Although this reduces the
confidence in these findings and suggests the
possibility of true-negative associations
between Pi10 and lung volume measures, it
is also possible that smaller sample sizes,
limited measurement variability, and
unmeasured confounders limit our study’s
statistical power to detect an association in
some populations. Second, although
substantial increases in measures of Pi10
were noted among patients with IPF,
increases in Pi10 measures were not
substantially greater in those with ILA
imaging findings more consistent with
IPF or among those with more fibrotic

features alone. This suggests that increases
in Pi10 among those with ILA may be a
result of diverse processes other than
those limited to pulmonary fibrosis. Third,
because this is the first presentation of
Pi10 measures in patients with IPF, we
recommend caution in the interpretation
of these findings until these associations can
be replicated in other populations of
patients with IPF, including those defined
by image criteria alone. Finally, because
measurements of Pi10 were available at
a single time point in each of these
populations, our study does not allow us
to comment on associations between
increasing measures of Pi10 over time and
the development or progression of ILA.

Future longitudinal assessments of Pi10
would be important to answering these
questions.

In conclusion, our results demonstrate
that there are measurable differences in
AWT between research participants with
ILA, as well as in patients with IPF,
compared with those without ILA. In some
but not all populations, these differences in
AWT are correlated with reduced lung
volumes. These findings suggest that
abnormalities of the airways may play a role
in or be correlated with early pathogenesis of
pulmonary fibrosis. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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