Imaging Patterns Are Associated with Interstitial Lung Abnormality
Progression and Mortality

Rachel K. Putman’, Gunnar Gudmundsson®?, Gisli Thor Axelsson®“, Tomoyuki Hida®®, Osamu Honda’,

Tetsuro Araki®®, Masahiro Yanagawa’, Mizuki Nishino®®, Ezra R. Miller', Gudny Eiriksdottir*, Elias F. Gudmundsson?,
Noriyuki Tomiyama’, Hiroshi Honda®, lvan O. Rosas’, George R. Washko'®, Michael H. Cho'®, David A. Schwartz'°,
Vilmundur Gudnason®, Hiroto Hatabu®®, and Gary M. Hunninghake'-®

"Pulmonary and Critical Care Division, °Department of Radiology, ®Center for Pulmonary Functional Imaglng, and °Channing Division of
Network Medicine, Brigham and Women’s Hospital, Harvard Medical School, Boston Massachusetts; “Department of Respiratory
Medicine and Sleep, Faculty of Medicine, Landspital University Hospital and ®Faculty of Medicine, University of lceland, Reykjavik,
lceland; “lcelandic Heart Association, Kopavogur Iceland; "Department of Radiology, Graduate School of Medicine, Osaka Umversﬂy,
Osaka Japan; ®Department of Clinical Radiology, Graduate School of Medical Science, Kyushu University, Fukuoka, Japan; and
"®Department of Medicine, University of Colorado, Denver, Colorado

ORCID ID: 0000-0002-8027-7450 (R.K.P.).

Abstract (73%) had imaging progression, whereas 89 (27%) had stable

to improved imaging; increasing age and copies of MUC5B
Rationale: Interstitial lung abnormalities (ILA) are radiologic genotype were associated with imaging progression. The
abnormalities on chest computed tomography scans that have definite fibrosis pattern was associated with the highest risk
been associated with an early or mild form of pulmonary fibrosis. of progression (odds ratio, 8.4; 95% confidence interval, 2.7-25;
Although ILA have been associated with radiologic progression, P =0.0003). Specific imaging patterns were also associated with
it is not known if specific imaging patterns are associated with an increased risk of death. After adjustment, both a probable
progression or risk of mortality. usual interstitial pneumonia and usual interstitial pneumonia

pattern were associated with an increased risk of death when
compared with those indeterminate for usual interstitial
pneumonia (hazard ratio, 1.7; 95% confidence interval, 1.2-2.4;
Methods: ILA (and imaging pattern) were assessed in 5,320 P =0.001; hazard ratio, 3.9; 95% confidence interval, 2.3-6.8;
participants from the AGES-Reykjavik Study, and ILA progression P < 0.0001), respectively.

was assessed in 3,167 participants. Multivariable logistic regression
was used to assess factors associated with ILA progression, and Cox
proportional hazards models were used to assess time to mortality.

Objectives: To determine the role of imaging patterns on the risk
of death and ILA progression.

Conclusions: In those with ILA, imaging patterns can be used to
help predict who is at the greatest risk of progression and early

death.
Measurements and Main Results: Over 5 years, 327 (10%) had

ILA on at least one computed tomography, and 1,435 (45%) did not ~Keywords: progression; interstitial lung abnormalities; idiopathic
have ILA on either computed tomography. Of those with ILA, 238  pulmonary fibrosis; mortality; imaging pattern
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At a Glance Commentary

Scientific Knowledge on the
Subject: Previous cross-sectional
studies have demonstrated multiple
associations with interstitial lung
abnormalities (ILA), including increased
respiratory symptoms, pulmonary
function decrements, an increased rate of
mortality, and an association with the
most common genetic risk locus in
idiopathic pulmonary fibrosis (IPF), the
MUC5B promoter polymorphism
(rs35705950). Longitudinal studies have
also demonstrated that ILA imaging
progression is fairly common and
associated with an increased risk of
death. Because ILA encompasses a range
of imaging features, little is known about
the role of imaging patterns on imaging
progression and risk of death.

What This Study Adds to the
Field: To our knowledge, this study is
the first to present the importance of
imaging patterns in ILA progression and
risk of death. We present evidence that
specific imaging patterns are associated
with an increased likelihood of imaging
progression and an increased risk of
death. In addition, we present the first
evidence that the recently published
Fleischner Society and the American
Thoracic Society/European Respiratory
Society/Japanese Respiratory Society/
Latin American Thoracic Association
guidelines for the diagnosis of IPF can be
used to stratify the risk of imaging
progression and death in undiagnosed
research participants. These data suggest
that easily identifiable imaging patterns
can help refine the ILA phenotype and
stratify those at the greatest risk of
progression and most likely to die early.

Evidence demonstrates that interstitial
lung abnormalities (ILA), imaging
abnormalities on chest computed
tomography (CT) scans in research
participants without a clinical diagnosis of
interstitial lung disease (1-3), can
represent an early and/or mild form of
pulmonary fibrosis in some cases (4-6).
This evidence includes assessments of
serial chest CT scans (7-9) that have
demonstrated imaging progression to be
common (7-9), to be associated with
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accelerated lung function decline (9), and
an increased rate of mortality (9). Despite
these findings, the discrepancy between
the rates of ILA progression (7-9) and the
reported prevalence of the most common
and severe form of pulmonary fibrosis,
idiopathic pulmonary fibrosis (IPF)

(10, 11), suggests that more refined
assessments of those with ILA may be
needed to determine those at the greatest
risk of developing more advanced forms of
pulmonary fibrosis and experiencing
adverse outcomes.

Because ILA is defined by various
imaging features (e.g., reticular markings,
ground glass) and patterns, we
hypothesized that some specific imaging
features and patterns would help to define
those with the greatest risk of imaging
progression. To test these hypotheses, we
evaluated serial chest CT scans for the
development and/or progression of ILA
from 3,167 participants from the Age
Gene/Environment Susceptibility (AGES)-
Reykjavik follow-up study. Based on our
results we additionally sought to determine
if specific imaging patterns would influence
mortality.

Methods

Study Population

Protocols for participant enrolment in the
AGES-Reykjavik study have been previously
reported (12). The AGES-Reykjavik study is
a longitudinal birth cohort derived from the
Reykjavik Study, which was established in
1967 and includes men and women that
were born in Reykjavik, Iceland from

1907 to 1935 and are now followed by the
Icelandic Heart Association (12). We

have previously published genetic and
epidemiologic associations with ILA
assessed from the chest CT scans from the
baseline examination in this cohort (4, 13).
Of the 5,764 participants recruited from
2002 to 2006, a total of 3,167 participants
had an additional chest CT scan from 2007
to 2011 (approximately 5 yr apart), which
were used for this analysis. Mortality was
ascertained as of December 2016. Written
informed consent was obtained from all
participants, including consent for genetic
studies. The Icelandic Bioethics Committee
(VSN: 00-063) and the institutional review
boards of the Brigham and Women’s
Hospital and participating centers approved
this study.

Genotyping

All genotyping of the MUC5B promoter
polymorphism (rs35705950) was done
using TagMan Genotyping Assays
(Applied Biosystems), as previously
described (1, 14).

ILA Evaluation

Chest CT scans were evaluated in multiple
stages. First, the chest CT scans were
evaluated for ILA using a sequential
reading method, as previously described
(1, 2, 15) by up to three readers (radiologists
and pulmonologists on a Canon

Medical Inc., Japan workstation), who

were blind to all participant specific
information, prior radiologic
interpretations of the same participant,
and radiologic interpretations of other
readers. ILA on chest CT scans were
defined as nondependent changes
affecting greater than 5% of any lung
zone. These abnormalities include

ground glass, reticular abnormalities,
diffuse centrilobular nodularity,
nonemphysematous cysts, traction
bronchiectasis, or honeycombing. Chest
CT scans with either focal or unilateral
ground-glass attenuation, focal or unilateral
reticulation, or patchy ground-glass
abnormalities were indeterminate for

ILA (1, 2).

To further characterize the types of
radiologic changes present in participants
with ILA, first the pattern of ILA was
identified, specifically classified into
four categories based on the type and
predominant location of changes: I)
centrilobular, 2) subpleural, 3) mixed,
and 4) radiologic evidence of interstitial
lung disease (2, 13). In addition to
identifying the pattern of ILA, the
following information was recorded for
each chest CT: the presence of any
ground-glass opacities, subpleural
reticulation, centrilobular nodularity,
nonemphysematous cysts, traction
bronchiectasis, and honeycombing; and
the location (subpleural, centrilobular,
mixed) and distribution (lower lobe,
upper lobe, diffuse, or multifocal) of these
features. Then an additional subset was
created, defined by the presence of
pulmonary parenchymal architectural
distortion (e.g., traction bronchiectasis,
honeycombing) consistent with a fibrotic
lung disease (definite fibrosis), which is not
limited to those whose imaging pattern is
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consistent with a usual interstitial pneumonia
(UIP) or probable UIP pattern (1, 16).

Next, all scans with ILA were
characterized into those with and without a
UIP pattern, according to the diagnostic
criteria for IPF from both the Fleischner
Society (17) and the official American
Thoracic Society/European Respiratory
Society/Japanese Respiratory Society/Latin
American Thoracic Association clinical
practice guidelines (18). To characterize
the scans with ILA according to the
new diagnostic criteria, no cases of UIP
were reclassified, the cases that were
previously classified as possible UIP were
subset into a probable UIP pattern and
a pattern indeterminate for UIP. Cases
were classified as a probable UIP
pattern based on the presence of traction
bronchiectasis in the appropriate
distribution, the remainder were
classified as a CT pattern indeterminate for
UIP (17, 18). All ILA subtyping was
performed by a consensus of at least three
readers who were blind to all participant-
specific information and to prior CT
interpretation.

Finally, after completing ILA
phenotyping and subtyping, all participants
with ILA present on at least one of either the
initial or the subsequent CT scans had both
sets of images simultaneously compared.
The paired CT scans were scored on a five-
point scale (definite regression, probable
regression, no change, probable progression,
and definite progression), as previously
described (19). Progressive change was
defined as an increase in lung areas affected
with nondependent ground glass, reticular
abnormalities, diffuse centrilobular
nodularity, nonemphysematous cysts,
honeycombing, or traction bronchiectasis,
or a new appearance of at least one such
abnormality. All paired CT evaluations
were performed by a consensus of at least
three readers blind to any additional
participant-specific information.

Statistical Analysis

All analyses with ILA progression as the
outcome variable were performed using
logistic regression, where ILA progression
was dichotomized with progression defined
as probable or definite progression, and
regression defined as no change, probable
regression, and definite regression. The
multivariable analyses were adjusted for age,
sex, body mass index, pack-years smoking,
and current smoking status. To evaluate

the association among ILA progression,
radiologic patterns of ILA, and mortality
we used Cox proportional hazards models
for models evaluating time-to-mortality. In
Cox models, all variables were assessed, and
none violated the proportional hazards
assumption. All genetic analyses performed
used an additive genetic model (14).
Reported P values were two-sided and those
less than 0.05 were considered statistically
significant; SAS version 9.4 (SAS Institute
Inc.) was used for analyses.

Results

For analyses of progression, 3,167 participants
with serial CT scans (median time between
CT scans, 5.1 yr; interquartile range,
4.99-5.26 yr) are included. For analyses of
mortality, an additional 2,153 participants
(5,320 participants in total) who had
completed the baseline CT are included. Of
the participants completing the second CT,
similar to previously published reports on the
characterization of the first CT (4, 13), 284
(9%) had ILA, 1,792 (57%) did not have ILA,
and 1,091 (34%) were indeterminate for ILA.
Of the cases reviewed by at least two readers,
there was concordance of ILA scoring in 81%
of those cases.

Of the 3,167 participants with two
serial CTs, 327 (10%) had ILA on at least
one CT scan, 1,435 (45%) did not have ILA
on either CT scan, and 1,405 (44%) did not
have ILA on either CT scan but were found
to be indeterminate for ILA on at least one
CT scan. Of the 327 participants with ILA
noted on at least one CT scan, 132 (40%)
had definitely progressed, 106 (32%) had
probably progressed, 49 (15%) had stayed
the same, 21 (6%) had probably improved,
and 19 (6%) had definitely improved
(Figure 1). To provide meaningful
comparison (9), those who developed or had
progression of ILA (238 of 3,167 participants;
8%) were compared with participants with
stable or improving ILA (89 of 3,167
participants; 3%), and with those without
ILA on either CT (1,435 of 3,167; 45%).

Factors Associated with ILA
Progression

Baseline characteristics of participants
stratified by ILA progression are presented
in Table 1. Baseline characteristics at the
second CT scan are in Table El in the
online supplement, and from the first CT
scan have been previously published (4, 13).
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Our interest was in assessing the
relationship with progression.

Participants with ILA that progressed
were older and had increasing copies of the
MUCS5B promoter polymorphism when
compared with both those with ILA
without progression, and without ILA.
When compared with those without
ILA, and with those with ILA without
progression, in multivariable models,
only age and MUCS5B genotype were
significantly associated with ILA
progression (Table 2). For example, for
each additional year older the odds of
progressive imaging abnormalities
increased by 8% (odds ratio [OR], 1.08;
95% confidence interval [CI], 1.02-1.14;
P =0.01), and for each copy of the MUC5B
promoter polymorphism, there was a 260%
increase in the odds of progressive imaging
findings (OR, 2.6; 95% CI, 1.5-4.4; P=
0.0004), when compared with those with
ILA without progressive imaging changes.
Results of analyses limited to those with an
imaging pattern indeterminate for IPF can
be found in Table E2.

Imaging Features and ILA

Progression

The unadjusted and adjusted analyses of
association between specific imaging
features noted on a participant’s first CT
and ILA progression are presented in
Table 2 (see Tables E3-E7 for full
multivariable models). Some imaging
features helping to define the presence of
ILA increased the likelihood of progression
on subsequent chest CT imaging (e.g.,

the presence of subpleural reticular
markings increased the odds of progression
more than sixfold [OR, 6.6; 95% CI, 2.3-19;
P =0.0004]), whereas other imaging features
decreased the likelihood of progression

(e.g., the presence of centrilobular nodules
decreased the likelihood of progression
[OR, 0.2; 95% CI, 0.1-0.5; P =10.0002])
(Table 3). Some imaging features defining
ILA were present in all scans (e.g., ground-
glass abnormalities) and some imaging
features were always associated with
progression (e.g., of the 16 participants with
ILA with honeycombing on their first CT
[see Table E8] only five [31%] had a
subsequent chest CT and all had
progressed).

Imaging Patterns and ILA Progression

To determine the overall effect of imaging
features on ILA progression, imaging
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Figure 1. Serial chest computed tomography scans from three participants with interstitial lung
abnormalities. (A7-C17) Representative axial images from computed tomography scan 1. (A2-C2)
Representative axial images from computed tomography scan 2. Participant A is indeterminate for
usual interstitial pneumonia (UIP) on scan 1 (A7) and progressed to a probable UIP pattern (A2).
Participant B has a probable UIP pattern on scan 1 (B7) and progressed to a UIP pattern (B2).
Participant C had a UIP pattern on scan 1 (C7) and had imaging progression that remained consistent

with a UIP pattern (C2).

features were combined into previously
described (1, 17) and easily characterizable
patterns. Some imaging patterns were
strongly associated with ILA progression
(see Table E9). For example, of the 46
participants with definite fibrosis (those
with pulmonary parenchymal architectural
distortion in any distribution) (1), 41 (89%)
had evidence of progression on the second
CT scan (e.g., the presence of definite
fibrosis increased the odds of progression
more than eightfold [OR, 8.4; 95% CI,
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2.7-25; P=0.0003] when compared with
those with ILA without definite fibrosis). Of
the five participants with definite fibrosis
who did not progress, all had a CT pattern
inconsistent with UIP and suggestive of an
alternate diagnosis, three were stable over
the follow-up period, and two had probably
improved (see Table E10).

To assess whether consistency with a
UIP pattern was associated with progressive
imaging abnormalities additional analyses
were performed based on the diagnostic

criteria for IPF from the Fleischner Society
and American Thoracic Society/European
Respiratory Society/Japanese Respiratory
Society/Latin American Thoracic
Association guidelines (17, 18). When
compared with those who were consistent
with an alternate non-IPF diagnosis overall,
there was no evidence that those
indeterminate for a UIP pattern were more
likely to progress (e.g., the presence of an
indeterminate for a UIP pattern was not
associated with an increased odds of
progression [OR, 1.9; 95% CI, 0.9-4.3;

P =0.9]); however, this comparison was
dependent on the presence of fibrosis (e.g.,
the presence of an indeterminate for a UIP
pattern was associated with an increased
odds of progression [OR, 2.3; 95% CI,
1.04-5.1; P=0.04] when compared with
those consistent with a non-IPF diagnosis
without fibrosis but, not when compared
with those consistent with a non-IPF
diagnosis with fibrosis [OR, 1.5; 95% CI,
0.4-6.32; P=0.6]). All participants with
probable (30/30) or UIP pattern (five/five)
had imaging progression over the follow-up
period.

ILA Progression, Imaging Patterns,
and Mortality

Over the median follow-up period of

11 years, (interquartile range, 7-13 yr),
based on ILA classification from the first
CT scan (baseline), 277 of the 378 (73%)
participants with ILA died compared with
1,562 of the 3,216 (49%) participants
without ILA (1,038 of the 1,726 [60%]
participants indeterminate for ILA had
died). In analyses limited to those who
completed both rounds of chest CT
imaging, 143 of 238 (60%) participants with
ILA with progressive imaging changes had
died, compared with 35 of the 89 (39%)
participants with ILA without progressive
imaging findings. ILA progression was
associated with an increased risk of death
when compared with those without ILA
(hazard ratio [HR], 1.4; 95% CI, 1.3-1.5;
P < 0.0001) or with those with ILA but
without progression (HR, 1.9; 95% CI,
1.3-2.8; P=0.0009). Results related to
imaging features and mortality are also
presented in Table 4.

When compared with those without
ILA at baseline, specific ILA imaging
patterns were associated with a variable
increase in the rate of mortality (Figure 2
and Table 4). In addition, there was
evidence that ILA imaging pattern
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Table 1. Baseline Characteristics of Participants, at the Time of the Second Computed Tomography Scan, Stratified by ILA Status

and ILA Progression Status*®

No ILA
(n=1,777; 56%)
0

Age, yr 745
Sex, n (%)
M 704 (40)
F 1,073 (60)
Body mass index, kg/m? 27+ 4
Pack-years smoking, 0 (15)
median, IQR
Smoking status, n (%)
Never 843 (48)
Former 751 (42)
Current 183 (10)
MUC5B, n (%)
GG 1,426 (80)
GT 335 (19)
T 15 (1)

ILA without Progression
(n=89; 3%)
1

75+5 76 +5
42 (47) 131 (35)
47 (583) 107 (45)
27 %5 28+ 4
11 (30) 11 (30)
25 (28) 70 (29)
48 (55) 138 (58)
15 (17) 30 (13)
67 (76) 131 (59)
20 (23) 98 (41)
1(1) 94

ILA with Progression
(n =238; 8%)
2

P Value
All Ovs.1 Ovs.2 1vs.2
<0.0001 04 <0.0001 0.02
<0.0001 0.2 <0.0001 0.2
0.06 0.8 0.02 0.4
<0.0001 0.0001 <0.0001 0.7
<0.0001 0.001 <0.0001 0.5
<0.0001 0.3 <0.0001 0.0005

Definition of abbreviations: 0 =no ILA; 1 = ILA without progression; 2 = ILA with progression; ILA=

MUCS5B = genotype at the MUCS5B promoter polymorphism (rs35705950).

Values are n (%) or mean * SD.

interstitial lung abnormalities; IQR =

interquartile range;

*Comparison of categorical variables was done using Fisher exact tests, continuous variables with two-tailed Student’s t test, and across all three

categories comparisons were made using ANOVA.

influenced the rate of mortality among
those with ILA. For example, during follow-up,
115 of the 129 (89%) participants with
definite fibrosis had died compared with
162 of the 249 (65%) participants without
definite fibrosis (compared with those
without definite fibrosis, ILA with definite

fibrosis was associated with a 70% increase
in the risk of death [HR, 1.7; 95% CI,
1.3-2.1; P < 0.0001]). During follow-up, all
17 participants with a UIP pattern died, 73
of the 82 (89%) participants with a probable
UIP pattern died, and 88 of the 134

(66%) participants with a CT pattern

Table 2. Multivariable Logistic Regression to Assess Factors Associated with ILA
Progression, Comparing Those with Imaging Progression with Those without Imaging
Progression and Comparing Those with Imaging Progression with Those without ILA

on Either Computed Tomography Scan

Comparison of ILA with

Progression with ILA
without Progression

Comparison of ILA with
Progression with No ILA

Covariate OR (95% CI)
MUC5B genotype* 2.6 (1.5-4.4)
Age' 1.08 (1.02-1.1)
Sex* 0.6 (0.4-1.1)
Body mass index® 1.05 (0.99-1.1
Pack-years smoking'! 0.99 (0.98-1.0
Current smoking status 1.1 (0.5-2.4)

)
1)

PValue OR(95%Cl) P Value
0.0004 2.9 (2.2-3.8) <0.0001
0.01 1.08 (1.05-1.11)  <0.0001
0.1 0.6 (0.4-0.8) 0.0002
0.1 1.06 (1.02-1.09)  0.001
0.3 1.01 (1.01-1.02)  <0.0001
0.8 1.1 (0.7-1.8) 0.6

Definition of abbreviations: Cl
ratio.

*OR is per copy of MUC5B minor allele.

TOR is for each additional year older.

*OR is for companson of female with male.

SOR is for 1-kg/m? increase in body mass index.
lOR is for each additional pack-year smoked.

= confidence interval; ILA =

interstitial lung abnormalities; OR = odds

OR is for the comparison of current with former/never.
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indeterminate for UIP had died (whereas
99 of the 145 [68%] participants with a CT
pattern consistent with a non-IPF diagnosis
had died, the rate was higher among those
with definite fibrosis [25 of 30; 83%]
compared with those without definite
fibrosis [74 of 115; 64%] [see Table E11]).
Participants with either a CT pattern of UIP
and probable for UIP had an increased risk
of death when compared with participants
indeterminate for UIP (HR, 3.9; 95% CI,
2.3-6.8; P < 0.0001; HR, 1.7; 95% ClI,
1.2-2.4; P=0.001), respectively.

Discussion

To date, this study represents the largest
longitudinal visual assessment of chest CT's
for the purposes of characterizing ILA
development and progression and presents
several significant findings. Confirming
prior reports (9), this study demonstrates
that ILA progression is relatively common
and is associated with increased age,
increasing copies of the MUC5B promotor
polymorphism (rs35705950) risk allele, and
an increased rate of mortality. Most
importantly, for the first time, this study
demonstrates that specific imaging features
(e.g., traction bronchiectasis) and patterns
(e.g., a probable UIP pattern) (20) are
strongly associated with ILA progression.
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Table 3. Association between Imaging Features and ILA Progression

Unadjusted Analysis

Adjusted Analysis*

OR (95% CI) P Value OR (95% Cl) P Value
Centrilobular nodules 0.2 (0.1-0.4) <0.0001 0.2 (0.1-0.5) 0.0002
Ground glass’ — — — —
Subpleural reticular markings 5.9 (2.3-15) 0.0002 6.6 (2.3-19) 0.0004
Nonemphysematous cysts 3.1 (1.6-5.9) 0.0005 2.5(1.3-5.1) 0.009
Lower lobe predominant changes 5.2 (1.8-15) 0.002 6.7 (1.8-25) 0.004
Traction bronchiectasis 5.9 (2.3-14.9) 0.0002 6.6 (2.3-19) 0.0004

Honeycombing* _

For definition of abbreviations, see Table 2.

*Adjusted for age, sex, body mass index, pack-years smoking, current smoking status, and MUC5B

genotype.

Odds of progression cannot be calculated for ground glass because all participants with ILA had

ground glass on computed tomography scan.

Odds of progression cannot be calculated because all participants with honeycombing had evidence

of imaging progression.

Finally, this study demonstrates that the
same ILA patterns associated progression
are those most closely tied to an increased
rate of mortality. These findings present
evidence to support a rational refinement of
the ILA imaging phenotype to help best
determine those at the greatest risk to
progress and to experience adverse
outcomes.

This study confirms many prior
findings of studies that have included serial
visual assessments of chest CTs for the
purposes of assessing ILA progression
(7-9, 21). First, comparable with prior
characterizations of ILA progression in the

Framingham Heart Study and from lung
cancer screening populations (7, 8, 21), the
prevalence of ILA (~7% at baseline and
~9% at follow-up in the AGES-Reykjavik
cohort) was similar (noted to be between
3% and 10% in prior reports) (7-9, 21).
Second, we confirm the prior reports of the
association between ILA progression and
increased age and copies of the MUC5B
promoter polymorphism risk allele (9).
Finally, this study demonstrates a
consistent association between ILA
progression (similar to associations with
ILA occurrence) (4, 9, 22-25) and an
accelerated rate of mortality (9). Of note,

Table 4. Association between Imaging Pattern and Features and Mortality*

Unadjusted Analysis

Adjusted Analysis®

HR (95% ClI)

Reticular markings 2.0 (1.3-3.1)
Centrilobular nodules 0.7 (0.6-0.9)
Nonemphysematous cysts 1.7 (1.3-2.2)
Traction bronchiectasis 2.0 (1.6-2.6)
Lower lobe* predominance 1.5 (0.95-2.5)
Subpleural location 2.0 (1.3-3.2)
ILA without fibrosis 1.3 (1.2-1.4)
Definite fibrosis 1.9 (1.7-2.1)
Indeterminate for UIP 1.6 (1.3-2.0)
Probable UIP pattern 3.3 (2.6-4.2)
UIP pattern 6.9 (4.2-11)

PValue HR(95% Cl) P Value
0.002 1.6 (1.0-2.5) 0.049
0.01 0.9 (0.7-1.1) 0.3

<0.0001 1.4 (1.1-1.8) 0.02

<0.0001 1.6 (1.3-2.1) 0.0001
0.08 1.1 (0.6-1.7) 0.8
0.003 1.6 (1.0-2.7) 0.050

<0.0001  1.2(1.1-1.3) 0.0004

<0.0001  1.5(1.3-1.6)  <0.0001

<0.0001 1.2 (0.98-1.5)  0.07
<0.0001 1.9 (1.5-2.5)  <0.0001
<0.0001 4.5 (2.8-7.2)  <0.0001

Definition of abbreviations: Cl = confidence interval; HR = hazard ratio; ILA = interstitial lung

abnormalities; UIP = usual interstitial pneumonia.

*All comparisons are with participants without ILA.

TAdjusted analyses are adjusted for age, sex, pack-years smoking, current smoking status, and body

mass index.
*Comparison is with upper lobe predominance.
Comparison is with centrilobular location.
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the rate of ILA progression in the
AGES-Reykjavik cohort (73% at 5 yr) was
higher than the rates of ILA progression
previously noted in the Framingham Heart
Study (43% at 6 yr) (9) and in some lung
cancer screening cohorts (20% at 2 yr [21],
46% at 4 yr [7], respectively). This
difference is likely, in part, explained by
the advanced baseline age (and the more
advanced imaging patterns correlated

with advanced age) of the AGES-Reykjavik
cohort when compared with other
populations.

For the first time, this study provides
statistical evidence that some imaging
features and patterns are more strongly
associated with ILA progression than others.
Although prior reports have provided some
descriptive statistics on the imaging follow-
up of various imaging features and patterns
(7-9, 21), statistical power limited prior
comparisons. As expected, imaging features
noted on the AGES-Reykjavik scans that
were more closely associated with
pulmonary fibrosis in general, and IPF
specifically (10, 17, 26), were more likely
to progress on subsequent CT imaging.
For example, although centrilobular
nodules were likely to improve over time,
subpleural reticular markings and traction
bronchiectasis were associated with
imaging progression. These imaging
features could be summarized into easily
definable imaging patterns that were
associated with ILA progression. For
example, approximately one-quarter of
those with ILA had definite fibrosis on their
first chest CT scan and these participants
had a greater than 800% increase in
their odds of having progression in an
assessment of their subsequent CT scan
5 years later. All participants with UIP or
probable UIP patterns had progressed in
their subsequent imaging.

The same imaging patterns associated
with ILA progression in the AGES-
Reykjavik cohort were also associated with
an increased risk of death. For example,
those with definite fibrosis had a 70%
increase in their risk of death when
compared with those with ILA without
definite fibrosis. In addition, this study
provides evidence that chest CT-based
diagnostic imaging criteria for IPF (17) can
be used to stratify the risk of death in this
population. For example, over the follow-
up period in this cohort of older adults,
there was an increase in the risk of death
associated with both a probable UIP and

American Journal of Respiratory and Critical Care Medicine Volume 200 Number 2 | July 15 2019



100 -+ No ILA
Indeterminate for UIP

-+ Probable UIP
+ UIP

_. 754

I

2

E

3

o 504

o

©

=2

c

>

D 25

0 -

0 5 10 15
Time (years)
Number at risk

o NOILA 1 3,216 2,851 2,100
naeterminate
forUIp 1 134 109 67
Probable UIP { 82 51 24
Typical UIP 17 10 1
T T T
0 5 10

Time (years)

+ No ILA
100 + ILA without Fibrosis
=+ ILA with Fibrosis

S
> 75 +
=
©
8
& 50+
©
2
g
n 2541

O .

Time (years)
Number at risk

NoILA{ 3216 2,851 2100 0
ILA
without FibrciEis 249 202 126 0
with Fibrosis _12° 8 3 0
0 5 10 15

Time (years)

Figure 2. Kaplan-Meier survival curves showing percent survival, comparing participants without interstitial lung abnormalities (ILA) with those with ILA,
first with ILA subset based on consistency with an idiopathic pulmonary fibrosis diagnosis, and then by the presence of definite fibrosis (pulmonary
parenchymal architectural distortion). UIP = usual interstitial pneumonia.
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UIP pattern when compared with those
with a CT pattern indeterminate for UIP,
with a UIP pattern having the highest risk
of death.

Our study has several limitations. First,
although this study provides evidence that
specific imaging features and patterns are
associated with imaging progression and an
increased rate of mortality among this
cohort of older adults, we urge caution in
extrapolating these findings to younger
populations. It is likely that some of the
associations between specific imaging
patterns and mortality would be attenuated
in cohorts with younger, or more variable,
ages at recruitment. Second, even though
both blinded and sequential comparisons of
serial chest CT scans were performed, we
cannot rule out the possibility that some
amount of misclassification of ILA could
have occurred in our serial comparisons.
Third, even though the initial ILA
scoring and subtyping was blinded, and
during the sequential comparison for
progression readers were blinded to prior
ILA scores, readers were not blind to the
sequence of the CT scans which could have
introduced bias.

Fourth, when subtyping ILA to definite
fibrosis, defined by the presence of

pulmonary parenchymal architectural
distortion, we recognize that the lack of a
consensus nomenclature can create
confusion for readers and difficulty creating
comparisons across studies by different
groups. In addition, we also note that there
is an imperfect correlation between fibrosis
on imaging and on histopathology, and that
fibrosis is often present on pathologic
evaluation with less advanced imaging
findings, such as subpleural reticulation (5).
Fifth, small sample size limits our ability to
determine if additional imaging features
predict ILA progression among those with
specific imaging patterns. In addition,
although ILA progression has been
associated with an accelerated decline in
FVC in the Framingham Heart Study (9),
lack of repeated measures of pulmonary
function in the AGES-Reykjavik cohort
prevents this assessment. Also, because
imaging progression could only be assessed
in those participants who completed
follow-up imaging, we cannot rule out that
early mortality could have led to some
selection bias. Finally, we cannot rule out
the possibility that additional imaging
assessments including quantitative

metrics (6, 27) could also be helpful in
stratifying those at the greatest risk to

progress and to experience an accelerated
rate of mortality.

In conclusion, our study
demonstrates that ILA progression is
relatively common over a 5-year
period and is associated with increasing
age, copies of the MUC5B genotype
risk allele, and the risk of death. This
study demonstrates that easily definable
(1, 20) imaging patterns may be
important in determining those who are
at the greatest risk to progress and to die
early. This study adds to the data
supporting the idea that early pulmonary
fibrosis is associated with important
clinical outcomes (4, 6, 9), and suggests a
path toward refining the ILA phenotype
by stratifying those at the greatest risk to
experience adverse clinical outcomes.
This study also brings to the forefront the
need to develop standards for reporting
imaging patterns among those with likely
early stages of pulmonary fibrosis and
should begin a discussion about what
imaging abnormalities should be
considered sufficient to diagnose a
disease.

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